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ABSTRACT 

 
Gandavarapu, Navakanth Reddy (Ph.D., Chemical and Biological Engineering) 
 
Engineering Poly(ethylene glycol) hydrogel microenvironment for osteogenic 
differentiation of human mesenchymal stem cells  
 
Thesis directed by Professor Kristi S. Anseth 
 
 
 Poly(ethylene glycol) (PEG)-based hydrogels have emerged as important class of 

biomaterials for use as cell and drug delivery vehicles for tissue engineering and also as 

two- and three-dimensional cell culture substrates. PEG is commonly used due to its 

hydrophilic and bio-inert properties. The versatility of PEG chemistry allows for 

independent tailoring of biophysical properties and biochemical functionalization of the 

microenvironment experienced by cells allowing researchers to conduct systematic 

studies, in vitro, to study and understand the role of physiological cues experienced by 

cells in a biologically relevant fashion. The main goal of this thesis is to design 

appropriate hydrogel substrates to design biomaterials platforms to study and understand 

the role of extracellular matrix (ECM) cues on osteogenic differentiation of human 

mesenchymal stem cells.  

 First, the role of phosphate functional groups, found abundantly in the mineral 

phase of bone, on osteogenic differentiation of hMSCs in the absence of osteogenic 

supplements was studied. Role of sequestered serum proteins in mediating the adhesion 

and interaction of hMSCs with the phosphate functional groups was characterized. The 

role of focal adhesion kinase (FAK) mediated integrin signaling on inducing osteogenic 

differentiation in hMSCs cultured on phosphate functionalized hydrogels was assessed. 



 iv 

 Second, thiol-ene photopolymerization chemistry was exploited to synthesize α5  

integrin priming hydrogels and the role of substrate elasticity on osteogenic 

differentiation of hMSCs induced by α5β1 signaling was studied. cyl(RRETAWA) 

peptide that specifically binds to α5 integrin was synthesized and the effect on soluble 

delivery to hMSCs was assessed by measuring ALP activity. Hydrogel formulations were 

identified to independently control their peptide functionalization and elasticity. The 

interplay of substrate elasticity and peptide functionalization on hMSC adhesion and 

focal adhesions formation was quantified. Towards understanding the role of substrate 

elasticity on osteogenic differentiation of hMSCs induced by α5β1 integrin signaling, the 

ALP activity of the cultures as a function of substrate elasticity and peptide concentration 

was measured. 

 Last, towards development of chemical strategies that allow dynamic tunablity of 

biochemical environment experienced by cells, we have designed and synthesized 

addition-fragmentation-chain transfer capable allyl sulfide functionalized PEG hydrogel 

networks. Biochemical patterning via photo-initiated thiol-ene reactions on ally sulfide 

was studied and characterized with fibronectin based CRGDS motif as a model thiol 

containing bioactive compound.  The ability to reversibly exchange any thiol containing 

biochemical cues in these hydrogels was demonstrated and the kinetics of exchange 

reactions was characterized.  
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Figure 1.2. Generalized timeline for various indicators of osteogenic 
differentiation of hMSCs (a) Time line for gene expresion of Col1, ALP, Cbfa1, 
OPN and proliferation of hMSCs.  (b) Phenotypic changes during osteogenic 
differentiation of hMSCs. 
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Figure 1.3. (a) The schematic depicting integrin signaling events and actin 
organization inside cells. Upon binding to ECM fibers, integrins initiate 
formation of focal adhesions (components of focal adhesions are shown in inset), 
which include focal adhesion kinase (FAK) and vinculin (Vin). Focal adhesions 
initiate intracellular signaling events that ultimately converge in the nucleus. 
Focal adhesions also support actin monomer polymerization to form actin-
cytoskeleton fibers. The schematic also depicts the role of ECM elasticity on 
integrin binding and actin organization. Higher ECM elasticity allows for 
increased integrin clustering and highly developed actin cytoskeleton 
organization. (b) Immunostaining images demonstrating focal adhesions 
(characterized by Vinculin in green) and actin cytoskeleton (red) in hMSCs 
cultured on TCPS. Note the dashed morphology of the focal adhesions at the tips 
of actin fibers. Scale bar = 50 μm. 
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Figure 1.4. Substrate elasticity directs hMSCs differentiation fate as studied by 
Engler et al. hMSCs cultured on poly(acrylamide) gels of Youngs modulus (E) 
0.1-1 kPa (soft), 8-17 kPa (intermediate), 25-40 kPa (Stiff) underwent 
neurogenic, myogenic and osteogenic differentiation respectively, in the absence 
of soluble cues. Immunostained images show the expression of β3 tubulin 
(corresponding to neurogenic differentiaiton), MyoD (corresponding to myogenic 
differentiation) and CBFA-1 (correspondiing to ostoegenic differentiation) in 
green and nucleus in blue. Scale bar = 20 μm. 
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Figure 1.5. Cell shape and geometry influence hMSCs differentiation fate. A) 
Role of cell shape on hMSC differentiation as studied by McBeath et al. hMSCs 
cultured on square fibronectin islands of area 1024 μm2 and 10000 μm2 undergo 
adipogenic and osteogenic differentiation, respectively. B) Role of geometry on 
hMSC differentiation as studied by Kilian et al. hMSCs cultured on flower 
shaped pattern preferred adipogenic differentiation while those on star shaped 
pattern preferred osteogenic differentiation. Figures show immunostaining for f-
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Figure 1.6. Schematic showing the structure of PEG hydrogels formed via (a) 
Chain growth polymerization and (b) Step growth polymerization 
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Figure 1.7. Dynamic regulation of presentation of biochemical ligands. a) 2-
photon photopatterning of biochemical ligands using unreactive acrylate 
functionalities as studied by Hoffman and West. PEG hydrogel is soaked in 
solution containing biochemical ligand and initiator and subsequently specific 
regions were exposed to multi-photon light using confocal miscroscope to form 
desired 3D patterns.  b) Reversible photo-patterning of small peptides achieved 
by dual wavelength responsive systems. Addition to the network is achieved via 
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Figure 3.1. Serum components mediate hMSC attachment and spreading on PO4-
PEG gels ([PO4 = 50mM) (A) Effect of seeding conditions on hMSC adhesion to 
gels.  Average number of cells per area attached to PEGDM and PO4-PEG gels 
when seeded in serum containing media (black bar), pre-incubated with serum 
containing media and seeded in serum free media (white bar, textured), and 
seeded in serum free media (grey bar). (# indicates significant difference 
compared to that on control gels (PEGDM); p<0.05, Data represents averages of 
N=3 different experiments with n = 3 replicates during each experiments). (B). 
Cell shape parameters; average cell area (filled black bars) and average aspect 
ratio (striped bars) when cultured for 24 h on different gels as indicated. Cell 
shape parameters of hMSCs on TCPS were also included for comparison. 
Phosphate functional groups promote cell spreading similar to cells cultured on 
tissue culture polystyrene (TCPS) when seeded in growth media. Error bars 
represent standard deviations for N=150-250 cells. 
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Figure 3.2. Effect of [PO4] concentration on total protein adsorbed from 
serum. Total protein adsorbed was significantly higher on phosphate gels 
compared to the control ([PO4] = 0 mM) gels. Increasing the concentration of 
[PO4] in the gels did not result in any significant increase in protein adsorption. 
Total protein adsorbed on TCPS under similar conditions is 0.5 μg/cm2 (#, 
indicates significant difference compared to the control ([PO4] = 0 mM) gel; Data 
represent averages of N=3 different experiments with 4 replicates in each 
experiment. p<0.05). 
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Figure 3.3. ECM proteins are differentially adsorbed on to PO4-PEG gels ([PO4 = 
50mM). Blocking cell adhesion sites corresponding to specific ECM proteins 
(Fibro = Fibronectin, Coll-1 = Collagen-1) adsorbed onto the PO4-PEG gel 
influences cell attachment. Average number of cells that remained attached to 
PO4-PEG gels upon blocking were counted and reported as a percentage 
compared to control. # indicates significant difference compared to control 
p<=0.05. (Data represent averages of N=3 different experiments with 3 replicates 
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Figure 3.4. hMSC interaction with the PO4-PEG gels ([PO4] = 50mM) is 
mediated through β1 and β3 integrins. (A) Integrin blocking studies. Cells were 
incubated with β1, β3, β1+ β3 or control (IgG) antibodies for 30 min and seeded 
onto phosphate gels. Average number of cells attached were counted and reported 
as a percentage compared to control. Data represent averages of N=3 different 
experiments with 3 replicates in each experiment. (B-I). Immunostaining for 
vinculin (green, B, F), actin  (red, C, G), nuclei (blue, D, H) and overlay (E, I) of 
hMSCs seeded on PO4-PEG gels (B-E) and on TCPS (F-I) shows the presence of 
well-developed focal adhesion plaques. (Scale bar = 50μm). # indicates 
significant difference compared to control, p<=0.05.  
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Figure 3.5. Effect of inhibition of FAK phosphorylation on ALP activity of 
hMSCs. (A) Total cell number of hMCSs on PO4-PEG gels ([PO4] = 50mM) in 
growth media with (450 striped bar) and without (white bar) pFAK inhibitor. 
Total cell number of hMSCs on TCPS in OS media with (1350 striped bar) and 
without (black bar) pFAK inhibitor. (B) ALP activity profiles of hMSCs cultured 
on PO4-PEG gels ([PO4] = 50mM) in growth media with (filled circles) or without 
(open circles) PF-573228 normalized to cell number. Positive control cultures of 
hMSCs on TCPS with osteogenic supplements (OS) and with (filled squares) or 
without (open squares) PF-573228 are also shown. # indicates significant 
difference compared to hMSC cultures on PO4-PEG gel without pFAK inhibitor, 
(*) indicates significant difference compared to hMSC cultures on TCPS with 
OS. Data represent averages of normalized ALP activity of N=3 different 
experiments with n=3 replicates (C-K). Addition of pFAK inhibitor, PF-573228, 
doesn’t affect the formation of focal adhesion plaques. Immunostained images for 
vinculin (green, C,F,I), actin (red, D,G,J), overlay (E,H,K) of hMSCs  at day1 (C-
E), day 7 (F-H), day 14 (I-K) cultured on PO4-PEG constructs in the presence of 
FAK inhibitor. Vinculin staining shows the presence of well-developed focal 
adhesion plaques upon inhibiting phosphorylation of FAK. (Scale bar= 100µm) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

65 
Figure 3.6. Effect of inhibition of phosphorylation of FAK on expression of 
osteogenic related genes in hMSCs. hMSCs cultured on PO4-PEG gels ([PO4] = 
50mM) in growth media on TCPS in OS media in the presence (black bars) or 
absence (white bars) of FAK inhibitor (PF-573228). All data are normalized to 
GAPDH gene and further normalized to a corresponding TCPS, growth media 
control. Data are shown for OS genes, a) Collagen-1 (COLL-1), b) CBFA1, c) 
Osteopontin (OPN). # indicates significant difference compared to cultures that 
did not receive pFAK inhibitor p<=0.05. Data represent fold increase averaged 
over N=3 biological replicates with n=2 technical replicates of each. 
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Figure 4.1. Schematic of synthesis of c(RRETAWA) peptide (B) via lactam 
bridge formation. On-resin cyclization of (A) 
CAhxK(Alloc)RRETAWAE(ODmab). i) Deprotection of ODmab in 2% 
Hydrazine in DMF, ii) Deprotection of Alloc in 0.1 eq Pd(PPh3), in DCM, iii) 
HOBt/HBTU coupling to form the lactam bridge, iv) Peptide cleavage from resin 
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in trifluoroacetic acid, tri-isopropyl silane and phenol. 
 

90 

Figure 4.2. Priming α5 integrin induces osteogenic differentiation in hMSCs. 
Figure shows the ALP activity of hMSCs at day 7 and 14 cultured on TCPS in 
growth media supplemented with 10 μg/ml ( )  or 100 μg/ml (  )   
cyl(RRETAWA) peptide. Normalized ALP activity of hMSCs cultured on TCPS 
in osteogenic media ( ) without the peptide is also included as positive control. 
Normalized ALP activity was calculated by normalizing the measured ALP 
activity to that of day 1. 
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Figure 4.3. Interaction of hMSCs with c(RRETAWA) gels occurs via α5 
integrin. A) Effect of blocking α5 integrin and αVβ3 on hMSC adhesion to 
c(RRETAWA) gels.  hMSCs were incubated with corresponding antibodies for 
30 mins to allow for binding of the antibodies to integrins and seeded onto 1 mM 
c(RRETWA) gels and the number of hMSCs that remain attached were measured 
and reported as percentage compared to the control. Isotype antibody was used as 
a control antibody. Blocking with α5 integrin antibody significantly reduced the 
binding of hMSCs to the gels. B-D: Immunostaining for α5 integrin (green, B,D), 
f-actin (red, C,D) and combined (D) in hMSCs cultured on 1mM c(RRETAWA) 
PEG gels. Images clearly show the localization of α5 integrin as dashed shaped 
structures at the edge of actin fibers. Scale bar = 100 μm.   
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 xvi 

Figure 4.4: Effect of substrate elasticity and ligand concentration on hMSC 
adhesion to c(RRETAWA)  gels. A) Cell adhesion density B) Cell area C) 
Aspect ratio of hMSCs on soft and stiff gels at 0.1 and 1 mM c(RRETAWA) 
concentration. Both substrate elasticity and ligand concentration affected hMSC 
attachment. Stiff gels supported significantly higher cell attachment at both the 
concentrations studied. Cell area and aspect ratio results demonstrate that hMSCs 
show well-spread morphology on stiffer substrates. hMSC spreading was 
enhanced on stiffer substrates and also by the c(RRETAWA) peptide. (*) 
indicates statistical significance between different ligand concentration at similar 
stiffness. (#) indicates statistical significance between different stiffness at similar 
ligand concentration. 
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Figure 4.5 Effect of substrate elasticity and ligand concentration on focal 
adhesion formation. A-L) Immunostaining for focal adhesions (vinculin, green 
A,D,G,J), f-actin (red, B,E,H,K) and combined (C,F,I,L) of hMSCs on soft (A-F) 
and stiff (G-L) gels at 0.1 mM (A-C, G-I) and 1 mM (D-F, J-L) c(RRETAWA) 
(ligand). hMSCs showed diffused f-actin and did not form any focal adhesions on 
soft gels at 0.1 mM ligand concentration and poor organization of f-actin and 
small focal adhesions at 1mM peptide concentration. hMSCs formed well 
developed f-actin organization on stiff gels at both the concentrations while 
prominent focal adhesions were only formed at 1mM peptide concentration. Scale 
bar = 50 μm. 
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Figure 4.6. Effect of substrate elasticity and c(RRETAWA) (ligand) 
concentration on focal adhesion area (A) and focal adhesion density (B).  A) 
Average area of focal adhesions formed by hMSCs on soft and stiffer substrates 
at 0.1 and 1 mM ligand concentrations were measured using ImageJ. hMSCs 
developed significantly larger focal adhesions on stiff gels at 1 mM compared to 
0.1 mM ligand concentration. On softer substrates hMSCs formed small but 
significantly larger focal adhesions only at 1mM ligand concentrations. # denotes 
significant difference with 1mM soft gels. (*) denotes significant difference 
fromm 0.1mM stiff gels. B) Focal adhesion density was calculated as fraction of 
focal adhesions occupied in the cell area. Focal adhesion density did not show 
any dependence on stiffness or ligand concentration.  
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Figure 4.7 Osteogenic differentiation of hMSCs on c(RRETAWA) 
functionalized PEG gels. A) ALP activity of hMSCs cultured on stiff (  , ) and 
soft (    ,    )  gels at 0.1mM (diamonds) and 1 mM (squares) . ALP activity 
was significantly increased only in hMSCs cultured on stiff substrates. Higher 
c(RRETAWA) concentration induced higher ALP activity in hMSCs on stiff 
substrates. Normalized gene expression profiles at day 14 of B) CBFA-1, C) 
Osteopontin (OPN) and D) Coll-1a genes in hMSCs cultured on soft and stiff gels 
at 0.1 mM (white bars) and 1 mM (black bars) c(RRETAWA) concentrations. 
hMSCs upregulated osteogenic genes only on stiff gels in a concentration 
dependent manner. All data are normalized with GAPDH and further normalized 
with corresponding expression of hMSCs on TCPS in growth media. &,# 
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indicates significant difference compared to 0.1 mM soft, 1 mM soft gels 
respectively. (*) indicates significant difference between 1mM and 0.1 mM 
ligand concentration at same stiffness 
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Scheme 5.1. Mechanism of addition fragmentation chain transfer of an allyl 
sulfide functional group upon attack by a thiyl radical.  
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Figure 5.1. Structures of monomers used to form the hydrogel networks. 1a: 4-
arm-poly(ethylene glycol)-tetra azide. 1b: 2-methylene-propane-1,3-bis(thioethyl 
4-pentynoate). 1c: Benzoic acid-3,5-bis( 4-pentynoate). 
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Figure 5.2. Biochemical patterning of allyl sulfide functionalized PEG hydrogels. 
A) Exposing specific regions of networks formed from 1a and 1b to 365 nm 
wavelength light results in mass loss in exposed regions due to the β-scission of 
allyl sulfide functional group resulting in degradation of the crosslinks. B) Image 
demonstrates the mass loss of hydrogel in the exposed regions. After patterning, 
the gel was swollen in AF555 solution and imaged under confocal microscope. 
Black regions represent the degraded regions of the hydrogel. C) Exposing 
specific regions of networks formed from 1a, 1b and 1c result in stable patterning 
of the biochemical ligand as opposed to degradation in (A). D) Confocal image of 
array of 100 µm square patterns formed by exposing specific regions of the 
network to 365 nm light in the presence of patterning conditions. Scale bar = 50 
µm. 
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Figure 5.3. Kinetics of thiol-ene photopatterning of allyl sulfide functionalized 
PEG hydrogel networks. A) Reaction mechanism of addition of a thiol containing 
compound to the allyl sulphide functionalized hydrogel. B) Concentration of 
patterned peptide as a function of time of exposure shows that the rate of addition 
is directly proportional to the time of exposure. C) Concentration of patterned 
peptide as a function of initiator concentration at different light intensities used at 
10 min exposure times. The figure shows linear dependence of rate of addition on 
both initiator concentration and light intensity. 
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Figure 5.4. Photoclick living strategy allows reversible exchange of 
biochemical ligands. A) Mechanism of replacement of a thiol-containing 
compound on allyl sulphide functional group. B) Schematic of replacement of 
biochemical ligand. C-K) Demonstration of reversible exchange of thiol 
containing peptides. (C-E) 250µm square pattern of AF555AhxRGDSC. (F-H) 
Buffalo logo was formed by replacing AF555AhxRGDSC with AF488AhxRGDSC 
resulting in appearance of green fluorescence and disappearance of red 
fluorescence only in the exposed regions. (I-K) Demonstration of further 
replacement on living allyl sulfide: Letters ‘CU’ inside the buffalo logo were 
exposed to 720 nm light to photo-exchange with non-fluorescent AhxRGDSC 
peptide. Photo-exchange of peptides was confirmed by removal of green 
fluorescent (J) only at the exposed regions. Scale bar = 100 µm. 
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 xviii 

 
Figure 5.5. Kinetics of exchange of biochemical ligands in AFCT capable 
hydrogels. A) Amount of AF555AhxRGDSC remained attached to the network 
after the photo-exchange reaction as a function of dosage at different laser 
scanning speeds. B) Amount of AF488AhxRGDSC photo-coupled to the network 
due to the exchange as a function of dosage at different laser scanning speeds. 
(pixel dwell times for laser scan speed 2  = 36.67 µsec/µm2, 4 = 9.17 µsec/µm2, 6 
= 2.3 µsec/µm2) C-E) Simultaneous generation of opposing gradient patterns of 
two different biomacromolecules. (C) AF555 ,  (D) AF488RGDS and (E) combined.  
Gradient pattern is formed by exposing a uniform 250 µm square pattern to 
radially increasing laser power at scan speed 2. 
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Figure S5.1. Amount of AF555AhxRGDSC photopatterned into the network as a 
function of 𝐼 !𝐼!. All the data points collapse onto a straight line validating 
Equation 6. 
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Figure 6.1. a) Development of addition-fragmentation-chain transfer (AFCT) 
capable hydrogels to achieve independent control of reversible patterning and 
substrate elasticity. A cyclic allyl sulfide can be covalently tethered to the cross-
linker used to form the hydrogels reported in Chapter 5. b) Controlling the 
direction of β-scission of allyl sulfide intermediate upon attack by a thyl radical. 
Asymmetric allyl sulfide functional group (i) upon attack by thiyl radical forms 
an intermediate (ii) that undergoes β-scission only in the direction of sulphur 
atom resulting in (iii)  
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Figure 6.2. Adhesive patterns define actin-organization maintaining the 
geometric shape of cell. Brightfield images (a,c,e,g) show geometric shapes of 
adhesive patterns. Immunostained images (b,d,f,h) show vinculin (green) and f-
actin (red) organization in on different geometric patterns studied. Images clearly 
show variation of f-actin organization and focal adhesion localization in retinal 
pigment epithelial cells with same geometric shape. 
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Figure 6.3. Two-dimensional modulation of f-actin and vinculin organization 
maintaining the geometric shape. A) Cells can be initially seeded onto adhesive 
patterns (e.g. pentagon pattern shown) formed on allyl sulfide containing PEG 
gels. At a later time point, specific regions of the adhesive pattern can be 
exchanged with a non-adhesive peptide in the presence of cells, resulting in a new 
pattern. Cells should re-modulate the f-actin and vinculin organization. Such 
dynamic modulation of f-actin organization could be used to study the interplay 
of cell geometry and f-actin organization on hMSC differentiation. 
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Figure 6.4. Mapping osteogenic differentiation of hMSCs on α5 integrin 
priming cyl(RRETAWA) gels. At specific time points, cyl(RRETAWA) peptide 
can be exchanged with a non-specific integrin binding CRGDS peptide, and 
osteogenic differentiation assayed to map osteogenic differentiation of hMSCs 
induced by  α5 integrin signaling.  
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

 

1.1 Human mesenchymal stem cells for bone regeneration 

Human mesenchymal stem cells are fibroblast-like multipotent cell populations that 

reside in a bone marrow niche.1 When isolated from bone marrow and expanded ex vivo, 

these cells have been shown to be capable of differentiating down osteogenic, adipogenic 

and chondrogenic lineages,2  as well as several other pathways (Figure 1.1).  From the 

time of establishment of in vitro protocols for differentiation of hMSCs down specific 

lineages by Pittenger et al.,2 there has been a growing interest in the use of hMSCs for 

applications in regenerative medicine.  Their ease of isolation, expansion and 

differentiation potential has rendered them particularly attractive for use in several cell-

based therapies for regenerating cartilage and bone in vivo.3–5  For example, these cells 

have been shown to engraft and promote bone growth in children with osteogenesis 

imperfecta.4  

Traditionally, hMSCs are expanded as monolayers on tissue culture polystyrene 

(TCPS) in growth media supplemented with fetal bovine serum (FBS).  Several growth 

factors and small chemical molecules have been identified that promote proliferation 

(e.g., FGF-2),6–13 differentiation (e.g., TGF-β for chondrogenic differentiation, 

dexamethasone for osteogenic differentiation, isobutyl methylxanthine for adipogenic 

differentiation),2,6,8,14–25 and migration (e.g., TNF-α)26–30 of hMSCs in vitro.  In lineage-
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specific culture conditions, hMSCs up-regulate lineage specific genes and also secrete 

extracellular matrix molecules that can be tissue specific.2  

 

 

 

 

 

 

 

Figure 1.1. Schematic showing the pathways that mesenchymal stem cells have been 
shown to differentiate in vitro. The image also depicts the shapes of the lineage specific 
cells typically observed after differentiation of the spindly shaped mesenchymal stem 
cells.  [Adopted from http://www.stem-cell-solutions.com.au/test/training/research/111-
adult-mesenchymal-stem-cells]. 

 

1.1.1 In vitro osteogenic differentiation of hMSCs 

In vitro, hMSCs have been shown to differentiate into bone producing osteoblasts 

upon induction with a ‘cocktail’ of soluble factors, consisting of growth factors and 

chemical molecules added to the growth medium.  This cocktail is usually comprised of 

dexamethasone, β-glycerol phosphate, and ascorbic acid 2-phosphate, or alternatively 

bone morphogenetic proteins (BMPs). The progression of hMSCs towards the osteogenic 

lineage is characterized by several distinguishing characteristics, which include elevated 

alkaline phosphatase (ALP) secretion, up-regulation of core biding factor alpha-1 

(CBFA1), ALP, collagen type 1 (Coll-1), osteopontin (OPN), and osteocalcin (OCN) 
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genes, and transition from an elongated, spindle morphology to one that is more cuboidal.  

The transcription factor, CBFA1, is considered to be an early and specific marker 

indicative of the osteoblast lineage, as it controls the expression of several of osteogenic 

related genes.31 Biochemical pathways that are stimulated by soluble factors converge to 

phosphorylate CBFA1 transcription factor present inside the nucleus that then further 

controls the expression of osteogenic genes. Hence, up-regulation of CBFA1 is 

considered to be one of the early essential markers for progression of hMSCs down an 

osteogenic lineage.  

Figure 1.2 shows a schematic representing lineage progression of hMSCs during 

osteogenic differentiation in vitro with respect to cell number and the expression of 

CBFA1, ALP, Coll-1 and OPN.  Initially, hMSCs undergo an exponential growth phase 

until they become confluent.  Upon reaching confluency, expression of Coll-1 increases 

as cells secrete and deposit an extracellular matrix.  During this time, hMSCs also secrete 

ALP, which reaches a maximum and then decreases before matrix mineralization. Later 

stages of the differentiation program are then characterized by up-regulation of OPN 

expression and the resulting mineralization of the proteinaceous matrix.  
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Figure 1.2. Generalized timeline for various indicators of osteogenic differentiation 
of hMSCs (a) Time line for gene expresion of Col1, ALP, Cbfa1, OPN and proliferation 
of hMSCs.32  (b) Phenotypic changes during osteogenic differentiation of hMSCs.33  

 

1.2 Bioactive signals of Bone Extra-Cellular Matrix (ECM) that influence osteogenic 

differentiation of hMSCs. 

In vivo cells reside in a complex biological macromolecular scaffold, termed the 

extracellular matrix (ECM), that is comprised of multiple types of insoluble molecules, 

such as adhesive proteins (e.g., fibronectin, collagen-1) and proteoglycans that synergize 

to form a tight meshwork that provides physical support to the cells and also sequesters 

biological signals.34  Cells constantly interact with this matrix scaffold, receiving signals 

that in turn result in remodeling of the surrounding ECM, ultimately creating a highly 

dynamic, bioactive tissue environment.  Since the establishment of in vitro culture 
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conditions to define the differentiation program in hMSCs, there has been significant 

interest in studying the role of cell-ECM interactions, referred to as insoluble cues in this 

thesis, in the differentiation of hMSCs.  Of all the diverse ECM molecules, interaction of 

hMSCs with adhesive proteins has been of significant interest for bone tissue engineering 

applications, as the organic phase of bone ECM is ~20% of the bone mass, is composed 

of ~90% collagen35 and ~5% of other adhesive proteins (e.g., fibronectin, vitronectin, 

osteopontin). 

Many cellular processes like morphology, survival, growth, differentiation, 

migration and apoptosis are dependent on the continuous dialog between cells and their 

surrounding ECM.  Hence, studying the role of these insoluble cues in hMSC 

differentiation provides new avenues for biomedical researchers interested in designing 

biomaterial platforms and learning about which functional cues are necessary to elicit 

desired cellular functions. 

1.2.1 Role of integrin signaling in osteogenic differentiation of hMSCs: 

Integrins are heterodimeric transmembrane receptors consisting of α and β subunits 

that primarily mediate the adhesion of cells to the surrounding ECM adhesive proteins.36–

38 Currently, 8β and 18α integrin subunits have been identified, and they associate to 

form 24 distinct αβ integrins, each with different binding characteristics.  Upon binding 

to ECM ligands, integrins cluster and initiate recruitment of cytoskeletal and intracellular 

signaling molecules to form macromolecular aggregates, termed focal adhesions (Figure 

1.3),39 that initiate a cascade of signaling pathways such as FAK, Rac, Rho, MAPK 

pathways. These pathways are known to be critical for survival, growth, differentiation 

and migration of cells.  
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Cultures of hMSCs expanded on TCPS have been found to express α1β1, α2β1, 

α5β1, α6β1, αVβ3 and αVβ5 integrins.40  The role of the β1 integrin subfamily in 

hMSCs is predominant, as they mediate adhesion to the ECM proteins fibronectin, 

collagen and laminin, all of which are found in bone ECM in vivo.38,41–46 A dominant 

negative type β1 subunit in mice results in reduced bone mass and a thinner and more 

porous bone structure.43 Perturbing β1 signaling using function-perturbing antibodies also 

results in lower ALP activity and matrix mineralization on biomaterial surfaces designed 

to promote osteogenic differentiation.40 In contrast, the β3 subunit, which includes the 

αVβ3 integrin, has been shown to play a negative role during bone formation and healing 

in vivo. Although, the αVβ3 integrin mediates adhesion to fibronectin, it has been shown 

to have a dominant negative effect on proliferation and osteogenic differentiation of 

hMSCs.47–49 The negative role of the β3 integrin is also supported by in vivo studies 

demonstrating early fracture healing and up-regulation of osteogenic related genes in β3 

null mice.50 Collectively, the above studies highlight the importance of the β1 family 

integrins in bone biology.  
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Figure 1.3. (a) The schematic depicting integrin signaling events and actin organization 
inside cells. Upon binding to ECM fibers, integrins initiate formation of focal adhesions 
(components of focal adhesions are shown in inset), which include focal adhesion kinase 
(FAK) and vinculin (Vin). Focal adhesions initiate intracellular signaling events that 
ultimately converge in the nucleus. Focal adhesions also support actin monomer 
polymerization to form actin-cytoskeleton fibers. The schematic also depicts the role of 
ECM elasticity on integrin binding and actin organization. Higher ECM elasticity allows 
for increased integrin clustering and highly developed actin cytoskeleton organization. 
(b) Immunostaining images demonstrating focal adhesions (characterized by Vinculin in 
green) and actin cytoskeleton (red) in hMSCs cultured on TCPS. Note the dashed 
morphology of the focal adhesions at the tips of actin fibers. Scale bar = 50 μm. 
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Early studies have shown that fibronectin plays a key role in regulating survival,51 

adhesion,42,48,52,53 matrix secretion46,48,51–53 and expression of osteogenic related genes in 

osteoblasts,41,51 a late stage functional phenotype of hMSCs differentiating down the 

osteogenic pathway.  α5β1, which predominantly mediates adhesion to fibronectin, is 

steadily expressed by hMSCs and has been shown to be important for their survival.42 

Several studies have reported that engagement of α5β1 integrin is strongly correlated to 

the ability of hMSCs to undergo osteogenic differentiation.  Fibronectin fragments that 

promote higher and more specific interaction with α5β1 have been found to induce a 

specificity dependent increase in matrix mineralization, along with elevated expression of 

CBFA1, OCN and alkaline phosphatase activity.  These results demonstrate a strong 

dependence of osteogenic differentiation of hMSCs on α5β1 downstream signaling.48,52,53 

In another study, priming α5β1 using antibodies or over-expression of the α5 integrin 

resulted in enhanced alkaline phosphatase secretion and mineralization, whereas blocking 

the α5 integrin reversed the effect in hMSCs.54,55 The role of α5β1 in osteogenesis is 

further supported by in vivo implant studies, which found better osseointegration of 

titanium implants coated with a α5β1 specific engineered fibronectin fragment compared 

to uncoated ones.52 Further, α5β1 signaling has also been correlated to a reduction in 

fibroblast growth factor receptor (FGFR) expression, stimulation of which has been 

shown to preserve the stem cell phenotype in hMSCs, in osteoblasts.56  Finally, a study by 

Salter et al.57 demonstrated that osteoblasts sense the mechanics of their surrounding 

environment using α5β1, suggesting a potential role of this integrin in substrate elasticity 

defined osteogenic differentiation of hMSCs.  
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1.3 Bio-physical signals that influence osteogenic differentiation of hMSCs 

There is a growing body of literature demonstrating that cells are sensitive to 

physical factors, such as cell shape, geometry, matrix mechanics and nanotopography of 

the surrounding ECM.58 These biophysical cues are sensed, in part, by cells using their 

sensory machinery, such as integrins,59,60 and are transduced into regulation of 

downstream gene expression, a process termed as mechanotransduction.  Ultimately, 

mechanotransduction can play a similar role to bioactive cues in determining cell fate, 

even differentiation of stem cells like hMSCs.  However, much research is needed to 

improve the field’s understanding as to how these external cues are translated all the way 

to the nucleus and the specific pathways involved.   

During tissue regeneration and wound healing, the mechanics of the surrounding 

environment is constantly changing, structurally and mechanically; thus, 

mechanotransduction can play a significant role in the regeneration/repair mechanism 

played out by stem cells.  Studies demonstrating the individual role of these cues in stem 

cell fate and those that foray into the underlying mechanisms have been greatly advanced 

by developments in biomaterial chemistries, along with micro- and nano-technology 

processing strategies, which enable the development of highly controlled, relevant in 

vitro models for conducting systematic studies.  

1.3.1 The influence of matrix mechanics 

Stem cells are mechanosensitive and mechanoresponsive, in the sense that 

respond to changes in elasticity of the surrounding ECM by modulating their endogenous 

cytoskeleton contractility which is balanced by the resistive forces of the ECM.   The 

magnitude of this response is often regulated by the elastic modulus of the ECM and 
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transmitted by cell-ECM adhesions.  This tensional homeostasis plays a key role in 

several basic cellular functions such as proliferation, apoptosis, adhesion and migration, 

and its dysregulation has been suggested to be involved in the pathogenesis of several 

human diseases, including osteoporosis, osteoarthritis and cancer.61,62 The selective 

control over stimulation of differentiation pathways in hMSCs by substrate elasticity was 

only recently demonstrated.  In this seminal study, Engler et al.63 (Figure 1.4) 

demonstrated that in the absence of exogenous soluble factors, hMSCs cultured on 

poly(acrylamide) hydrogels of varying elastic modulus (soft: 0.1-1kPa, intermediate: 8-

17kPa, stiff: 25-40 kPa) was sufficient to induce differentiation in hMSCs into a tissue 

type corresponding to the tissue’s relative elasticity in vivo (soft: neurogenic, 

intermediate: myogenic, stiff: osteogenic differentiation).  This study generated 

tremendous interest to better understand and define the role of mechanotransduction in 

the biology of hMSCs.  Later studies have shown that substrate elasticity has a major 

effect on hMSCs proliferation, adhesion, intra-cellular organization of cytoskeletal 

elements, migration and differential response to soluble signals.  For example, Winer et 

al.64 demonstrated that hMSCs maintain quiescence with cell cycle arrest on 250 Pa gels, 

reminiscent of its bone marrow niche.  These quiescent hMSCs were competent and 

resumed proliferation and osteogenic differentiation when in contact with stiffer 

substrates in growth media (i.e., in the presence of serum). Further, the quiescent hMSCs 

underwent adipogenic differentiation on 250 Pa gels when stimulated with adipogenic 

supplements, demonstrating that the hMSCs maintains their stemness on soft gels.   
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Figure 1.4. Substrate elasticity directs hMSCs differentiation fate as studied by 
Engler et al.63 hMSCs cultured on poly(acrylamide) gels of Youngs modulus (E) 0.1-1 
kPa (soft), 8-17 kPa (intermediate), 25-40 kPa (Stiff) underwent neurogenic, myogenic 
and osteogenic differentiation respectively, in the absence of soluble cues. 
Immunostained images show the expression of β3 tubulin (corresponding to neurogenic 
differentiaiton), MyoD (corresponding to myogenic differentiation) and CBFA-1 
(correspondiing to ostoegenic differentiation) in green and nucleus in blue. Scale bar = 20 
μm. 
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As hMSCs egress from the bone marrow niche65 and home to specific tissue 

environments, they encounter different ECM stiffnesses, and hence, they could also 

respond to gradients in stiffness.   In this regard, hMSCs have been shown to migrate up 

an elasticity gradient in a process termed ‘durotaxis’ when presented with both 

physiological and pathological substrate gradients.  These results implicate that hMSCs 

may first respond to an elasticity gradient through migration, and then differentiate after 

reaching the tissue site.66  Substrate elasticity has also been shown to cause a dramatic 

effect on the adhesion of hMSCs.  On soft substrates, hMSCs exhibit a rounded 

morphology with poor cytoskeleton development, as determined by f-actin organization 

and the formation of immature focal adhesions.  Interestingly, hMSCs show a well spread 

morphology with highly organized f-actin, mature focal adhesions and higher 

proliferation on stiff substrates.   

Adherent cells sense matrix mechanics through a force balance between the force 

exerted by the intracellular actomyosin contractility and the resistance offered by the 

surrounding environment determined by its elastic modulus.  Hence, the level of 

cytoskeleton tension developed inside of cells, determined by organization of actomyosin 

fibers, is directly proportional to the substrate elasticity.  This positive correlation has 

been demonstrated by studies observing very good organization of actin cytoskeleton at 

higher substrate elasticity and poor actin cytoskeleton organization on soft substrates.67–69  

Also, integrins act as pivot points to transmit these pulling and resistive forces between 

intracellular components and extracellular surroundings.  Figure 1.3a depicts the effect of 

substrate elasticity on integrin binding and actin cytoskeleton organization. This tensional 

homeostasis also plays a causal role for regulating the matrix mechanics dependent 
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differentiation observed with hMSCs.  When the ability to generate cytoskeleton tension 

is blocked by an inhibitor, such as blebbistatin, hMSCs do not respond to substrate 

stiffness, and the matrix stiffness dependent differentiation capability is obliterated.63  

Further studies63,70,71 have revealed that matrix stiffness controls the activation of 

RhoA/ROCK, a key regulator of actin cytoskeleton formation and FA formation, which 

controls downstream signaling pathways resulting in regulation of CBFA1.  Involvement 

of these pathways has been further verified by studies demonstrating significantly 

reduced gene expression levels of osteogenic genes, ALP activity and matrix 

mineralization of hMSCs cultured on stiff hydrogels in the presence of RhoA/ROCK 

inhibitor.71–74 Taken together, the above studies suggest a significant role of matrix 

mechanics on hMSC biology and warrant biomedical researchers to incorporate this 

factor in designing biomaterials for tissue engineering and regenerative medicine 

applications.  

 

1.3.2 Cell shape and geometry:  

Cells are known to adapt their shapes to accommodate their specific functions. 

For example, adipocytes are spherical in shape to maximize lipid vacuoles storage, and 

neurons have long axons to deliver signals rapidly over a long distance.  Events 

associated with stem cell differentiation during tissue regeneration are designed to change 

cell shape, and those changes in shape can influence tissue structure and function. 

Previous research on endothelial, epithelial, and fibroblasts cells has revealed that when 

cells proliferate they are elongated and spread, but undergo apoptosis and die when they 
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are in a completely retracted state.  Hence, with respect to stem cells, a natural converse 

question arises as to whether controlling their shape can regulate their phenotype.  

Evidence for the dependence of hMSC differentiation on cell shape has been only 

recently demonstrated and generated huge interest to create biomaterial culture systems 

that manipulate and control cell shape.  For example, McBeath et al.74 constructed 

fibronectin islands of varying size using microcontact printing and showed that hMSCs 

restricted to smaller shapes differentiated into adipocytes, but preferred an osteogenic fate 

when allowed to spread (Figure 1.5a).  These studies were conducted in the presence of 

media with dual soluble cues (i.e., a mixture of soluble cues that induce osteogenic and 

adipogenic differentiation in hMSCs), thus implicating that shapes cues may work in 

concert with soluble cues.  Complementary to this work, Ruiz and Chen73 demonstrated 

that the spatial position of cells residing within multicellular fibronectin islands also 

affected the differentiation of hMSCs: cells present in the interior of the pattern preferred 

adipogenic differentiation while cells present near the exterior of the patterns preferred 

osteogenic differentiation.  Also, the hMSC differentiation patterns varied in a manner 

that depended on the overall geometry of the microenvironment; hMSCs towards the 

convex side of all the shapes preferred adipogenic differentiation while those near the 

concave side preferred osteogenic differentiation.  Complementary traction force 

measurements revealed that cells present on the convex side of the patterns experienced 

higher stresses, while cells present on the concave side of the pattern experienced lower 

stresses.  Thus, the authors suggested that cytoskeleton tension may play a causal role in 

fate decisions of hMSCs.  Inhibiting actin polymerization in hMSCs with chemical 

inhibitors added to the media reversed the preference of osteogenesis to adipogenesis in 



 15 

the convex areas that promoted osteogenesis.  These studies have supported recent 

hypotheses that cell shape signalling and soluble inductive factor signaling converge on 

the actin cytoskeleton to regulate hMSC fate.  

In another landmark study, Kilian et al.75 reported that, by constructing single cell 

fibronectin islands, cell geometry also plays an important role in fate decisions of 

hMSCs.  Their study demonstrated that the aspect ratio of rectangular islands correlated 

positively with osteogenic differentiation, and islands with a pentagonal symmetry and 

curvatures increased cytoskeleton tension, promoting osteogenesis relative to 

adipogenesis (Figure 1.5b).  Further, hMSCs underwent adipogenesis when cultured in 

the presence of inhibitors of actin irrespective of the geometry and curvature, supporting 

the previous reports that cytoskeleton tension plays a causal role in hMSC fate decisions.  
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Figure 1.5. Cell shape and geometry influence hMSCs differentiation fate. A) Role of 
cell shape on hMSC differentiation as studied by McBeath et al.74 hMSCs cultured on 
square fibronectin islands of area 1024 μm2 and 10000 μm2 undergo adipogenic and 
osteogenic differentiation, respectively. B) Role of geometry on hMSC differentiation as 
studied by Kilian et al.75 hMSCs cultured on flower shaped pattern preferred adipogenic 
differentiation while those on star shaped pattern preferred osteogenic differentiation. 
Figures show immunostaining for f-actin(green), vinculin (red) and nuclei (blue) 
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1.4 PEG hydrogels as a platform to culture and study hMSCs  

Poly(ethylene glycol) (PEG) based hydrogels have emerged as a verstaile material 

system for use as cell culture platforms owing to their high water content, tissue like 

elastic properties, and facile transport of nutrients and waste.76–80  PEGs hydrophilicity 

and bioinert nature render this chemistry highly resistant to non-specific protein 

adsorption.  As a result, PEG hydrogels provide a basic physical structure upon which 

cells can be seeded on or in, while simultaneously allowing experimenters to introduce 

biochemical cues in a systematic manner without confounding factors of non-specific 

adsorption of numerous serum proteins.  The physical and mechanical properties of PEG 

hydrogels can be easily modified by controlling the initial monomer formulation and 

polymerization conditions that directly influence crosslinking density, swelling and 

elasticity.  The result is a tunable hydrogel with elasticity ranging from that of soft 

tissues, such as brain, to the protein components of hard tissues such as collagenous 

bone.81   The hydroxyl end groups that are often present on PEGs allow easy modification 

of linear chains or multi-arm polymers to include other chemical functionalities (e.g., 

acids, amine, maleimides, azides, thiols, acrylates etc) that can be subsequently used for 

crosslinking and also to incorporate pendant signaling moieties to promote and control 

cell function.82–96  Several strategies have been reported for the synthesis of PEG hydrogel 

cell culture platforms under mild and cytocompatible conditions.82 

1.4.1 Crosslinking PEG using chain and step growth polymerizations 

 PEG hydrogels used for cell culture applications typically, with few 

notable exceptions, have been synthesized via free-radical chain polymerization or step 

growth polymerization schemes.97,98 The choice of the reaction scheme and the 
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functionality of PEG monomers determine the structure and physical properties of the 

resulting polymer networks.  In chain growth polymerization, the polymerization is often 

initiated upon attack of an initiator molecule on a monomer, resulting in the formation of 

reactive center on that monomer molecule. The polymer network grows upon repeated 

addition of the reactive functionalities on the PEG molecules to the reactive center, 

growing a kinetic chain.99 Chain polymerization of bi-functional monomers results in the 

formation of linear polymers, while multi-functional monomers result in the formation of 

cross-linked networks. Because chain extension occurs only due to addition of functional 

units to the reactive center, very high molecular weight chains result at even low 

conversions.  

In step growth polymerizations, the polymer evolves in a statistical fashion i.e. 

any functional group can react with the neighboring counterpart and is not restricted to an 

active center.  Due to this mechanism, monomers react to give dimers, trimers, tetramers 

etc and high molecular weight polymers are obtained only at relatively high conversions. 

Usually, the reactive functionalities are complementary, though some step growth 

networks can also be formed from a single functionality, such as condensation of di- 

carboxylic acids to from anhydrides, oxidation of thiols to form disulfides.  Mono- or bi- 

functional monomers result in the formation of linear or branched polymers, while multi 

functional monomers (an average functionality > 2) results in the formation of a cross-

linked network.   

Due to the reaction mechanisms, chain growth networks are usually characterized 

by an early gelation point resulting in the formation of a complex network structure with 

polydisperse kinetic chains connected by a long, extended PEG chains as shown in Figure 
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1.6a100.  In contrast, step growth networks reach the gelation point at very high 

conversion (e,g,m as predicted by Flory-Stockmeyer equation99) and result in the 

formation of more ideal and uniform network structures as shown in Figure 1.6b.  

This thesis research focuses on photochemical polymerizations to create PEG 

hydrogels, as photochemical reactions provide benefits with respect to spatiotemporal 

control of network formation.  Photo-initiation mechanisms have been previously used to 

form PEG gels using both chain and step growth mechanisms.  Photo-initiators, such as 

2-hydroxy-1-[4-(2-hydroxyethoxy) phenyl]-2-methyl 1-propanone (I2959),101 lithium 

phenyl-2,4,6-trimethylbenzoylphosphinate (LAP),102 are water soluble, and can be used to 

generate radicals with 365 nm light and 405 nm light, respectively, at low light dosage 

(low cytotoxicity) and in buffer conditions, thus allowing formation of networks in the 

presence of cells, proteins and other biologically relevant molecules under 

cytocompatible conditions.103  

A commonly used approach to form PEG hydrogels is chain growth 

polymerizations of multi(meth)acrylated PEG monomers. While robust and extensively 

studied,104,105 this reaction chemistry poses additional challenges, as they are susceptible 

to oxygen inhibition that results in longer polymerization times and requires increased 

light dosage leading to undesired side effects such as damage of biomacromolecules.106 

There is a growing interest in formation of PEG hydrogels via step growth thiol-ene 

‘click’ reactions107, as they are not oxygen inhibited and require lower radical 

concentrations for complete network formation.  Particularly, PEGs functionalized with 

terminal norbornene functional groups and reacted with bis-thiol crosslinkers have been 
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successfully copolymerized through photointiation to create hydrogel systems for 

encapsulation and culture of fibroblasts,108 pancreatic β-cells,80 hMSCs109 and proteins.110 

 

 

Figure 1.6. Schematic showing the structure of PEG hydrogels formed via (a) Chain 

growth polymerization and (b) Step growth polymerization (Not to scale) 

1.4.2 Creating bioactive PEG hydrogels: 

Synthetic hydrogels have been designed to incorporate cues derived from the 

molecules present in the ECM to provide for integrin binding,84,111,112 enzymatic 

degradation79,113,114 and growth factor sequestering.97,115–117 The most straightforward 

method to create a bioactive hydrogel is to simply mix the biochemical cue of interest in 

the monomer precursor solution to form the hydrogel, resulting in the uniform 

distribution of the biochemical cue throughout the network.  A plethora of bio-conjugate 

chemistries previously developed for facile modification of biomacromolecules have 

been employed to attach reactive functionalities that can be used to co-polymerize into 

PEG hydrogels.  Typically, the choice of reactive functionalities, and hence the 

chemistries employed to attach them to the biochemical cues, depends on the selected 



 21 

polymerization scheme and PEG macromers.  Acrylate conjugated peptides have been 

used by several different researchers to form hydrogel networks through chain 

copolymerization with PEG diacrylate, that supported dose dependent cell adhesion to 

promote vascularization and directed migration.84,118–121 For example, acrylate conjugated 

cell adhesive peptides, such as acryoyl-PEG-RGD, synthesized by reacting acryoyl-PEG-

NHS ester with the amine containing RGD peptide, have been synthesized previously and 

co-polymerized into PEG diacrylate hydrogels to promote osteoblast adhesion.84 

Alternatively, mixed mode radical chain growth polymerization involving termination of 

acrylate chains by a step addition of a thiol has been used to incorporate cysteine-

containing peptides into hydrogel networks formed from PEG diacrylate without the need 

for post-synthetic modification of the peptides.122,123  Radical mediated thiol-ene 

photoclick reactions between a thyl radical and a strained alkene, as described earlier, 

have also been used to introduce any thiol containing biochemical cues into the network 

during the synthesis of PEG hydrogels.108,109,124 Base catalyzed Micheal addition between 

a thiol and electron deficient alkenes (such as acrylate, vinyl sulfones etc) has been used 

by Hubbell and co-workers to incorporate cysteine-containing peptides into the PEG 

hydrogel network.125 These reactions, although relatively straightforward, use a base for 

the reaction, which can limit its use in the presence of cells and proteins.  The thiol-ene 

and Michael addition reactions lead to similar network structures, but the thiol-ene 

reaction is sometimes preferred as it offers spatio-temporal control over the gel 

functionalization.  
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1.4.3 Dynamic regulation of biochemical signals 

The techniques outlined above only allow control of the initial biochemical 

properties of the hydrogel.  Platforms that allow subsequent tunability over presentation 

of multiple biochemical signals are often desirable, and particularly if they allow 

experimenters control over cell function at specific places and times.  Towards this goal, 

researchers have utilized various chemical strategies to covalently attach biochemical 

cues of interest post synthesis of hydrogels.  Approaches to conjugate biochemical cues 

to gels have exploited similar or orthogonal chemistries to that used to synthesize the 

original networks.  One technique to achieve controlled and uniform surface 

functionalization of PEG hydrogels with adhesive peptides such as GRGDS, GYIGSR 

(laminin derived) etc. using carboxylic acid-amine coupling126 and to covalently tether 

ECM proteins, like collagen, has relied on the reaction between carboxylic acid and an 

activated NHS ester.127 In these studies, carboxylic acid functionalized monomers were 

added at desired concentrations, depending on the degree of peptide functionalization 

required, during the synthesis of the hydrogel network.  Using this strategy, Hubbell and 

coworkers demonstrated controlled adhesion of fibroblasts through specific integrins.  

However, spatial and temporal control over ligand presentation is often desired and so 

microcontact printing has been applied in conjunction with this approach to transfer 

adhesive molecules through a poly(dimethoxy siloxane) (PDMS) stamp.  Specific regions 

on hydrogel surfaces have been patterned with reactive ligands and covalently bound to 

gels using this conjugation reaction.  Alternatively, photo-lithography has been combined 

with light controlled reactions to chemically bind biochemical cues only at regions where 
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light is delivered.92,128–139 For example, photo-activatable thiol-acrylate and thiol-ene 

reactions were used to tether thiol-containing biomacromolecules to pre-formed PEG gels 

in a manner that precisely controls their introduction in 4D (i.e., xyz and time).   

Photolithographic techniques rely on the ability to control the delivery of photons, 

either through photomasks or optical control of laser light in 3D.  The West group has 

used such photopolymerization techniques to tether peptides and/or growth factors in 

PEGDA hydrogels.129,136,137  Their approach has exploited acrylate functional groups that 

were left unreacted after the partial polymerization of PEGDA hydrogels and then a 

subsequent photopolymerization reaction to incorporate Acryl-PEG conjugated 

biochemical cues (Figure 1.7a).  Using this technique, multiple cues were bound to PEG 

hydrogels to control the adhesion and migration of human dermal fibroblasts in 3D, as 

well as the angiogenic response of HUVECs.  While these demonstrations were insightful 

to the field, the resultant pattern composition is ill-defined and difficult to characterize, 

which has limited its wide applicability to functionalize biomaterials.  In a 

complementary approach, the Anseth lab has developed a versatile and more defined 

approach using thiol-ene photocoupling reactions to tether biochemical cues into PEG 

networks.92,108,138,139 In their approach, thiol-ene photopolymerizations or alkyne-azide 

click reactions were used to form PEG hydrogels presenting pendant alkene 

functionalities after network formation. The alkene functionality was then used to 

perform subsequent thiol-ene reactions in the presence of photo-initiator and thiol 

containing biochemicals.  This approach was used to tether peptides in complex 3D 

patterns that controlled the morphology of hMSCs and migration of 3T3 cells.  
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Although presentation of biochemical cues can be achieved at any desired time 

point using the above outlined strategies, they do not allow for subsequent regulation of 

their presentation (i.e., to either remove or exchange the functional group with another 

biochemical cue).  Such programmable presentation of biochemical ligands is often 

useful to better understand ECM signaling to cells, as the cell microenvironment in vivo 

is far from static, constantly changing and influencing cell fate.  Such dynamic control 

over the presentation of microenvironmental signals in vitro would allow researchers to 

more closely mimic and model the in vivo ECM and would be tremendously 

advantageous in various biomaterial applications, including in vitro stem cell expansion, 

3D cell cultures for drug screening, and/or tissue engineering applications. These 

programmable hydrogel niches would further enable researchers to conduct unique 

biological characterization experiments and answer questions about the effect of dynamic 

regulation of information between a cell and its microenvironment. To date, only a few 

examples exists that allow such specific control over the presentation of biochemical 

cues.  

Anseth and colleagues pioneered the use of dual wavelength systems that utilizes 

visible light wavelength to react and introduce biochemical cues in the matrix and a 

second, independent wavelength (e.g., 365 nm) to remove the biochemical cue 

independently.139 In this technique, eosin initiated thiol-ene photoclick reactions were 

used to react in peptides, proteins and small molecules conjugated with ο-nitrobenzyl 

moieties that could be subsequently removed using through photodegradation of the ο-

nitrobenzyl functional group (Figure 1.7b).  This strategy is fully cytocompatible and 

creating localized RGD patterns led to confinement of hMSC attachment only to the 
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patterned regions of a gel and subsequent release and capture of sub-populations attached 

upon UV light induced cleavage.   

Recently, Popik and colleagues have also reported an alternative strategy that 

relies on the equilibrium switching of unreactive 3-(hydroxymethyl)-2-napthol and 

reactive o-2-napthoquinone-3-methides (NQM) to achieve attachment, removal and 

reattachment of streptavidin to a thiol-derivitized glass slide.140  Their approach uses base 

catalyzed Michael addition to couple functional groups, and 350 nm UV light to cleave 

NQM functionalized chemical moieties on thiol functionalized glass. While this 

technique demonstrates reversibility in the addition and removal of NQM derivatized 

biochemical moieties, it requires the use of base and 350 nm or lower wavelength light, 

which are more difficult to perform under cytocompatible conditions and limiting their 

cell culture and biomaterial applications.   

Towards reversible strategies to modify polymer networks, Bowman and 

colleagues pioneered the development of covalently adaptable networks (CANs) that 

possess reversible covalent crosslinks that respond to an externally applied stimulus (e.g., 

the Diels-Alder/retro-Diels-Alder reaction).141,142 One example demonstrate the reversible 

reaction between a furan with a maleimide to form bicyclic compounds at low 

temperatures and a retro-Diels-Alder reaction at higher temperature.  A second example 

synthesized networks containing allyl sulfides that undergo addition-fragmentation-chain 

transfer upon a radical attack and was used to demonstrate how network rearrangement 

can be used to relieve stress developed during polymerization.143–145 While these chemical 

strategies show great promise to achieve reversible presentation of biochemical cues, less 

focus has been on reactions that can be performed in the presence of cells. 
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Figure 1.7. Dynamic regulation of presentation of biochemical ligands. a) 2-photon 

photopatterning of biochemical ligands using unreactive acrylate functionalities as 

studied by Hoffman and West.146 PEG hydrogel is soaked in solution containing 

biochemical ligand and initiator and subsequently specific regions were exposed to multi-

photon light using confocal miscroscope to form desired 3D patterns.  b) Reversible 

photo-patterning of small peptides achieved by dual wavelength responsive systems. 

Addition to the network is achieved via thiol-ene photoclick chemistry at 460 nm and 

removal of the ligands is achieved via cleavage of ο-nitrobenzyl moeity upon exposure to 

365 nm light.139 
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1.5 Research Summary 

This thesis aims to engineer PEG hydrogel platforms to study and understand the role 

of integrin signaling and cell shape on osteogenic differentiation of hMSCs.  Towards 

this goal, Chapter 2 outlines the specific aims and hypotheses of this thesis work and the 

strategies employed to achieve these aims.  This is followed by four chapters that 

summarize the key findings.  In Chapter 3, we study and understand the molecular 

mechanisms involved in osteogenic differentiation of hMSCs on phosphate 

functionalized PEG hydrogels.  Integrin mediated signaling via interaction with the 

adsorbed extra-cellular matrix proteins is investigated and found to be sufficient to 

promote osteogenic differentiation of hMSCs cultured on phosphate gels.  Towards the 

effort to understand the role of specific integrin signaling in promoting osteogenic 

differentiation in hMSCs, in Chapter 4 reports the synthesis of peptide functionalized 

hydrogel platform to signal α5β1 integrin with high specificity.  These gels are used to 

study the role of α5β1 integrin signaling on osteogenic differentiation of hMSCs and 

potential synergies involved with the underlying matrix stiffness. 

Chapter 5 moves towards the synthesis and characterization of a PEG hydrogels 

incorporating allyl sulphide functionalities and using thiol-ene reactions to reversibly 

modify the hydrogels with biochemical ligands of interest for hMSC differentiation. By 

tuning the photo-coupling conditions, we characterize the extent of spatial control and 

temporal exchange of biochemical ligands in these hydrogels.  Finally, Chapter 6 

concludes with a summary of the progress in engineering functionalized PEG hydrogel 

platforms to study and control the osteogenic differentiation of hMSCs and suggests 
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future avenues that might be interesting to probe and understand the role of these systems 

in better understanding and controlling osteogenic differentiation of hMSCs. 
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Chapter 2 

OBJECTIVES 

 

 

Cells in vivo are in constant dialogue with their surrounding extracellular matrix 

(ECM) that harbors biophysical and biochemical cues that signal and control the genetic 

program of cells.  There is a growing interest in studying and understanding how the 

interactions of cells with ECM influence the biological function of cells and utilizing this 

knowledge towards the design of more relevant biomaterial scaffolds for applications in 

regenerative medicine. Particularly, understanding of the effect and signaling pathways 

upregulated by matricellular cues to control the differentiation and fate of human 

mesenchymal stem cells (hMSCs) is advancing methods to expand and culture hMSCs, 

as well as strategies to design hMSC carriers for therapeutic applications in bone repair. 

This thesis research aims to design materials that incorporate specific cues found in ECM 

and conduct systematic studies for understanding matrix signaling mechanisms that relate 

to osteogenic differentiation of hMSCs.  Specifically, poly(ethylene glycol) (PEG) based 

hydrogels are exploited as a biomaterial platform to systematically introduce matrix cues 

and study their influence on hMSC differentiation.  Depending on the specific hydrogel 

formulation, PEG gels are designed to achieve specific moduli, introduce specific 

chemical moieties, and/or control stimuli responsiveness over nano-, micro- and 

macroscopic length scales relevant to hMSCs.1 Building on these concepts, this thesis 

aims to exploit the versatility of PEG chemistry to engineer biochemical functionalization 

of hMSC microenvironments.  
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Specifically, PEG hydrogels are utilized as substrates to better understand the role 

of chemical cues found in the native bone matrix on hMSC osteogenic differentiation and 

to develop strategies that allow reversible presentation of these biochemical ligands in 

four dimensions (i.e., three-dimensional space; x-,y-,z and time).  The first aim of this 

thesis examines phosphate functionalized PEG hydrogels to study and understand the 

mechanisms underlying how this chemistry induces ostoegenic differentiation in hMSCs.  

We hypothesize that phosphate functional groups sequester ECM proteins present in 

serum and induce osteogenic differentiation in hMSCs via focal adhesion kinase 

dependent integrin signaling.  The second aim then focuses on developing α5 integrin 

priming PEG hydrogels to elucidate the interplay of substrate elasticity and α5 integrin 

signaling on osteogenic differentiation of hMSCs.  We hypothesize that osteogenic 

differentiation of hMSCs via α5β1 integrin signaling is strongly influenced by the 

underlying substrate elasticity.  Finally, the third aim of this thesis investigates a 

chemical strategy that allows for dynamically tunable presentation of biochemical ligands 

in 4D.  We hypothesize that an addition-fragmentation-chain transfer capable allyl sulfide 

functional group will allow for reversible exchange of thiol containing 

biomacromolecules under cytocompatible reaction conditions and that this chemistry may 

prove beneficial in investigating more complex questions about temporal and sequential 

signaling on hMSC osteogenic differentiation.  

 

 

 



 42 

To test the above hypotheses, the specific objectives of this thesis research are as 

follows: 

Aim I.  Study the role of phosphate functional groups in mediating hMSC 

attachment and understand the mechanisms underlying osteogenic differentiation of 

hMSCs on phosphate functionalized PEG hydrogels in the absence of osteogenic 

induction cues. 

Towards understanding the interaction of hMSCs with phosphate functionalized 

PEG hydrogels, experiments are designed to verify the nature of interaction of hMSCs 

with covalently bound phosphate functional groups, directly or indirectly, via 

sequestering serum proteins in the culture medium.  Further, the total amount of adsorbed 

serum proteins will be quantified to determine the effect of phosphate functional group 

concentration in sequestering serum proteins.  Adhesion blocking and integrin blocking 

experiments will be investigated to determine the importance of specific ECM proteins in 

mediating the adhesion of hMSCs to the gels.  Phosphorylation of focal adhesion kinase 

is a focal point for the signaling pathways initiated by integrins upon binding to ECM 

proteins. Hence, towards understanding the role of the ECM proteins in driving 

osteogenic differentiation of hMSCs cultured on phosphate containing gels, ALP activity 

measurement and gene expression studies will be characterized in the presence of small 

chemical inhibitor to focal adhesion kinase (FAK). Successful completion of this 

objective will layout a putative mechanism of the signaling pathways underlying 

osteogenic differentiation of hMSCs on phosphate functionalized PEG hydrogels. 
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Aim II.  Synthesize PEG-peptide hydrogels that prime α5 integrin and study the 

role of substrate elasticity on α5β1 induced osteogenic differentiation in hMSCs. 

This objective explores the use of peptide-PEG hydrogels as culture platforms that 

can signal specific integrins to study the role of integrin signaling and mechanical signals, 

such as substrate elasticity, on osteogenic differentiation of hMSCs. Specifically, a 

peptide motif cyl(RRETAWA) that has been shown to bind α5 integrin with high 

specificity2 will be synthesized and tagged with a thiol containing cysteine for 

functionalization into PEG hydrogels. Bioactivity of the peptide will be verified by 

measuring ALP activity upon dosing hMSCs solubly with the synthesized peptides. 

Thiol-ene polymerization reactions will be utilized to synthesize PEG hydrogels 

functionalized with pendant cyl(RRETAWA) groups.  The biochemical functionalization 

and biophysical properties of the hydrogel will be tailored independently by changing the 

material formulations to control ligand dose and substrate elasticity (as characterized 

rheometrically).  To de-convolute the role of substrate stiffness and ligand density on 

hMSC adhesion, cell attachment density, cell adhesion area, aspect ratio and focal 

adhesion area of attached hMSCs will be characterized as a function of the underlying gel 

properties.  Further, the interplay of substrate stiffness and ligand density on α5β1 

integrin induced osteogenic differentiation of hMSCs will be studied by monitoring ALP 

activity and osteogenic gene expression in hMSCs. Successful completion of these 

studies will help to understand the role of matrix elasticity on α5β1 signaling in hMSCs.  
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Aim III.  Synthesize and characterize allyl sulfide functionalized hydrogels and 

demonstrate photocoupling and photoexchange of biochemical ligands reversibly. 

In vivo, the hMSC bone marrow niche is far from static, and ECM cues are generally 

presented in a dynamically regulated manner.  Hence, to conduct more biologically 

relevant experiments to assess the role of ECM cues on hMSC biology, culture platforms 

that can recapitulate the dynamic presentation of signaling cues would be particularly 

advantageous.  With this in mind, a chemical strategy based on addition-fragmentation 

chain transfer capable allyl sulfide functional group will be used to create PEG hydrogels 

that enable the reversible presentation of biochemical ligands important for osteogenesis 

of hMSCs.  Towards the development of such programmable hydrogels, PEG hydrogel 

will be functionalized homogenously with addition-fragmentation-chain transferable, 

allyl sulfide, functional groups.3–5  To achieve spatial and temporal control over the 

presentation of biological ligands, we will utilize photo-lithography to pattern cysteine-

containing peptides.  The characteristic fragmentation of allyl sulfide functional group 

upon attack by thiyl radicals3,4 in the hydrogels will be exploited to pattern peptide 

epitopes via thiol-ene photoconjugation.  Here, a thiol containing cysteine conjugated 

RGDS peptide found on the ECM protein fibronectin will be used as a model biomimetic 

peptide epitope to demonstrate the patterning. By patterning in fluorescently labeled 

peptides, the degree of network biofunctionalization will be characterized and compared 

to the fluorescence of patterns obtained with known standard concentrations. Further, 

two-photon lithography will be used to demonstrate exchange of thiol containing peptides 

epitopes in spatially defined regions in three-dimensions.  Both Alexa Fluor 555 and 

Alexs Fluor 488 conjugated CRGDS peptides will be used as model peptides to 
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demonstrate and characterize the exchange reactions.  The dependence of the extent of 

exchange of peptides on the two-photon laser power and pixel dwell time will be 

characterized as before by comparing the fluorescence of the resultant patterns with 

known standard concentrations.  The resulting knowledge will be exploited to construct 

opposing gradients of two distinct functional groups with only one exchange reaction. 

Successful completion of this objective will lay the framework for dynamically tailoring 

the biochemical environment of the hMSCs for understanding and assessing the role of 

ECM cues in a biologically relevant fashion.  

2.1 References:  

1. Tibbitt, M. W. & Anseth, K. S. Hydrogels as extracellular matrix mimics for 3D cell 
culture. Biotechnol. Bioeng. 103, 655–663 (2009). 

2. Koivunen, E., Wang, B. & Ruoslahti, E. Isolation of a highly specific ligand for the 
alpha 5 beta 1 integrin from a phage display library. J. Cell Biol. 124, 373–380 (1994). 

3. Scott, T. F., Schneider, A. D., Cook, W. D. & Bowman, C. N. Photoinduced Plasticity 
in Cross-Linked Polymers. Science 308, 1615–1617 (2005). 

4. Kloxin, C. J., Scott, T. F. & Bowman, C. N. Stress relaxation via addition-
fragmentation chain transfer in a thiol-ene photopolymerization. Macromolecules 42, 
2551–2556 (2009). 

5. Kloxin, C. J., Scott, T. F., Park, H. Y. & Bowman, C. N. Mechanophotopatterning on a 
Photoresponsive Elastomer. Advanced Materials 23, 1977–1981 (2011). 
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CHAPTER 3 

Extra-cellular matrix protein adsorption to phosphate-functionalized hydrogels 
from serum promotes osteogenic differentiation of human mesenchymal stem cells 

(hMSCs) 
As appearing in Acta Biomaterialia 

 

3.1 Abstract 

One of the primary goals for tissue engineering is to induce new tissue formation 

by stimulating specific cell function.  Human mesenchymal stem cells (hMSCs) are a 

particularly important cell type that has been widely studied for differentiation down the 

osteogenic (bone) lineage, and we recently found that simple phosphate functional groups 

incorporated into poly(ethylene glycol) hydrogels could induce osteogenesis without 

using differentiation medium by unknown mechanisms.  Here, we aimed to determine 

whether direct or indirect cell/materials interactions were responsible for directing 

hMSCs down the osteogenic lineage on phosphate (PO4) functionalized poly(ethylene 

glycol) (PEG) hydrogels.  Our results indicated that serum components adsorbed onto 

PO4-PEG hydrogels from media in a pre-soaking step were sufficient for attachment and 

spreading of hMSCs, even when seeded in serum-free conditions.  Blocking antibodies 

for collagen and fibronectin (targeted to the hydrogel), as well as β1 and β3 integrin 

blocking antibodies (targeted to the cells), each reduced attachment of hMSCs to PO4-

PEG hydrogels, suggesting that integrin-mediated interactions between cells and 

adsorbed matrix components facilitate attachment and spreading.  Outside-in signaling, 

and not merely shape change, was found to be required for osteogenesis, as alkaline 
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phosphatase (ALP) activity and expression of CBFA1, osteopontin and collagen-1 (coll-

1) were each significantly down regulated upon inhibition of focal adhesion kinase 

(FAK) phosphorylation even though focal adhesion structure or cell shape were 

unchanged. Our results demonstrate that complex function (i.e.,osteogenic 

differentiation) can be controlled using simple functionalization strategies, such as 

incorporation of PO4, but that the role of these materials may be due to more complex 

influences than has previously been appreciated.  

3.2. Introduction 

Human mesenchymal stem cells derived from bone marrow have been shown to 

be capable of differentiating down osteogenic, adipogenic and chondrogenic lineages1.  

Traditionally, differentiation of these cells has been achieved by adding soluble cues to 

the culture medium.  The roles and mechanisms of various media additives in inducing 

differentiation of hMSCs have been extensively studied.  For example, dexamethasone, 

bone morphogenetic protein (BMP), β-glycerol phosphate have been shown to up-

regulate expression of osteogenic related genes in hMSCs1-5.  To complement these 

approaches, there is growing interest in the biomaterial research community to use 

synthetic biomaterials as culture platforms for hMSCs and for applications in tissue 

regeneration.  Their design has been inspired by previous work to capture and present 

molecular interactions that induce specific functions of hMSCs.  

Specifically, synthetic scaffolds have been extensively used as culture platforms 

to introduce both biochemical and biophysical signals to control and promote osteogenic 

differentiation of hMSCs.  Inorganic materials, such as tricalcium phosphate, 

hydroxyapatite, and bioglass, have all been widely used as coatings and bulk materials 
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and considered osteoconductive materials for bone regeneration applications6-10.  The 

main limitation when using inorganic materials is the inability to control and tune the 

materials properties, especially degradability, as well as the limited ability to alter the 

chemistry to incorporate biochemical cues that promote bone formation9,10.  As an 

alternative, materials based on organic polymers have become attractive as biomaterial 

scaffolds for bone tissue engineering.  While their mechanical properties can be inferior 

compared to inorganic materials, polymers allow for tailoring of material properties and 

introduction of a wide range of chemistries that allow researchers to incorporate 

functionalities into the materials10.  

In particular, poly(ethylene glycol) (PEG) based hydrogel scaffolds have been 

used by our group and others to present various biochemical signals to study and control 

osteogenic differentiation of hMSCs11,12.  Because PEG minimizes non-specific protein 

interactions, the role and function of specific biochemical signals on hMSC function can 

be studied independent of non-specific protein adsorption from serum employed in cell 

culture.  Researchers have employed PEG gels to present various biochemical cues, 

including peptides13, growth factors14, chemical functionalities15, enzymatic 

degradability16, and controlled material elasticity17,18, and study the role of integrin 

signaling, growth factor signaling, matrix degradability and matrix mechanics during 

osteogenic differentiation of hMSCs. 

Complexity, cost and limited understanding of the most critical factors for inducing 

desired hMSC functions have prompted researchers to investigate alternative and simpler 

approaches for the design of synthetic biomaterials.  For example, researchers have 

identified biomaterial formulations based on simple chemistries that influence critical cell 
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functions such as proliferation, differentiation etc.  Several studies have investigated the 

influence of small chemical functional groups on proliferation and/or differentiation of 

hMSCs using self-assembled monolayers19-22 and hydrogel systems15,23.  For example, 

osteogenic and chondrogenic differentiation of hMSCs depends on the choice of small 

molecules used to functionalize surfaces, with thiol or amine functional groups promoting 

osteogenic differentiation and acid or hydroxyl functional groups promoting 

chondrogenic differentiation20,21.  Of interest to this work, Benoit et al. demonstrated that 

phosphate functional groups induced osteogenic differentiation in hMSCs on 2D gels, as 

well as when encapsulated in 3D hydrogel environments15.  Interestingly, osteogenic 

differentiation on this otherwise inert PEG hydrogel was achieved without the addition of 

any soluble osteoinductive factors to the media, indicating that osteogenic differentiation 

was specifically due to the presence of the small molecule phosphate functional group. 

Collectively, these studies demonstrate the potential for simple strategies to offer simpler, 

cheaper and more efficient design principles for cell carriers to promote hMSC 

differentiation.  While these phenomenological observations are quite interesting and 

insightful, they provide very little mechanistic understanding of how these functionalized 

biomaterials guide cell behavior.   

Here, we attempt to elucidate some aspects of the mechanism driving osteogenic 

differentiation of hMSCs on phosphate-functionalized PEG gels, as they were previously 

shown to induce osteogenic differentiation in hMSCs without the need for osteoinduction 

media15.  Several studies have previously shown the importance of adsorbed extra cellular 

matrix (ECM) proteins in mediating cell interaction with biomaterials and that 

composition, as well as orientation, of the adsorbed ECM proteins is considered to be a 
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major determinant of cell material interactions with biomaterials24-29.  Specifically, 

previous literature has shown that ECM proteins influence hMSC differentiation in in 

vitro cultures30-35.  For example, collagen-1 (coll-1) and fibronectin (FN) when adsorbed 

onto TCPS were shown to promote mineralization and upregulate osteogenic genes, 

CBFA-1 and osteocalcin, in hMSCs30.  Further, integrins that bind to these ECM proteins 

were demonstrated to play a key role in both promoting and inhibiting osteogenic 

differentiation of MSCs31.  Previous studies also showed that interaction of α2β1 integrin 

with collagen-1 activated the transcription factor CBFA-1 and promoted matrix 

mineralization, and further, that blocking these interactions resulted in a marked decrease 

in matrix mineralization32,33.  Blocking interaction of integrins α5β1, α3β1 with FN has 

been shown to inhibit upregulation of osteogenic genes, ALP activity and mineral 

formation in osteoprogenitor cultures35.  Specifically, FN fragments with high specificity 

for binding to α5β1 integrins increased ALP activity and  upregulated gene expression of 

ALP, CBFA-1 and osteocalcin in hMSCs35.  Interestingly, the integrin αvβ3, which also 

has binding sites on FN, was shown to have a negative effect on hMSC osteogenic 

differentiation.  hMSCs when cultured on FN fragments with a high specificity for 

binding to αvβ3 integrins were shown to decrease gene expression of ALP, CBFA-1 and 

osteocalcin35.  

Here, we aimed to determine if hMSCs were directly interacting with the 

phosphate functional groups on PEG hydrogel or indirectly with adsorbed ECM proteins 

present in serum.  The role of focal adhesion kinase (FAK) signaling in inducing 

osteogenic differentiation on these gels was also investigated.  Gaining a mechanistic 

understanding of how these gels cause phenotypic changes in hMSCs is an important 
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aspect to our overall understanding of matricellular signaling, as well as our ability to 

design improved materials for tissue engineering applications. 

3.3. Material and Methods 

All materials were purchased from Sigma-Aldrich unless otherwise specified.   

3.3.1. Cell culture 

hMSCs were isolated from human bone marrow (Cambrex) and cultured in 

growth media (low glucose Dulbecco’s Modified Eagle Medium (DMEM,Gibco) 

supplemented with 10% fetal bovine serum (Gibco), 1% Penicillin/Streptomycin (Gibco), 

and 0.2% Fungizone (GIBCO)). hMSCs at passage three were used in all the studies.  

3.3.2. Phosphate functionalized poly(ethylene glycol) polymer gels 

Gels were formed by polymerizing poly(ethylene glycol) dimethacrylate 

(PEGDMA) (Mn ~550 Da) with 0.5 wt% of the photo-initiator, 2,2-dimethoxy-1,2-

di(phenyl) acetophenone (Ciba-Giegy) by exposure to ~4 mWcm-2 ultraviolet light for 10 

min. Phosphate functional groups were incorporated into the gels by adding ethylene 

glycol methacrylate phosphate (EGMP) at a concentration of 50mM (or otherwise 

mentioned) to the macromer-initiator solution before polymerization. Gels were swollen 

in phosphate buffer saline (PBS, 1x, GIBCO) for at least 24 h. Circular disks (10 mm 

diameter, 120 µm thick) were cut from the gel using biopsy punches and transferred to 

tissue culture plates. For cell culture experiments gels were sterilized in 70% ethanol and 

washed thoroughly in PBS before seeding. 
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3.3.3. Quantification of protein adsorption 

Phosphate functionalized gels were incubated in 10% serum containing media for 

overnight and washed with PBS (0.5 ml in each well of a 24 well plate, 3x) to remove 

weakly adsorbed proteins. Adsorbed proteins were eluted in sodium dodecyl sulfate 

(SDS) buffer for 2 h and concentrated using Zeba desalting columns (7k MWCO, Pierce). 

Protein levels were quantified by a µBCA assay (Pierce) according to manufacturer’s 

instructions.  

3.3.4. Focal adhesion staining and calculating cell shape parameters 

Focal adhesion staining was performed on hMSCs attached to the gels (5 x 103 

cells/cm2 seeding density) using a focal adhesion staining kit (FAK100, EMD Millipore) 

according to manufacturer’s instructions.  Cell density was chosen to avoid excessive 

cell-cell contacts after hMSC attachment to gels. Cells were counterstained with 4,6-

diamidino-2-phenylindole (DAPI, Invitrogen, 300nM) for nuclei and stored in PBS at 4 C 

until imaged with a Zeiss confocal microscope.  

hMSC shape parameters were quantified by immunostaining with rhodamine 

phalloidin (Molecular Probes, R415, 1:200 dilution).  Samples were imaged using a 

confocal microscope (Zeiss, LSM 710), and the RGB images were converted into binary 

images and analyzed by an in-built ‘analyze particles’ macro in ImageJ that automatically 

generates an average area per cell and aspect ratio.  Ten images per condition were 

analyzed.  
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3.3.5. Adhesion blocking and integrin blocking experiments 

Phosphate gels were incubated in growth media overnight to allow for serum 

proteins to adsorb.  Gels were washed with PBS to remove weakly attached proteins and 

incubated with antibody solutions containing antibodies against fibronectin (Abcam, 

ab2413, 1:200), collagen-1 (Abcam, ab34710, 1:1000) or IgG (Isotype control, Sigma, 

M5284) in PBS for 1 h. Gels were then washed three times for 10 min each with PBS to 

remove loosely attached antibodies. hMSCs were then seeded onto gels in serum free 

media (low glucose Dulbecco’s Modified Eagle Medium (DMEM,Gibco) supplemented 

with 1% Penicillin/Streptomycin (Gibco), and 0.2% Fungizone (GIBCO)) at a density of 

5x103 cells/cm2 and allowed to attach for 12 h. Gels were washed in PBS to remove 

loosely attached cells and stained with calcein AM (Invitrogen) for live cells as per 

manufacturer’s protocols. hMSCs were imaged using an epifluorescence microscope and 

live cells were counted manually using ImageJ software.   

For integrin blocking experiments, hMSCs were incubated with antibody 

solutions containing antibodies against β1 (Abcam, ab52971, 1:50 dilution), β3 (Abcam, 

ab47584, 1:50 dilution) integrins or IgG (Isotype control, Sigma, M5284) in serum-free 

media for 30 min and seeded onto serum pre-incubated gels in serum free media at 5x103 

cells/cm2 density.  Integrin blocked hMSCs were allowed to attach to the gels for 12 h, 

washed with PBS and stained with calcein AM. Stained hMSCs were imaged using an 

epifluorescence microscope and the number of attached cells were counted using ImageJ 

software. 



 54 

3.3.6. Role of focal adhesion kinase (FAK) in osteogenesis of hMSCs on phosphate 

gels 

To examine integrin signaling dependent osteogenic differentiation of hMSCs on 

phosphate gels, cells were cultured in the presence (at 3µM) and absence of a small 

chemical inhibitor for pFAK, PF-573228 (Tocris Biosciences). For the inhibition 

experiments, hMSCs were seeded onto phosphate gels or tissue culture polystyrene 

(TCPS) and cultured in growth or osteogenic media (high glucose Dulbecco’s Modified 

Eagle Medium (DMEM,Gibco) supplemented with 10% fetal bovine serum (Gibco), 1% 

Penicillin/Streptomycin (Gibco), and 0.2% Fungizone (GIBCO), 10mM β-glycerol 

phosphate (Sigma), 50 μg/ml ascorbic acid (Sigma), and 100 nM dexamethasone 

(Sigma)) at a density of 5x103 cells/cm2.  

3.3.7. Alkaline phosphatase (ALP) production of hMSCs cultured on phosphate gels 

ALP production was measured using an assay based on the change in absorbance 

of o-nitrophenol (ALP substrate, Invitrogen) as it is enzymatically cleaved by ALP. Cells 

were removed from culture, washed in PBS and lysed in 50 μl RIPA buffer (Invitrogen) 

for 15 min with gentle shaking. The sample solutions were diluted with 50 μl of PBS. 50 

µl of the sample solution was then mixed with 50 µl of ALP substrate, and the 

absorbance of the solution at 405 nm was measured at 1-minute intervals ten times with a 

plate reader (Victor2, Perkin Elmer). ALP activity levels were calculated as the slope of 

the increase in absorbance at 405 nm with time. In parallel, gels were stained with calcein 

AM (Invitrogen) to stain live cells. Ten images per sample were analyzed for cell number 

using a cell counter plug-in in ImageJ. ALP activity levels were normalized using the 

total cell numbers on the gel. 
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3.3.8. Gene expression of hMSCs cultured on phosphate gels 

Gene expression of hMSCs cultured on phosphate gels was analyzed using 

reverse-transcription polymerase chain reaction (RT-PCR).  At day 14 of culture, gels 

were removed from culture and washed three times in PBS.  RNA was isolated using TRI 

reagent (Sigma) and standard manufacturer’s protocols.  The resulting RNA pellet was 

re-suspended in nuclease free water and treated with DNase (Bio-Rad) to digest any 

residual genomic DNA.  The obtained RNA was precipitated in isopropanol after 

washing with phenol-chloroform, re-suspended in 20 μl nuclease free water, and 

quantified by measuring absorbance at 280 nm with a NanoDrop ND-1000 

spectrophotometer (Thermo Scientific). Samples with a 280 nm to 260 nm absorbance 

ratios greater than 1.85 were considered pure and were used for the reverse transcription 

step.  

Reverse transcription was performed using the iScript cDNA Synthesis Kit (Bio-

rad). A total of 15 ng RNA was used for the single-stranded cDNA synthesis. The reverse 

transcription reaction tube was incubated at 25 C for 5 min, at 42 C for 30 min, and 

terminated at 85 C for 5 min. PCR was conducted using the iCycler Real-Time PCR 

machine (Bio-Rad).  Primers and probes were obtained from Bio-Rad. Table 1 shows the 

primer sequences used in this study. The following PCR parameters were utilized: 95 C 

for 90 s followed by 45 cycles of 95 C for 30 s and 55 C for 60 s. Threshold cycle (CT) 

analysis was used to quantify PCR products, normalized to GAPDH and relative to 

expression of hMSCs at day 1 cultured on TCPS in growth media. 
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Table 3.1: Primers used for RT-PCR studies 

 

 

 

 

 

 

 

3.3.9. Statistical Analysis 

Data collected throughout this study are represented as mean ± standard error of 

three different samples (or otherwise mentioned). For effect of serum on hMSC 

attachment, shape and for gene expression studies, data sets were compared using two-

way ANOVA analysis with Tukey tests for comparison. For effect of PO4 concentration 

on serum protein adsorption and integrin or adhesion blocking studies, data sets were 

compared using one-way ANOVA analysis with Tukey tests for comparison. In all 

studies, p-values less than 0.05 were considered as significant. 

Primer Nucleotide Sequence (5’-3’) 

COLL-1a GGGCAAGACAGTGATTGAATACA 

 GGATGGAGGGAGTTTACAGGAA 

CBFA1 GGTATGTCCGCCACCACTC 

 TGACGAAGTGCCATAGTAGAGATA 

GAPDH GCAAGAGCACAAGAGGAAGAG 

 AAGGGGTCTACATGGCAACT 

OPN ATTCTGGGAGGGCTTGGTTG 

 TCTGGTCCCGACGATGCT 
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3.4. Results 

3.4.1 Serum proteins facilitate hMSC attachment and spreading on PO4-PEG 

hydrogels.  

In order to determine the importance of serum in mediating cell/matrix 

interactions, we first investigated hMSC attachment to phosphate functionalized gels 

compared to control PEG gels in the presence and absence of serum, with results 

presented in Figure 3.1.  While attachment was limited in serum free media for both gel 

formulations (Figure 3.1A, grey bars), PO4-PEG gels promoted significantly higher 

hMSC attachment (~550 cells/cm2, Figure 3.1A, black bars), spreading (~104 µm2, Figure 

3.1B, solid black bars), in the presence of serum compared to control PEG hydrogels.  

Aspect ratio of hMSCs on PO4-PEG gels was similar to control PEG gels in the presence 

of serum (~2, Figure 3.1B, textured bars). Next, we investigated whether the influence of 

serum was due to soluble or sequestered proteins.  Phosphate functionalized hydrogels 

were incubated in media containing serum for overnight, washed thoroughly to remove 

weakly attached serum components, and then seeded with hMSCs in serum free media. 

As shown in Figure 3.2 (See Experimental section for details), phosphate functionalized 

hydrogels promoted higher protein adsorption (~500 ng/cm2) compared to control PEG 

control hydrogels (~100 ng/cm2) independent of phosphate concentration (Figure 3.2).  

Our results indicated that hMSCs attached to pre-treated PO4-PEG in serum-free 

conditions similarly to cells seeded in serum (Figure 3.1A, white bar textured, ~525 

cells/cm2) while very few cells attached to control gels.  Based on these results, we 

conclude that adsorbed serum components were mediating attachment and spreading of 

hMSCs on PO4-PEG hydrogels.   
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Figure 3.1. Serum components mediate hMSC attachment and spreading on PO4-
PEG gels ([PO4 = 50mM) (A) Effect of seeding conditions on hMSC adhesion to gels.  
Average number of cells per area attached to PEGDM and PO4-PEG gels when seeded in 
serum containing media (black bar), pre-incubated with serum containing media and 
seeded in serum free media (white bar, textured), and seeded in serum free media (grey 
bar). (# indicates significant difference compared to that on control gels (PEGDM); 
p<0.05, Data represents averages of N=3 different experiments with n = 3 replicates 
during each experiments). (B). Cell shape parameters; average cell area (filled black bars) 
and average aspect ratio (striped bars) when cultured for 24 h on different gels as 
indicated. Cell shape parameters of hMSCs on TCPS were also included for comparison. 
Phosphate functional groups promote cell spreading similar to cells cultured on tissue 
culture polystyrene (TCPS) when seeded in growth media. Error bars represent standard 
deviations for N=150-250 cells. 
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Figure 3.2. Effect of [PO4] concentration on total protein adsorbed from serum. 
Total protein adsorbed was significantly higher on phosphate gels compared to the 
control ([PO4] = 0 mM) gels. Increasing the concentration of [PO4] in the gels did not 
result in any significant increase in protein adsorption. Total protein adsorbed on TCPS 
under similar conditions is 0.5 μg/cm2 (#, indicates significant difference compared to the 
control ([PO4] = 0 mM) gel; Data represent averages of N=3 different experiments with 4 
replicates in each experiment. p<0.05). 

3.4.2 hMSC attachment is mediated by ECM protein-integrin interactions 

The ECM plays a role in influencing cell function by interacting with integrins, which 

can lead to “outside-in” signaling.  Previous studies have indicated that collagen I (Coll-

1) and fibronectin (FN) enhanced osteogenic differentiation in hMSCs. Interaction of 

hMSCs with Coll-1 and FN with specific integrins has been previously shown to control 

ALP activity, gene expression of CBFA1 and bone sialoprotein26,27. Here, we investigated 

potential roles for Coll-1 and FN in mediating hMSC attachment to PO4-PEG hydrogels, 

with results illustrated in Figure 3.3.  To determine possible roles for Coll-1 and FN in 

mediating hMSC attachment to PO4-PEG hydrogels, we blocked cell adhesive sites 

present on fibronectin and collagen-1 using specific antibodies.  As shown in Figure 3.3, 

cell attachment was significantly reduced when either matrix component was blocked 
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using antibodies, suggesting that both Coll-1 and FN were present on PO4-PEG hydrogels 

and that each provided binding sites for hMSCs.   

Both β1- and β3- integrins have been shown to have binding ligands on Coll-1 and FN. 

Also, these integrins have been previously shown to regulate hMSC osteogenic 

differentiation31. We investigated the role of integrin binding for hMSCs on phosphate-

functionalized hydrogels using blocking antibodies against β1 and β3 integrins.  hMSCs 

were incubated with antibodies against β1 and β3 integrins in serum free medium and 

then seeded onto serum media pre-soaked phosphate functionalized gels (still in the 

presence of serum free medium).  As shown in Figure 3.4A, hMSC attachment was 

reduced to about 60% and 50% upon blocking β1 and β3 integrins, respectively, while 

blocking both did not lead to additional statistically significant inhibition.  These results 

indicate that both β1 and β3 integrins facilitate hMSC attachment to phosphate-

functionalized hydrogels.     

 

 

 

 

 

 

 

Figure 3.3. ECM proteins are differentially adsorbed on to PO4-PEG gels ([PO4 = 
50mM). Blocking cell adhesion sites corresponding to specific ECM proteins (Fibro = 
Fibronectin, Coll-1 = Collagen-1) adsorbed onto the PO4-PEG gel influences cell 
attachment. Average number of cells that remained attached to PO4-PEG gels upon 
blocking were counted and reported as a percentage compared to control. # indicates 
significant difference compared to control p<=0.05. (Data represent averages of N=3 
different experiments with 3 replicates in each experiment.) 
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3.4.3 Focal Adhesion Kinase (FAK) signaling is required for PO4-PEG hydrogel 

induced osteogenesis. 

FAK induction of the MAP kinase pathway has been shown to be a critical component in 

osteogenesis due to activation of CBFA-1 transcription factors.27 Upon integrin binding 

and clustering, focal adhesions facilitate the recruitment and phosphorylation of FAK, 

which subsequently induces a cascade of downstream signaling events that ultimately 

control cell fate, including osteogenic differentiation of hMSCs when stimulated in 

conjunction with other signals found in osteogenic supplements.30  Our results indicated 

that hMSC attachment to PO4-PEG hydrogels involved integrin binding to adsorbed ECM 

proteins. Figure 3.4B-I shows representative images of vinculin (Figure 3.4B,F) and actin 

(Figure 3.4C,G) staining of hMSCs on PO4-PEG gels in growth media (Figure 3.4B-E) 

and on TCPS in OS media (Figure 3.4F-I).  hMSCs seeded on PO4-PEG hydrogels 

expressed vinculin, as well-defined fibrillar structures (10-20 µm) that were consistent 

with focal complexes and well developed actin stress fibers.  Qualitatively, the number of 

fibrillar structures of vinculin and amount of actin stress fibers in hMSCs was lower on 

PO4-PEG gels compared to that on TCPS, indicating that the interaction of hMSCs with 

the adsorbed protein layer is different in both conditions.  We therefore hypothesized that 

PO4-PEG hydrogels induced osteogenic differentiation of hMSCs through integrin 

recruitment of focal complexes and subsequent FAK signaling.   

To verify the involvement of FAK signaling in osteogenesis for hMSCs on PO4-

PEG gels, we measured the expression of osteogenic markers for cells treated with the 

small chemical inhibitor PF-573228, which prevents downstream signaling by 

interrupting phosphorylation of FAK at Tyr397.37  hMSCs were cultured on phosphate 
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functionalized gels in growth media or TCPS with OS supplements over a period of 14 

days in the absence or presence of PF-573228. The effect of pFAK inhibition on fold 

change in cell numbers on PO4-PEG gels in growth media and on TCPS in OS media are 

shown in Figure 3.5A. The concentration of pFAK inhibitor used did not significantly 

affect the proliferation of hMSCs on both PO4-PEG and TCPS throughout the time scale 

of the study. ALP activity (Figure 3.5B), an early osteogenic marker, at days 1, 7, and 14, 

or gene expression levels of Coll-1A, CBFA1, osteopontin (OPN) (Figure 3.6) at day 14 

of hMSCs were studied. ALP activity of hMSCs cultured on phosphate functionalized 

gels and TCPS was increased by 2.5 and 4 fold by day 7, respectively, compared to day 1. 

Inhibition of phosphorylation of FAK abrogated the increase in ALP activity of hMSCs 

cultured on both phosphate functionalized gels and TCPS at day 7 and day 14.  At day 7, 

hydrogels. 
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Figure 3.4. hMSC interaction with the PO4-PEG gels ([PO4] = 50mM) is mediated 
through β1 and β3 integrins. (A) Integrin blocking studies. Cells were incubated with 
β1, β3, β1+ β3 or control (IgG) antibodies for 30 min and seeded onto phosphate gels. 
Average number of cells attached were counted and reported as a percentage compared to 
control. Data represent averages of N=3 different experiments with 3 replicates in each 
experiment. (B-I). Immunostaining for vinculin (green, B, F), actin  (red, C, G), nuclei 
(blue, D, H) and overlay (E, I) of hMSCs seeded on PO4-PEG gels (B-E) and on TCPS 
(F-I) shows the presence of well-developed focal adhesion plaques. (Scale bar = 50μm). # 
indicates significant difference compared to control, p<=0.05.  

 

ALP was increased for both TCP and PO4-PEG hydrogels, an effect that was abrogated 

by treatment with FAK inhibitor.  While TCP had elevated expression of ALP at day 14 

A 

B, PO4-PEG, Vinculin C, PO4-PEG, Actin D, PO4-PEG, DAPI E,PO4-PEG, Combined 

F, TCPS, Vinculin G, TCPS, Actin H, TCPS, DAPI I,TCPS, Combined 
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that was prevented by FAK inhibitor, there was no difference observed for PO4-PEG 

hydrogels 
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F),Day 7,Vinculin G),Day 7,Actin H),Day 7,Overlay 



 65 

 

 

 

Figure 3.5. Effect of inhibition of FAK phosphorylation on ALP activity of hMSCs. 
(A) Total cell number of hMCSs on PO4-PEG gels ([PO4] = 50mM) in growth media with 
(450 striped bar) and without (white bar) pFAK inhibitor. Total cell number of hMSCs on 
TCPS in OS media with (1350 striped bar) and without (black bar) pFAK inhibitor. (B) 
ALP activity profiles of hMSCs cultured on PO4-PEG gels ([PO4] = 50mM) in growth 
media with (filled circles) or without (open circles) PF-573228 normalized to cell number. 
Positive control cultures of hMSCs on TCPS with osteogenic supplements (OS) and with 
(filled squares) or without (open squares) PF-573228 are also shown. # indicates 
significant difference compared to hMSC cultures on PO4-PEG gel without pFAK 
inhibitor, (*) indicates significant difference compared to hMSC cultures on TCPS with 
OS. Data represent averages of normalized ALP activity of N=3 different experiments 
with n=3 replicates (C-K). Addition of pFAK inhibitor, PF-573228, doesn’t affect the 
formation of focal adhesion plaques. Immunostained images for vinculin (green, C,F,I), 
actin (red, D,G,J), overlay (E,H,K) of hMSCs  at day1 (C-E), day 7 (F-H), day 14 (I-K) 
cultured on PO4-PEG constructs in the presence of FAK inhibitor. Vinculin staining 
shows the presence of well-developed focal adhesion plaques upon inhibiting 
phosphorylation of FAK. (Scale bar= 100µm) 

 

As with ALP activity, FAK inhibited several genes associated with osteogenesis.  

Specifically, gene expression of OPN, Coll-1 and CBFA1 were increased by 18, 3, and 

17 fold respectively on phosphate functionalized gels cultured in growth media and by  9, 

1.7, 10 fold respectively on TCPS cultured with OS supplements by day 14, consistent 

with osteogenic differentiation. However, when treated with FAK inhibitor, expression 

was reduced significantly compared to controls for all the genes studied. Coll-1 

expression was reduced to 1.5 fold, while CBFA1 and OPN expression reduced to 6 and 

4 fold relative to control, respectively. Similarly, FAK inhibition reduced expression of 

each of these genes on TCPS in the presence of OS media.  The effect of pFAK inhibition 

was not due to changes in shape or focal complex formation, as spreading and focal 

I),Day 14,Vinculin J),Day 14,Actin K),Day 14,Overlay 
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adhesion expression was similar with or without FAK inhibitor  (Figure 3.5C-K). 

Therefore, we conclude that FAK signaling is required for osteogenic differentiation for 

hMSCs seeded on PO4-PEG hydrogels, and we again note that osteogenic supplements 

are not required to mediate this signaling.  

 

Figure 3.6. Effect of inhibition of phosphorylation of FAK on expression of osteogenic 
related genes in hMSCs. hMSCs cultured on PO4-PEG gels ([PO4] = 50mM) in growth 
media on TCPS in OS media in the presence (black bars) or absence (white bars) of FAK 
inhibitor (PF-573228). All data are normalized to GAPDH gene and further normalized 
to a corresponding TCPS, growth media control. Data are shown for OS genes, a) 
Collagen-1 (COLL-1), b) CBFA1, c) Osteopontin (OPN). # indicates significant 
difference compared to cultures that did not receive pFAK inhibitor p<=0.05. Data 
represent fold increase averaged over N=3 biological replicates with n=2 technical 
replicates of each. 

 

3.5. DISCUSSION 

  Biomaterial strategies aimed at harnessing stem cells for regenerative medicine 

applications typically provide cells with biologically relevant signals to guide cell 

function, such as differentiation down tissue-specific lineages.38 Discovery-based 

approaches have become increasingly prevalent for screening chemical and biological 

functionality for desired influences on cell function, often without any prior knowledge 

A B C 
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of potential outcomes.39-43 While many strategies are aimed towards designing peptide 

mimics or attaching other biomolecules to mimic physiological signaling mechanisms,38, 

44 approaches that minimize complexity have also been pursued.15,23,40,41  

Recently, Benoit et al. demonstrated that small chemical functional groups 

induced differentiation of hMSCs down several lineages without the use of differentiation 

media.15   Several functional groups were chosen to mimic chemical characteristics of 

microenvironments associated with common hMSC lineages and screened at different 

concentrations using a 2D array-based approach, and it was discovered that osteogenic 

differentiation was induced by PO4 groups while adipogenesis was induced by t-butyl 

groups.  Results were then validated in 3D to demonstrate that the chemical functional 

groups, and not cell shape, were the guiding influence for differentiation.  The 3D results 

were crucial for demonstrating the specific role of the functionalized hydrogels, since cell 

shape has been shown to be an important factor for directing hMSC differentiation, with 

osteogenic differentiation being preferential for spread morphologies while rounded 

morphologies often favors adipogenic differentiation, even when exposed to the same 

soluble components in the media.45,46   Benoit et al.15 have shown that PO4-PEG gels 

promoted a spread morphology and t-butyl functional groups promoted a rounded 

morphology, consistent with the previous studies on the effects of cell shape on hMSC 

differentiation pathway. However, while it was definitively shown that the functionalized 

hydrogels specifically induced hMSC differentiation, it was not determined if the 

mechanism was due to direct interactions with the functional groups or proteins 

preferentially adsorbed or presented by the different chemical environments.  Therefore, 

we aimed to gain a better understanding of how small chemical functional groups were 
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able to direct specific differentiation of hMSCs down the osteogenic lineage in an effort 

to guide more rational choices for future biomaterials designs. 

First, we aimed to determine whether attachment and spreading of hMSCs on 

PO4-PEG hydrogels was due to direct interactions with phosphate groups or due to 

adsorbed serum proteins.  Our results indicated that hMSCs did not attach to PO4-PEG 

hydrogels when seeded in serum free medium.  However, hMSC attachment and 

spreading on gels that were pre-incubated in serum containing media prior to seeding 

with cells in serum free media was similar to seeding in serum.  As a control, very low 

hMSC attachment was observed on blank PEG gels (i.e., unfunctionalized) for serum-free 

conditions under all treatments.  Since attachment occurred on PO4-PEG hydrogels 

incubated in serum media prior to seeding under serum-free conditions, soluble 

components were not required to mediate attachment.  Thus, our combined results 

demonstrated that adsorbed serum components, and not phosphate groups alone, 

mediated hMSC attachment to PEG-PO4 hydrogels. Interestingly, the cell seeding 

efficiency on PO4-PEG gels (~600 cells/cm2 when seeded at 5000 cells/cm2) is lower 

compared to that usually observed on TCPS (90-95%).  We note that this cell lower 

density is often observed when seeding cells on PEG hydrogels, and a potential 

complication is that one might enrich for a particular subpopulation of hMSCs that are 

more adherent to these gels.  Since hMSCs are a heterogeneous population,47,48 this subset 

might be more predisposed to undergo osteogenic differentiation in growth media.  It is 

difficult to de-convolute the effects of preferential selection of an hMSC population from 

the effects of the phosphate groups on osteogenic differentiation, but this is a point 

worthy of further investigation.   
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  Next, we have quantified the amount of serum proteins adsorbed onto PO4-PEG 

gels. Our results show that presence of PO4 functionalities promote protein adsorption 

significantly compared to the control PEG gel. Although the exact cause of this protein 

adsorption is not clear from this study, incorporation of charged PO4 functional groups 

could result in altered zeta potential around the PEG gel compared to the control gels 

resulting in strong protein adsorption. This hypothesis is supported by finding of a recent 

study by Meder et al.,49 in which alumina particles functionalized with PO4 functional 

groups resulted in negative zeta potential and preferentially adsorbed positively charged 

proteins. These results suggest that electrostatic forces play an important role in 

determining the protein adsorption to these particles. Interestingly, PO4 concentration did 

not have any effect on level of protein adsorption to PO4-PEG gels. This observation 

could be explained by considering the network structure of polymers formed by chain 

polymerization of PEGDM monomers. Here, PO4 functionalities are incorporated only in 

the kinetic chains and results in a network structure with dense regions of PO4 

functionalities connected by long PEG chains.50  This is also supported by our 

observation that the swelling ratio of the gels is also unchanged with increasing PO4 

concentration (data not shown). The amount of protein adsorbed onto TCPS (which is 

used to expand hMSCs) is significantly higher than PO4-PEG gels. This suggests that the 

PO4-PEG gels could preferentially adsorb specific ECM proteins (compared to proteins 

adsorbed on TCPS) that signal hMSCs to differentiate down the osteogenic pathway.  

Several studies have shown that the identity and structural orientation of adsorbed 

proteins are strongly dependent on the biophysical and biochemical aspects of the 

biomaterial,24,28,51-54 leading to different influences on cell behavior even when the same 
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protein is present.28,29,51,55  For example, Keselowsky et al.28,29 showed that substrate 

chemistry controlled the presentation of adhesion sites present on adsorbed fibronectin 

and hence influenced the differentiation of osteoblasts.  Other studies have shown that 

interaction of hMSCs with ECM proteins, Coll-1 and FN, influenced the matrix 

mineralization, expression of osteogenic genes and ALP activity of in vitro hMSC 

cultures.26,27,41,45,46 For example, Salasznyk et al.30  demonstrated that hMSCs cultured on 

Coll-1 up-regulated ALP activity and secretion of osteopontin without any need for 

osteogenic supplements. Since, Coll-1 and FN were each present on PO4-PEG hydrogels, 

suggesting a similar possible role for these ECM components here.  Previously, published 

results on TCPS also show that coll-1 and FN can upregulate expression of osteogenic 

signal in hMSCs.   To complement the results presented here, further studies exploring 

how osteogenic differentiation is affected by blocking adhesion sites of coll-1 and FN 

might provide insight as to the role of these proteins in osteogenic differentiation of 

hMSCs on PO4-PEG gels. 

Osteogenesis is influenced by the ECM due to attachment that is mediated by 

integrins, with β1- and β3-integrins having each been shown to be important regulating 

osteogenic differentiation of hMSCs.31  Interaction of hMSCs with Coll-1 occurs via b1 

integrins and has been shown to be critical for their osteogenic differentiation when 

cultured on Coll-1. Also, hMSC interaction with FN via α5β1 integrins has been shown 

to enhance osteogenic related genes CBFA1, bone sialoprotein and ALP. hMSC adhesion 

to FN functionalized surfaces mediated by β3 integrins has been shown to negatively 

influence growth and differentiation of hMSCs.31,35 We demonstrated that hMSC 

attachment was decreased on PO4-PEG hydrogels when either β1- or β3-integrins were 
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blocked with functional antibodies, demonstrating that β1- and β3-integrins can each 

mediate attachment and spreading.  

Outside-in signaling through integrin binding is due to the recruitment of focal 

complexes, which are required for phosphorylation of FAK.58  Phosphorylated FAK then 

triggers downstream signaling through the MAP kinase pathway, which ultimately 

controls expression of osteogenic transcription factors that are crucial for guiding hMSC 

differentiation down the osteogenic lineage.30,36  Inhibition of FAK led to significant 

down-regulation of each of the osteogenic markers studied, which included alkaline 

phosphatase activity and gene expression for CBFA1, osteopontin, and Coll-1A.   The 

influence of FAK inhibition was not due to changes in cell shape or focal adhesions, as 

hMSCs showed similar morphology on PO4-PEG gels and continued to express vinculin 

in a fibrillar organization similar to non-inhibited controls. Substrate elasticity has been 

previously shown to play an important role during osteogenic differentiation of 

hMSCs.17,18,59  Previous studies have also shown that phosphorylation of FAK is 

dependent on the underlying substrate elasticity.60,61  For example, Khatiwala et al.60 have 

shown that levels of phosphorylation (Tyr397) of FAK increased with increasing stiffness 

when pre-osteoblast cells are cultured on poly(acrylamide) substrates. Although not 

studied in this work, it is possible that substrate elasticity also affects the osteogenic 

differentiation of hMSCs on PO4-functionalized hydrogels.  Thus, we conclude that the 

influence of PO4-PEG hydrogels on differentiation of hMSCs down the osteogenic 

lineage requires FAK signaling and that shape or cell attachment alone is not sufficient 

for inducing this effect. 
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Previously, Benoit et al.15  showed (1) PO4-PEG hydrogels induced osteogenesis, 

while other functional groups with similar charges did not induce similar effects, (2) 

Incorporation of PO4 functionality was at a low enough concentration to prevent changes 

in gel hydrophobicity, (3) Shape was not responsible for differentiation, as similar results 

were obtained for rounded cells in 3D environments.15  Here, we provided further insight 

into the mechanism by providing evidence that PO4-PEG hydrogels induce differentiation 

of hMSCs down the osteogenic lineage through specific outside-in signaling induced by 

interactions with serum proteins adsorbed onto the PO4-containing matrix.  This 

mechanism is supported by several pieces of evidence that we presented here: (1) 

Adsorbed serum proteins are required for attachment and spreading, (2) Attachment is 

partially mediated by β1- and β3-integrins, (3) Cells seeded on PO4-PEG hydrogels form 

well-defined focal complexes, (4) FAK signaling is required for osteogenic 

differentiation independent of cell shape.   Our results are particularly important for 

researchers pursuing strategies aimed at simplifying biomaterials design since the 

influence of small molecules may not be easily predicted.  While combinatorial 

approaches to screen for small molecules are often predicated on little knowledge of how 

materials may lead to changes in cell function, our results suggest that the dominating 

influence is likely due to differences in how proteins adsorb to these materials.  Therefore, 

an exciting potential direction for these combinatorial approaches may be to identify 

specific influences on cell function, and how these materials adsorb and present proteins 

that are important for these changes. Ultimately, a better understanding of how 

biomaterials interact with proteins in the soluble environment will be important for both 
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guiding cell function and avoiding potential side effects associated with in vivo 

application. 

3.6. Conclusions 

In this work we investigated the role of hydrogel chemistry on osteogenic 

differentiation of hMSCs. We demonstrate that the presence of phosphate functional 

groups promoted adsorption of ECM proteins, including fibronectin and collagen-1, 

while hMSC attachment was partially mediated via β1 and β3 integrins. Adsorbed ECM 

proteins directed hMSCs down the osteogenic lineage despite the absence of osteogenic 

supplements, as demonstrated by elevated alkaline phosphatase production and up-

regulation of classic osteogenic markers. Combined with our previous study,15  we 

demonstrated that attachment and cell shape alone were insufficient for promoting 

osteogenesis of hMSCs, but that FAK signaling was necessary for the influence of PO4-

PEG hydrogels on differentiation. This study provides evidence that adsorbed serum 

proteins can play a crucial role for the influence of synthetic biomaterials in guiding cell 

function, including PEG hydrogels which are designed to prevent non-specific adsorption.  

While the specific result reported here (PO4-PEG hydrogel induction of osteogenic 

differentiation for hMSCs) is directly applicable to bone tissue engineering, our work is 

more generally important due to the broader implications associated with the mechanisms 

by which functionalized hydrogels guide cell function.   
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CHAPTER 4 

α5 integrin priming hydrogels to study the interplay of substrate elasticity and 

ligand concentration on osteogenic differentiation of hMSCs via α5β1 integrin 

signaling 

 

4.1 Introduction 

In vitro osteogenic differentiation program of hMSCs is achieved by dosing with 

soluble cues such as dexamethasone, β-glycerol phosphate etc. and by insoluble cues 

presented by ECM in vivo. Significant progress has been made in understanding the role 

of the soluble cues and the signaling pathways initiated upon their uptake or binding to 

cell receptors. For example, upon dosing with dexamethasone, hMSCs upregulate 

integrin expression1–3 and signal expression of CBFA1 driving osteogenic differentiation 

in hMSCs. There is growing interest to study and understand the role of insoluble cues on 

the osteogenic differentiation program of hMSCs. Integrin signaling is one of the 

important signaling mechanisms originating from ECM and several studies have 

implicated their role in maintaining the survival,4 differentiation2,5 and migration6,7 in 

hMSCs. For example, α5β1 integrin has been shown to play an important role in hMSC 

migration, osteogenic differentiation while upregulating αVβ3 integrin negatively 

regulates their osteogenic differentiation. Integrins initiate intracellular biochemical 

pathways upon binding to their ligands and the dynamics of their signaling is highly 

dependent on the biophysical properties of the underlying substrate that directly affect 

their binding and engagement. Also, several studies have demonstrated that the 
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biophysical properties directly influence differentiation program of hMSCs via 

ROCK/Rho pathways that converge to upregulate expression of several genes.8,9 For 

example, hMSCs cultured on poly(acrylamide) hydrogels with high substrate elasticity 

upregulated expression of osteogenic related gene CBFA1 via Rho/ROCK dependent 

pathways without the need for any soluble cues.8 Integrins act as pivot points through 

which cells sense the mechanical properties of the underlying substrate and hence it is 

crucial to study the interplay of substrate elasticity on integrin signaling in hMSCs.  

Hydrogels have emerged as an important class of biomaterials for use as in vitro 

culture platforms to conduct systematic studies to decipher the biological role of 

insoluble cues as their chemistry provides avenues to tune biophysical properties and 

biochemical functionalization. Towards this end, PEG hydrogels formed via thiol-ene 

photopolymerizations offer several advantages as they form nearly ideal uniform network 

structure and allow facile covalent functionalization of any cysteine containing 

biochemical cues. Their elastic modulus can be readily tuned by varying the monomer 

formulation allowing researchers to achieve independent control of the material elasticity 

and the biochemical signal. Similar hydrogels have been used to present adhesive ligands 

such as small peptide motifs,10 tether dexamethasone11 to serve as bioactive culture 

platforms as well as delivery platforms for controlling the fate of hMSCs. 

Osteogenic capacity of hMSCs is highly regulated by several integrins.2,5,12,13 

Studies done by blocking integrin function via antibodies or siRNA knockdown have 

demonstrated that α5β1,2,5 α2β1,4 α3β112 integrins promote osteogenesis while αVβ35,14 

integrin lowers ALP activity and reduces matrix mineralization. In this study, we are 

interested in understanding the role of α5β1 integrin in promoting osteogenesis in 
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hMSCs. Recent studies by Hamidouche et al.2,3 have demonstrated that dexamethasone 

induced osteogenic differentiation in hMSCs is mediated via α5β1 integrin as evidenced 

by abrogation of the ALP activity and ostegenic gene expression upon silencing α5β1 

integrin expression with siRNA. Also, hMSCs underwent osteogenesis upon forced 

induction of α5β1 integrin without the need for dexamethasone indicating the importance 

of α5β1 integrin signaling pathway in osteogenic differentiation in hMSCs. Further, 

fibronectin fragments which allowed for specific interaction with α5β1 integrin 

upregulated ALP activity and osteogenic gene expression demonstrating that signaling 

α5β1 integrin specifically promotes osteogenic capacity in hMSCs.5 Owing to the 

importance of α5β1 integrin signaling during osteogenic differentiation of hMSCs, we 

sought to further understand the interplay of α5β1 integrin signaling and substrate 

elasticity on osteogenic differentiation of hMSCs. To realize this goal, we utilize a 

peptide-functionalized PEG hydrogels that allows binding and priming of α5β1 integrin 

that allows to conduct systematic studies to better understand the role of α5β1 integrin 

signaling on osteogenic differentiation of hMSCs.  

The non-natural cyclic peptide sequence, Cys-Arg-Arg-Glu-Thr-Ala-Trp-Ala-Cys 

(CRRETAWAC) has been shown to bind α5β1 integrin with very high affinity and 

specificity (IC50 for α5β1 integrin binding is 0.01μM and for αVβ3 integrin is >1000 

μM).15 Epitope mapping studies have revealed that the high specificity and affinity is due 

to the interaction of Arg-Arg-Glu motif with β1 integrin subunit and the strong 

hydrophobic interaction of Trp residue with the α5 subunit.16–18 The resulting 

conformational changes of α5β1 integrin upon binding to the peptide activates the 
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intracellular domain of the integrin further triggering downstream signaling events 

originating from the integrin.19  

In the present study we report synthesis of cyl(RRETAWA) functionalized PEG 

hydrogels via thiol-ene photopolymerizations that allows attachment of hMSCs 

specifically via α5 integrin and study the interplay of level α5 integrin priming and 

substrate elasticity in driving osteogenic differentiation in hMSCs. Our results 

demonstrate that substrate stiffness and ligand concentration plays a significant role on 

the interaction of hMSCs with the peptide-functionalized gels. Stiffer substrates allowed 

hMSCs to interact with the peptides much more robustly evident by their ability to form 

well developed focal adhesions even at lower peptide concentrations while softer 

substrates required higher ligand concentration to form stable focal adhesions. Our results 

also suggest that priming of α5 integrin alone is not sufficient and higher substrate 

elasticity is required for inducing osteogenic differentiation in hMSCs.  

4.2 Materials and Methods 

All materials are purchased from Sigma unless otherwise mentioned 

4.2.1 Cell culture 

hMSCs were isolated from bone marrow (Lonza) and cultured in growth media 

(low glucose Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented with 

10% fetal bovine serum (Gibco), 1% Penicillin/Streptomycin (Gibco), and 0.2% 

Fungizone (Gibco)). hMSCs at passage three were used in all the studies.  
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4.2.2 Synthesis of cyl(RRETAWA) and CRDGS: 

Peptide sequences (Ac-CAhxK(Alloc)RRETAWAE(ODmab) , H-CRDGS-NH2, 

H-CRGDS-NH2) were synthesized through standard Fmoc solid-phase synthesis method 

using 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate/N-

hydroxybenzotriazole (HBTU/HOBt) activation using Tribute solid-phase peptide 

synthesizer. The N-terminus amine of the H-CAhxK(Alloc)RRETAWAE(ODmab) was 

acetyl capped (resulting in Ac-CAhxK(Alloc)RRETAWAE(ODmab) peptide sequence) 

and on-resin cyclization was performed described in Section 4.3.5. Peptides H-CRDGS-

NH2 and H-CRGDS-NH2 was cleaved from resin with trifluoroacetic acid/triisopropyl 

silane/water/phenol (94:2.5:2.5:1) mixture and precipitated and washed (2x) in cold ethyl 

ether. Precipitated peptide was dessicated for overnight and used without any further 

purification.  

Peptide sequence, Ac-CAhxK(Alloc)RRETAWAE(ODmab), was treated with 2% 

hydrazine in DMF (3x) to cleave ODmab protecting group. Resin was then thoroughly 

washed in DMF. Resin was then washed in DCM and allowed to swell for overnight. The 

Alloc deprotection was carried out by treating resin with a solution of 0.1 eqv. 

Tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4, Sigma) and 24 eqv. phenyl silane 

(C6H8Si, Sigma) in DCM for 10 min and washed in DCM (4x). The Alloc deprotection 

step was repeated three times to ensure complete deprotection. Alloc deprotection of 

amines was verified by positive Kaiser test. The resin was washed and swelled in DMF 

for overnight. On resin cyclization of the peptide was conducted in 1 eq. of HBTU in 

DMF for overnight. Negative Kaiser test was used to monitor the disappearance of 

amines due to cyclization of the peptide.  Peptide was cleaved from resin with 
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trifluoroacetic acid/triisopropyl silane/water/phenol (94:2.5:2.5:1) mixture and 

precipitated and washed (2x) in cold ethyl ether. Precipitated peptide was dessicated for 

overnight and purified using HPLC, lyophilized and stored at -20 C until further use. The 

required HPLC fraction was identified using matrix assisted laser desorption/ionization 

(MALDI). 

4.2.3 Synthesis of PEG-Norbornene (PEG-N):  

Multiarm poly(ethylene glycol) (8 arm Mn = 10000 Da and 4 arm Mn 20000 Da) 

norbornene was synthesiszed as described previously. Briefly, poly(ethylene glycol) 

amine (JenKem, USA) was dissolved in DCM and reacted with 2 eq. norbornene 

carboxylic acid at 50 C for overnight in the presence of 0.5 eq. 4-dimethylaminopyridine 

(DMAP) and 1eq. N,N’-Diisopropylcarbodiimide (DIC). The reaction was mixture was 

then precipitated slowly in cold ethyl ether dropwise. The product was dessicated for 

overnight and dialysed against water using 2000 Da molecular weight cutoff membrane 

for 24 h. The product was lyophilized and stored at -20 C until further use. Proton NMR 

was used to verify successful functionalization and >90% of hydroxyl groups were found 

to be functionalized with norbornene. 

4.2.4. Rheological characterization of peptide hydrogels 

Gels were formed between two glass slides separated by 1 mm gasket under 

conditions described in Section 4.3.2 and allowed to swell in PBS for 48 h. 8 mm 

cylindrical disks were then cut out and their shear modulus was measured by conducting 

frequency sweep from 1-100 rad/s at 3% strain rate using Rheometer. Strain rate chosen 

was in the linear visco-elastic regime.  The results are reported as average measurements 
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of three independent gels. Young’s modulus (E) of gels was then calculated from the 

shear modulus (G) using the following equation from rubber elasticity theory, 

 𝐸 = 2 1+ 𝜈 𝐺 (1) 

Where, 𝜈 is the Poisson’s ratio and is taken to be 0.5 for an incompressible material.  

4.2.5 Preparation of thiolated glass coverslips 

Heat treated glass cover slips were dipped in a solution of mercaptopropyltriethoxy silane 

in ethanol for 5-10 min. Coated glass cover slips were then cleaned with ethanol and 

water (2x) to remove any excess silane and dried in air. Air dried cover slips were then 

baked at 80 C for atleast 1 h and stored at 4 C until further use. 

4.2.6 Preparation of peptide functionalized hydrogels for cell culture: 

For the preparation of stiff hydrogels, eight-armed PEG-N (MW: 10,000), PEG-

diSH (MW: 2000) and 1mM of pendant monothiol peptides were dissolved in sterile PBS 

to yield a final monomer mixture of 80 mM [ene], 79 mM [linker thiol] and 1 mM 

[monothiol peptide]. For preparation of soft hydrogel, four-armed PEG-N (MW: 20000), 

PEG-diSH (MW: 2000) and 1 mM pendant monothiol peptides were dissolved in sterile 

PBS to yield a final monomer mixture of 16 mM [ene], 15 mM [linkerthiol] and 1mM 

[monothiol peptides]. To these monomer mixtures, photo-intiator lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP) was added at a final concentration of 0.05 wt%. The 

1mM pendant monothiol peptide mixture consisted of either 0.1 mM of cyl(RRETAWA) 

and 0.9 mM CRDGS or 1mM of cyl(RRETAWA).  

120 μm thick hydrogels were formed on thiolated glass coverslips by exposing the 

monomer mixture to ~10 mW/cm2, 365 nm light for 5 min. Gels were swelled in PBS for 

atleast 48 h before and sterilized under UV for 12 h before cell seeding.  
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4.2.7 Integrin blocking experiments 

hMSCs were incubated with antibody solutions containing antibodies against α5 

(Abcam), αVβ3 (Abcam) integrins or IgG (Isotype control, Sigma, M5284) in serum-free 

media for 30 min and seeded onto 1 mM cyl(RRETAWA) stiff gels (see section 4.4.3 for 

description of stiff gels) in serum free media at 5x103 cells/cm2 density.  Integrin blocked 

hMSCs were allowed to attach to the gels for 12 h, washed with PBS to removed loosely 

attached cells and stained with calcein AM for live cells. Stained hMSCs were imaged 

using an epifluorescence microscope and the number of attached cells were counted using 

ImageJ software. 

4.2.8 Focal adhesion staining and determination of cell area, aspect ratio and focal 

adhesion area 

Focal adhesion staining was performed on hMSCs attached to the gels (5 x 103 

cells/cm2 seeding density) using rhodamine phalloidin (Life Technologies) for f-actin and 

mouse anti-vinculin antibody (Abcam).  Cell density was chosen to avoid excessive cell-

cell contacts after hMSC attachment to gels. Cells were counterstained with 4,6-

diamidino-2-phenylindole (DAPI, Invitrogen, 300nM) for nuclei and stored in PBS at 4 C 

until imaged with a Zeiss confocal microscope.  

hMSC shape parameters were quantified by immunostaining with rhodamine 

phalloidin (Molecular Probes, R415, 1:200 dilution).  Samples were imaged using a 

confocal microscope (Zeiss, LSM 710), and the RGB images were converted into binary 

images and analyzed by an in-built ‘analyze particles’ macro in ImageJ that automatically 

generates an average area per cell and aspect ratio.  A total of nine images per condition 

were analyzed. 
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Focal adhesion area was quantified by analysis of images obtained 

immunostaining for vinculin as described above. Immunostained samples were imaged 

under similar settings using 40x objective of Zeiss 710 confocal microscope. Obtained 

images were processed using ImageJ for background normalization using FFT bandpass 

filter and converted to binary images and morphometric analysis of focal adhesions were 

conducted by analyze particles plugin. A total of nine images per condition were 

analyzed and the average focal adhesion area is reported.  

4.2.9 Alkaline phosphatase (ALP) production of hMSCs on peptide functionalized 

gels 

ALP production was measured using an assay based on the change in absorbance 

of o-nitrophenol (ALP substrate, Invitrogen) as it is enzymatically cleaved by ALP. Cells 

were removed from culture, washed in PBS and lysed in 50 μl RIPA buffer (Invitrogen) 

for 15 min with gentle shaking. The sample solutions were diluted with 50 μl of PBS. 50 

μl of the sample solution was then mixed with 50 μl of ALP substrate, and the 

absorbance of the solution at 405 nm was measured at 1-minute intervals ten times with a 

plate reader (Biotek). ALP activity levels were calculated as the slope of the increase in 

absorbance at 405 nm with time. Lysed solution was used to measure total DNA content 

using Picogreen assay (Invitrogen).  ALP activity levels were normalized to total DNA 

content (μg) and reported as relative to day 1 normalized ALP activity.  
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4.3 Results 

4.3.1 Synthesis and characterization of α5 binding peptide 

Kouvinen et al. have shown that cyclization of RRETAWA peptide results in 

significantly higher binding and priming of α5 integrin.15 The reported peptide sequence 

was modified to include side chain protected lysine(Alloc) and glutamic acid(ODmab) 

residues at N- and C- terminus respectively to allow for cyclization via lactam bridge 

formation between side chain amine of lysine and side chain carboxylic acid of glutamic 

acid. Thiol containing cysteine was also introduced at the N-terminus to tether the peptide 

into the network during the gel formation. Also, to allow for higher accessibility for the 

cells an alkyl spacer, amino-hexanoic acid (Ahx), was included resulting in the peptide 

sequence Cys-Ahx-Lys(Alloc)-Arg-Arg-Glu-Thr-Ala-Trp-Ala-Glu(ODmab). Cyclization 

of peptide was conducted as detailed in section 4.3.2 and verified via MALDI 

spectroscopy. Figure 4.1 details the synthesis scheme for synthesis of cyl(RRETAWA) 

peptide.  
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Figure 4.1: Synthesis of cyl(RRETAWA) peptide (B) via lactam bridge formation. 
On-resin cyclization of (A) CAhxK(Alloc)RRETAWAE(ODmab). (i-iv) Steps involving 
lactam bridge formation. i) Deprotection of ODmab in 2% Hydrazine in DMF, ii) 
Deprotection of Alloc in 0.1 eq Pd(PPh3 ), in DCM, iii) HOBt/ HBTU coupling to form 
the lactam bridge, iv) Peptide cleavage from resin in THF, TIPS, phenol.  

i
,ii,iii,iv 

A) 

B) 
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4.3.2 Soluble delivery of Cyl(RRETAWA) induces osteogenic differentiation in 

hMSCs 

To assess the effect of cyl(RRETAWA) on osteogenic differentiation, the peptide 

was mixed with the growth media and delivered solubly to hMSCs cultured on tissue  

culture polystyrene (TCPS) at a dosage of 10 and 100 μg/ml. Figure 4.2 shows that the 

normalized ALP activity of hMSCs was significantly up-regulated at day 7 and 14 

compared to the control. Also, increasing the dosage 10 fold (i.e. from 10 μg/ml to 100 

μg/ml) significantly increased the ALP activity indicating that the effect was dosage 

dependent. ALP activity results demonstrate that priming α5 integrin via the 

cyl(RRETAWA) peptide induced ALP production indicating osteogenic differentiation of 

hMSCs. 
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Figure 4.2: Priming α5 integrin induces osteogenic differentiation in hMSCs. Figure 
shows the ALP activity of hMSCs at day 7 and 14 cultured on TCPS in growth media 
supplemented with 10 μg/ml ( )  or 100 μg/ml (  )   cyl(RRETAWA) peptide. 
Normalized ALP activity of hMSCs cultured on TCPS in osteogenic media ( ) without 
the peptide is also included as positive control. Normalized ALP activity was calculated 
by normalizing the measured ALP activity to that of day 1.  

 

4.3.3 hMSCs bind to cyl(RRETAWA) gels via α5 integrin 

Nature of hMSC binding to cyl(RRETAWA) functionalized gels was assessed by 

studying the effect of blocking the α5 integrin on their attachment to 1 mM 

cyl(RRETAWA) gels. As shown in Figure 4.3A, the attachment of hMSCs to 

cyl(RRETAWA) gels was reduced to ~20% of control upon blocking the α5 integrin 

before seeding. To verify that hMSCs selectively utilize α5 integrin in binding to these 

gels, hMSCs were blocked with αVβ3 integrin and their attachment to the  

Time (Days) 
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Figure 4.3. Interaction of hMSCs to cyl(RRETAWA) occurs via α5 integrin. A-C: 
Immunostaining for α5 integrin (green, A,C), f-actin (red, B,C) and combined (C) in 
hMSCs cultured on 1mM cyl(RRETAWA) PEG gels. Scale bar = 100 μm.  D) Effect of 
blocking α5 integrin and αVβ3 on hMSC adhesion to α5 integrin specific 
cyl(RRETAWA) gels.  hMSCs were incubated with corresponding antibodies for 30 mins 
to allow for binding of the antibodies to integrins and seeded onto 1 mM cyl(RRETWA) 
gels and number of hMSCs that remain attached were measured and reported as 
percentage compared to the control. Isotype antibody was used as a control antibody. 
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cyl(RRETAWA) gels was tested. As shown in Figure 4.3A, ~85% of the blocked hMSCs 

remained attached to the gels demonstrating that blocking αVβ3 integrin did not had a 

significant effect on hMSCs binding. Figure 4.3B-D shows immunostaining for α5 

(green) integrin and f-actin cytoskeleton (red) in hMSCs seeded onto cyl(RRETAWA) 

gels. Images clearly demonstrate localization of α5 integrin as dash shaped structures at 

the tips of the actin fibers. These results taken together demonstrate that the hMSCs bind 

to the cyl(RRETAWA) gels selectively via α5 integrin.   

4.3.4 Effect of substrate elasticity and peptide concentration on hMSC adhesion to 

cyl(RRETAWA) gels 

hMSCs have been shown to be sensitive to the substrate elasticity and several 

studies have implicated the role of mechanotransudction in determining the 

differentiation pathway of hMSCs. In this study, we are interested in studying the role of 

substrate elasticity and ligand concentration independently on hMSC fate on 

cyl(RRETAWA) functionalized gels. Monomer formulations were designed to form soft 

and stiff substrates that can be functionalized with 0.1 and 1 mM cyl(RRETAWA). Table 

4.1 lists the monomer formulations used to form soft and stiff gels and their Young’s 

modulus. Non-cell adhesive peptide, CRDGS (scrambled version of RGD), was included 

in the monomer formulations as listed in Table 2 to maintain the total thiol:ene functional 

group at 1:1. The Young’s modulus of soft gels used in this study falls in the range that is 

not conducive for hMSC osteogenic differentiation, while the modulus of stiff gels was 

shown to be conducive for hMSCs osteogenic differentiation.  
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Table 4.1: Macromolecular monomer compositions for the preparation of 
cyl(RRETAWA) functionalized PEG gels used in the study to form soft and stiff gels and 
their corresponding modulus. 
 

 

Initially, we assessed the effect of substrate elasticity and ligand concentration on 

hMSC adhesion by measuring the cell attachment density, cell shape parameters (area 

and aspect ratio) and focal adhesion formation. Figure 4.4A shows the hMSC attachment 

density to soft and stiff cyl(RRETAWA) gels as a function of peptide concentration. 

hMSC attachment was significantly higher on stiffer substrates as compared to the softer 

ones irrespective of the ligand concentration. Also, at both the substrate elasticities higher 

concentration allowed higher hMSCs attachment and interestingly the difference was 

highest on the stiff gels. Figure 4.4B,C shows the cell area and aspect ratio of attached 

hMSCs respectively. Significantly higher cell area and similar aspect ratio on stiff gels 

compared to soft gels demonstrates that higher stiffness allowed much higher spreading 

of hMSCs. At a ligand concentration of 1 mM, cell area was increased 4 fold from ~5000 

μm2 on soft to ~20000 μm2 on stiff gels. Interestingly, increasing the ligand concentration 

on stiff gels significantly increased the cell spreading area without affecting the aspect 

ratio and only marginally on soft gels. To assess the nature of focal adhesions formed in 

hMSCs on these gels, immunostaining for vinculin and f-actin formation (red) was 

0.1.
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conducted and resulting images are shown in Figure 4.5A-L. Images clearly demonstrate 

that, on stiffer gels, hMSCs form prominent focal adhesions and well developed actin 

cytoskeleton as compared to soft gels. On soft gels hMSCs formed prominent focal 

adhesions and developed actin fibers only at the 1 mM cyl(RRETAWA) while at lower 

concentration hMSC did not developed good cytoskeleton evident by evident by diffused 

vinculin (demonstrating no focal adhesion formation) and f-actin staining. On stiff gels, 

hMSCs formed well-developed actin fibers and prominent dash shaped focal adhesions 

on both 0.1 and 1 mM peptide concentrations. Qualitatively, there was no difference in 

actin fiber organization on stiff gels at both concentrations. Upon binding to their 

corresponding ligands, integrins present on the cell surface undergo clustering and form 

dash shaped focal adhesions which act as a scaffold for recruitment of several signaling 

proteins including focal adhesion kinase (FAK). Given the importance of FAK signaling 

in osteogenic differentiation of hMSCs demonstrated by previous studies and our results 

presented in chapter 3, we quantified the area of focal adhesions by immunostaining for 

vinculin in hMSCs on soft and stiff gels at 0.1 and 1 mM peptide concentrations. As 

shown in Figure 4.6, hMSCs developed larger focal adhesions on stiff gels compared to 

soft gels. On stiff gels, hMSCs developed ~3 fold larger focal adhesions at 1 mM as 

compared to 0.1 mM indicating that the interaction of hMSCs with the higher ligand 

concentration allowed for much larger focal adhesion formation. On soft gels, hMSCs 

developed small (compared to stiff gels) but prominent focal adhesions indicating that 

hMSCs can form focal adhesions but need higher ligand concentration to form stable 

focal adhesions on the softer substrate.  
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Figure 4.4: Effect of substrate elasticity and ligand concentration on hMSC 
adhesion to cyl(RRETAWA) gels. A) Cell adhesion density B) Cell area C) Aspect ratio 
of hMSCs on soft and stiff gels at 0.1 and 1 mM cyl(RRETAWA) concentration. hMSC 
attachment is dependent on both substrate elasticity and ligand concentration. Stiff gels 
supported significantly higher cell attachment at both the concentrations studied. Cell 
area and aspect area results demonstrate that hMSCs show well-spread morphology on 
stiffer substrates. 
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Figure 4.5 A-L) Immunostaining for focal adhesions (vinculin, green A,D,G,J), f-actin 
(red, B,E,H,K) and combined (C,F,I,L) of hMSCs on soft (A-F) and stiff (G-L) gels at 0.1 
mM (A-C, G-I) and 1 mM (D-F, J-L) cyl(RRETAWA) (ligand). hMSCs showed diffused 
f-actin and did not form any focal adhesions on soft gels at 0.1 mM ligand concentration 
and poor organization of f-actin and small focal adhesions at 1mM peptide concentration. 
hMSCs formed well developed f-actin organization on stiff gels at both the 
concentrations while highly prominent focal adhesions were only formed at 1mM peptide 
concentration. Scale bar = 50 μm. 
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Figure 4.6. Effect of substrate elasticity and cyl(RRETAWA) (ligand) concentration on 
focal adhesion area. Average area of focal adhesions formed by hMSCs on soft and 
stiffer substrates at 0.1 and 1 mM ligand concentrations were measured using ImageJ as 
described in Methods section. hMSCs developed significantly larger focal adhesions on 
stiff gels at 1 mM compared to 0.1 mM ligand concentration. On softer substrates hMSCs 
formed small but significantly larger focal adhesions only at 1mM ligand concentrations. 
 

4.3.5 Osteogenic differentiation of hMSCs on cyl(RRETAWA) functionalized gels 

To test the osteogenic differentiation of hMSCs on cyl(RRETAWA) 

functionalized gels, we measured ALP activity of hMSCs on stiff and soft gels at 0.1 and 

1 mM peptide concentriation. Figure 4.7 shows the normalized ALP activity of hMSCs 

relative to day 1 on these gels in growth media. ALP activity of hMSCs on TCPS grown 

in growth media and osteogenic media is also included as negative and positive control, 

respectively. The ALP activity of hMSCs at day 7 and 14 grown on soft gels was found 

to be similar to negative control irrespective of the ligand concentration indicating that 

osteogenesis was not induced in hMSCs on softer gels. hMSCs cultured on stiff gels 

significantly upregulated ALP activity to ~ 4 at day 7 and to ~3.5 at day 14 on 1 mM 

cyl(RRETAWA) gels. Interestingly, ALP activity on 0.1 mM stiff gels was increased 
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only slightly to around ~2.5 by day 7 and day 14 significantly higher than the negative 

control. Our results indicate that substrate stiffness plays a significant role in upregulation 

of ALP activity induced by α5β1 signaling in hMSCs.  

 

 

 

 

 

 

 

 

Figure 4.7. Osteogenic differentiation of hMSCs on cyl(RRETAWA) functionalized 
PEG gels. A) ALP activity of hMSCs cultured on stiff (  , )  and soft (  ,  )  gels at 
1mM (squares) and 0.1 mM (traingles) . ALP activity was significantly increased only in 
hMSCs cultured on stiff substrates. Higher cyl(RRETAWA) concentration induced 
higher ALP activity in hMSCs on stiff substrates.  

 

4.4 Discussion 

α5β1 is an important fibronectin specific integrin that has been previously shown 

to be important for hMSC osteogenic differentiation.2,5 Expression of α5β1 is upregulated 

in dexamethasone induced hMSCs and also several pathways that converge to upregulate 

osteogenic related genes have been shown to be dependent on the integrin activation.2 

Previous studies have shown that α5β1 bind synergistically to both RGD peptide motif 
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and the PHSRN motif found in fibronectin.20 Interestingly, other fibronectin binding 

integrins such as αVβ3 do not require this synergistic interaction with PHSRN. Hence, 

stimulation of α5β1 integrin cannot be accomplished via RGD peptide motifs alone, 

although RGD peptide supports hMSC attachment. To overcome this problem, 

researchers have previously used engineered fibronectin fragments that retain the domain 

conformation to bind and activate α5β1.5 Use of these fragments poses significant 

challenges to systematically study the interplay substrate elasticity and the level of 

integrin binding as often non-covalent coating efficiency of these fragments on culture 

substrates is highly dependent on chemical composition, elasticity of the underlying 

substrate thus coupling the substrate elasticity and ligand concentration.21–23 In this study, 

we utilize small peptide motif that that has been previously shown to be capable of 

priming α5β1 integrin to study the role of substrate elasticity and ligand concentration 

independently.   

Non-natural peptide motif RRETAWA was used as ligand to bind α5β1, as it has 

been previously found to bind and prime α5 integrin with high specificity.15 In this study, 

we synthesized a cyl(RRETAWA) peptide that can be easily incorporated into PEG 

hydrogels. First we tested the effect of priming of α5β1 integrin on osteogenic 

differentiation of hMSCs by delivering in soluble form. Dosing hMSCs with 10 and 100 

μg/ml of cyl(RRETAWA) increased ALP activity significantly at day 7 and 14 indicating 

that hMSCs underwent osteogenic differentiation. Ultimately we are interested in 

studying the interplay of substrate elasticity and ligand concentration on α5β1 induced 

osteogenic differentiation of hMSCs. Hence, we covalently tether the peptide to PEG 

hydrogels to form cyl(RRETAWA) gels. Thiol-ene photopolymerizations has been 
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recently established as robust scheme for the synthesis of peptide functionalized step-

growth PEG hydrogel. This synthesis scheme allows for facile functionalization of PEG 

hydrogels with cysteine containing biochemical moieties without any requirement of 

post-synthetic modification.  Using this scheme our group has reported PEG gels whose 

biochemical functionalization and elasticity can be independently tuned via controlling 

the ratio of reactive functionalities (i.e. [thiol]:[ene] ratio) as well as PEG macromere 

molecular weight. Rubber elasticity theory predicts that the gel modulus is inversely 

correlated with cross-linking density. Hence, as PEG molecular weight is increased the 

distance between the crosslinks is effectively increased which results in decrease of bulk 

gel modulus. In this study, we use PEG 8 arm 10kDa and PEG 4 arm 20kDa macromere 

to form hydrogels resulting in ~25 kPa and ~ 2kPa hydrogels respectively. These 

hydrogels were formed under stoichiometric conditions and functionalized with either 0.1 

mM or 1 mM of cyl(RRETAWA) peptide. To maintain the on-stoichiometry conditions, 

scrambled CRDGS peptide was included in the monomer formulations. hMSCs do not 

interact with CRDGS peptide motif and hence should not compete or interfere with the 

binding of cyl(RRETAWA) peptide.   

Binding of hMSCs to these gels was verified via blocking experiments. Blocking 

of α5 integrin with antibodies resulted in ~80% reduction of hMSC attachment to 

cyl(RRETAWA) gels suggesting that majority of adhesion to these gels occurs via α5 

integrin. To further verify that this binding is specific we monitored attachment levels 

upon blocking αVβ3 integrin on hMSCs. Blocking αVβ3 integrin resulted in only slight 

reduction of hMSC attachment demonstrating the specificity of binding to these via α5β1 

integrin.  Immunostaining for α5 integrin was done to visually verify the interaction of 
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hMSCs with the gels via α5 integrin. As shown in Figure 4.3, α5 staining largely 

localized to dash shaped structures present at the ends of actin fibers. This is expected as 

integrin binding to ligands results in formation of dash shaped focal adhesions which act 

as a scaffold from which actin monomers polymerize to form cell cytoskeleton. 

Qualitatively, we observe that the majority of actin fibers end with α5 staining further 

supporting our blocking data that, hMSC bind to these gels primarily via α5β1 integrin.  

Our ALP activity results indicate that osteogenic differentiation of hMSCs on 

α5β1 priming hydrogels was highly dependent on substrate stiffness. We hypothesize 

that engagement of α5β1 to form stable focal adhesions and upregulation of integrin 

signaling is achieved only on the stiffer substrates resulting in osteogenic differentiation 

of hMSCs. This is also supported by inability to form longer focal adhesions and largely 

diffuse actin cytoskeleton in hMSCs on softer gels while in contrast to stiff gels on which 

hMSCs formed longer focal adhesions and highly organized f-actin (Figure 4.5). Our 

hypothesis is also supported by previous study by Friedland et al.24, that demonstrated the 

role of substrate elasticity on conformational stability of α5β1 binding to its ligand. They 

found that the gel stiffness positively correlated with the number of α5β1 integrin bonds 

formed and FAK phosphorylation at Y397 residue. Y397 phosphorylation of FAK has 

been previously implicated in osteogenic differentiation of hMSCs. Since we observe 

longer focal adhesions on stiff gels, it is possible that the total FAK phosphorylation at 

Y397 could be higher resulting in the higher downstream signal. To further confirm our 

hypothesis future experiments are focused on studying the ALP activity and gene 

expression of osteogenic genes (Coll-1a, Osteopontin and CBFA1) in presence of small 

chemical pFAK inhibitors such as PF-573228. 



 104 

4.5 References 

1. Yun, S. P., Ryu, J. M. & Han, H. J. Involvement of β1-integrin via PIP complex and 
FAK/paxillin in dexamethasone-induced human mesenchymal stem cells migration. J. 
Cell. Physiol. 226, 683–692 (2011). 

2. Hamidouche, Z. et al. Priming integrin α5 promotes human mesenchymal stromal cell 
osteoblast differentiation and osteogenesis. Proc Natl Acad Sci U S A 106, 18587–
18591 (2009). 

3. Hamidouche, Z., Fromigué, O., Ringe, J., Häupl, T. & Marie, P. J. Crosstalks between 
integrin alpha 5 and IGF2/IGFBP2 signalling trigger human bone marrow-derived 
mesenchymal stromal osteogenic differentiation. BMC Cell Biology 11, 44 (2010). 

4. Popov, C. et al. Integrins α2β1 and α11β1 regulate the survival of mesenchymal stem 
cells on collagen I. Cell Death Dis 2, e186 (2011). 

5. Martino, M. M. et al. Controlling integrin specificity and stem cell differentiation in 
2D and 3D environments through regulation of fibronectin domain stability. 
Biomaterials 30, 1089–1097 (2009). 

6. Veevers-Lowe, J., Ball, S. G., Shuttleworth, A. & Kielty, C. M. Mesenchymal stem 
cell migration is regulated by fibronectin through α5β1-integrin-mediated activation of 
PDGFR-β and potentiation of growth factor signals. J. Cell. Sci. 124, 1288–1300 
(2011). 

7. Zou, C., Song, G., Luo, Q., Yuan, L. & Yang, L. Mesenchymal stem cells require 
integrin β1 for directed migration induced by osteopontin in vitro. In Vitro 
Cell.Dev.Biol.-Animal 47, 241–250 (2011). 

8. Engler, A. J., Sen, S., Sweeney, H. L. & Discher, D. E. Matrix elasticity directs stem 
cell lineage specification. Cell 126, 677–689 (2006). 

9. Shih, Y.-R. V., Tseng, K.-F., Lai, H.-Y., Lin, C.-H. & Lee, O. K. Matrix stiffness 
regulation of integrin-mediated mechanotransduction during osteogenic differentiation 
of human mesenchymal stem cells. J. Bone Miner. Res. 26, 730–738 (2011). 

10. Anderson, S. B., Lin, C.-C., Kuntzler, D. V. & Anseth, K. S. The performance of 
human mesenchymal stem cells encapsulated in cell-degradable polymer-peptide 
hydrogels. Biomaterials 32, 3564–3574 (2011). 

11. McCall, J. D. & Anseth, K. S. Thiol–Ene Photopolymerizations Provide a Facile 
Method To Encapsulate Proteins and Maintain Their Bioactivity. Biomacromolecules 
13, 2410–2417 (2012). 

12. Klees, R. F. et al. Laminin-5 induces osteogenic gene expression in human 
mesenchymal stem cells through an ERK-dependent pathway. Mol. Biol. Cell 16, 881–
890 (2005). 



 105 

13. Salasznyk, R. M., Klees, R. F., Williams, W. A., Boskey, A. & Plopper, G. E. Focal 
adhesion kinase signaling pathways regulate the osteogenic differentiation of human 
mesenchymal stem cells. Exp. Cell Res. 313, 22–37 (2007). 

14. Cheng, S. L., Lai, C. F., Blystone, S. D. & Avioli, L. V. Bone mineralization and 
osteoblast differentiation are negatively modulated by integrin alpha(v)beta3. J. Bone 
Miner. Res. 16, 277–288 (2001). 

15. Koivunen, E., Wang, B. & Ruoslahti, E. Isolation of a highly specific ligand for the 
alpha 5 beta 1 integrin from a phage display library. J. Cell Biol. 124, 373–380 (1994). 

16. Mould, A. P., Burrows, L. & Humphries, M. J. Identification of amino acid residues 
that form part of the ligand-binding pocket of integrin alpha5 beta1. J. Biol. Chem. 
273, 25664–25672 (1998). 

17. Humphries, J. D. et al. Molecular basis of ligand recognition by integrin alpha5beta 
1. II. Specificity of arg-gly-Asp binding is determined by Trp157 OF THE alpha 
subunit. J. Biol. Chem. 275, 20337–20345 (2000). 

18. Mould, A. P., Askari, J. A. & Humphries, M. J. Molecular basis of ligand recognition 
by integrin alpha 5beta 1. I. Specificity of ligand binding is determined by amino acid 
sequences in the second and third NH2-terminal repeats of the alpha subunit. J. Biol. 
Chem. 275, 20324–20336 (2000). 

19. Clark, K. et al. A Specific α5β1 Integrin Conformation Promotes Directional Integrin 
Translocation and Fibronectin Matrix Formation. J Cell Sci 118, 291–300 (2005). 

20. Danen, E. H. et al. Requirement for the synergy site for cell adhesion to fibronectin 
depends on the activation state of integrin alpha 5 beta 1. J. Biol. Chem. 270, 21612–
21618 (1995). 

21. Keselowsky, B. G., Collard, D. M. & García, A. J. Surface chemistry modulates 
fibronectin conformation and directs integrin binding and specificity to control cell 
adhesion. J Biomed Mater Res A 66, 247–259 (2003). 

22. Keselowsky, B. G., Collard, D. M. & García, A. J. Integrin binding specificity 
regulates biomaterial surface chemistry effects on cell differentiation. PNAS 102, 
5953–5957 (2005). 

23. Guerra, N. B. et al. Subtle variations in polymer chemistry modulate substrate 
stiffness and fibronectin activity. Soft Matter 6, 4748–4755 (2010). 

24. Friedland, J. C., Lee, M. H. & Boettiger, D. Mechanically activated integrin switch 
controls alpha5beta1 function. Science 323, 642–644 (2009). 

 

 



 106 

CHAPTER 5 

Photo-clickable living strategy for controlled reversible exchange of biochemical 
ligands 

	  
	  

 

5.1 Introduction 

Synthetic hydrogels have been increasingly engineered to provide and recapitulate 

the complex and dynamic environment of extra-cellular matrix (ECM) surrounding the 

cells in vivo. Of significant interest is the design of chemical strategies not only to 

fabricate hydrogels that can function as cell culture platforms for both two-dimensional 

(2d) and three-dimensional (3d) cell culture systems, but also to incorporate biologically 

active features that mimic several critical aspects of the ECM1. Due to their hydrophilic 

nature, tunable mechanical properties, wide range of commercial availability and 

provision of tissue-like qualities, poly(ethylene glycol) (PEG) based hydrogels have 

received tremendous attention as a versatile biomaterial system. To compliment their 

biophysical properties, the bio-inertness of the PEG hydrogels renders opportunities to 

incorporate various biochemical cues and study their effects on host cells with minimal 

confounding non-specific interactions. Hence, there is a growing interest to functionalize 

PEG hydrogels with several biochemical cues, including peptides and proteins aimed at 

directing and controlling cellular functions such as adhesion, proliferation, 

differentiation, morphology etc.  

Traditionally, these biochemical ligands have been modified with reactive 

functionalities that can be co-polymerized into the network during the hydrogel 
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formation. For example, peptides motifs that facilitate cell adhesion2–5 (e.g., fibronectin 

derived RGD, PHSRN), cell directed degradability6–9 (e.g., Matrix Metalloproteanase 

(MMP) degradable GPQGIWGQ), growth factor sequestering10,11 (e.g., FGF-β binding 

KRTGQYKL) have been modified to contain thiol, acrylate or methacrylate functional 

groups and incorporate into PEG hydrogels via radical mediated polymerizations or 

Michael addition. While these strategies have allowed for synthesis of elegant ECM 

analogs, it is often more difficult to realize multidimensional control over presentation of 

these signals. Since the ECM is a dynamic environment, chemical strategies that allow 

sequential or reversible introduction of biological signals should enable new 

opportunities to tailor a cell’s local microenvironment in a biologically relevant fashion.  

One strategy of significant interest when designing dynamic biomaterials niches 

has been to introduce the biochemical cues post-synthesis of the hydrogel network. This 

allows for fabrication of ECM mimics with controlled bulk properties, while 

independently achieving well-defined and tunable presentation of the multiple 

biochemical cues to the cells. Specifically, bio-orthogonal click reactions have gained 

prominence owing to their efficiency, fidelity, facile incorporation of the functional 

groups into the widely used synthetic biomaterials, and their relatively mild reaction 

conditions.12 In particular, light controlled click reactions are gaining prominence as they 

allow confinement of the reaction of interest only to defined locations where light is 

delivered. Photolithographic techniques use photomasks and collimated light to confine 

and pattern reactions in two-dimensions, while focused light (single or multiphoton) 

enables control of the reaction within a locally defined ‘region of interest’ (ROI) in three-

dimensions. While these chemical approaches have been successfully applied to cell 
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scaffolds to demonstrate localized control of cell spreading,13 cell outgrowth,14 control of 

stem cells fate,15 and guided migration,16,17 complementary strategies that simultaneously 

achieve the addition and removal of biochemical signals would be beneficial. Further, 

many of the strategies to create functional bioscaffolds rely on irreversible, thus ‘dead’, 

reactions and the sites for modifications are consumed permanently thus limiting the 

extent of multiple and sequential modifications. Hence, chemical strategies that 

regenerate reactive functional groups (i.e., reversible) would be powerful tools and 

complementary tools in material based strategies to study cellular processes.  

Recently, a strategy that uses the equilibrium switching of unreactive 3-

(hydroxymethyl)-2-napthol and reactive o-2-napthoquinone-3-methides (NQM) was used 

to demonstrate attachment, removal and reattachment of streptavidin to a thiol-derivitized 

glass slide.18 This strategy used base catalyzed Michael addition to couple, and 350 nm 

UV light to cleave NQM functionalized chemical moieties on thiol-functionalized glass. 

Although this strategy, first of its kind, achieves reversibility in the addition and removal 

of NQM derivatized biochemical moieties, it requires the use of base and 350 nm or 

lower wavelength light thus limiting the use of this strategy in the presence of cells. 

Addition-Fragmentation-Chain transfer (AFCT) functional groups have emerged as 

unique paradigm that allow polymers to formed possessing excellent stress relaxation 

characteristics and also allowing solution free physical patterns to be formed on a 

polymer substrates.19–21 Key to the strategy is an AFCT capable allyl sulfide functional 

group. Inspired from concepts and strategies outlined above, we hypothesized that the 

allyl sulfide functional groups are excellent candidates to precisely and simultaneously 

control the introduction, exchange or removal of biochemical epitopes in the hydrogel 
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networks, while simultaneously regenerating the reactive functionality. This approach 

creates a pseudo-living biomaterial system for the introduction of biological epitopes 

using cytocompatible thiol-ene click reactions. Thiol-ene click reactions are increasingly 

used for biological applications due to their robustness, simplicity, and bioorthogonality 

to form hydrogel culture platforms,22–24 as well as for patterning in biochemical cues in 

the presence of cells.13,22,25 Towards achieve reversible photopatterning of biochemical 

ligand, here we report the synthesis of allyl sulfide functionalized hydrogel networks and 

characterize the reversible biochemical patterning using model bioactive peptide motif, 

RGD, found in ECM protein fibronectin. 

5.2. Results and Discussion 

The reversible exchange strategy reported in this study is inspired from the living 

nature of the chain transfer agent in RAFT based polymerizations.26 Key to this reversible 

exchange of biochemical epitopes is addition fragmentation chain transfer (AFCT) 

capable allyl sulfide functional group that enables reversible addition and removal of 

thiol-containing compounds. Scheme 5.1 shows the reported mechanism demonstrating 

the β-scission of allyl sulfide. Upon attack of a thiyl radical on the double bond of allyl 

sulfide (Scheme 5.1a), the reaction results in a symmetric intermediate (Scheme 5.1b). 

This intermediate is unstable and undergoes β-scission resulting in addition of attacking 

species and regeneration of the new double bond (Scheme 5.1c). We refer to this aspect 

of regeneration of the double bond as ‘living’ in this system. The regenerated double 

bond is capable of further attack by another thiyl radical, thus allowing exchange of any 

thiol containing biochemical moieties of interest. 
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Scheme 5.1. Mechanism of addition fragmentation chain transfer of an allyl sulfide 
functional group upon attack by a thiyl radical.  

	  

5.2.1 Synthesis and biochemical patterning of allyl sulfide functionalized PEG 

hydrogel networks 

Hydrogel containing allyl sulfide functional groups were synthesized by a Cu-

catalyzed click reaction between 4-arm PEG tetra azide and di-functional alkyne 

crosslinkers that proceeds quantitatively via a rapid, non-radical mechanism to form step 

growth networks.25,27 The monomers used to form the hydrogel networks are shown in 

Figure 5.1. Here, orthogonal Cu click reactions were chosen to synthesize the hydrogel 

networks to preserve the integrity of the double bond on the allyl sulfide functional group 

(i.e., the double bond is dormant during the formation of the hydrogel).   
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Figure 5.1. Structures of monomers used to form the hydrogel networks. 1a: 4-arm-
poly(ethylene glycol)-tetra azide. 1b: 2-methylene-propane-1,3-bis(thioethyl 4-
pentynoate). 1c: Benzoic acid-3,5-bis( 4-pentynoate). 

	  
The patterning process was initiated by homolytic photolysis of a photoinitiator 2-

hydroxy-1-[4-(2-hydroxyehtoxy) phenyl]-2-methyl 1-propanone (I2959) at 365 nm 

(collimated light lamp) or at 720 nm (2-photon laser light) resulting in a production of 

thiyl radical that attacks the double bond on allyl sulfide. The β-scission of the allyl 

sulfide moiety, functionalized into the hydrogel networks, due to the photopatterning 

process was readily demonstrated upon irradiating specific regions of the hydrogel 

formed from 1a and 1b to 365 nm light in the presence of patterning agent and 

photoinitiator I2959 using a photomask (Figure 5.2A). Here, cysteine conjugated cell 

adhesive peptide derived from extra cellular matrix fibronectin, CRGDS, is used as 

patterning agent. Since 100% of the network crosslinks are functionalized with allyl 

sulfide moieties, the β-scission of the allyl sulphide functional group upon attack by a 

thiyl radical results in losing connectivity of the crosslinks to the surrounding unexposed 

network (Figure 5.2B). Figure 5.2B confirms that the exposure of optically thin hydrogels 

with this formulation in the presence of 20 mM RGDSC and 15 mM I2959 for 30 mins 
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results in physical degradation of hydrogel network. Bulk degradation of the hydrogel 

also confirms the behavior of the allyl sulphide functional group as shown in Scheme 5.1 

in these hydrogels. We are ultimately interested in forming hydrogels that can be 

decorated reversibly with the biochemical moieties. Hence, we have synthesized 

hydrogels from 1a crosslinked with 1b and 1c, where crosslinker 1c is dormant to the 

biochemical patterning procedure (Figure 5.2C). The monomer formulations are adjusted 

to form networks containing 22% of crosslinks with the allyl sulfide functional group 

(corresponds to 6.4 mM of allyl sulfide functiona group in the formed hydrogel) to 

prevent bulk degradation as in the case of Figure 5.2A. Flory-Stockmayer theory28 

predicts that for the chosen formulation conditions, ~43% of crosslinks needs to be 

broken to hit reverse gelation point, i.e. for transition from solid to liquid. The chosen 

formulation can only result in a maximum of 22% of the crosslinks cleaved if all the allyl 

sulfide functional groups were reacted and hence patterning in these gels does not result 

in bulk degradation of the network. To demonstrate that the reaction scheme allows for 

the attachment of a thiol containing compound to the network by photopatterning a 

RGDSC peptide using standard stereo-lithographic techniques. The RGDSC peptide was 

modified with 6-aminohexanionc acid to conjugate Alexa Fluor 555 (denoted as 

AF555AhxRGDSC) to visually confirm and study the addition of patterning agent to the 

allyl sulfide functional group. Here, patterning in the hydrogels is achieved by exposing 

gels swollen in solution containing photoinitiator, I2959 and AF555AhxRGDSC to U.V 

light at 365 nm using a photomask. Confinement of the reaction only to the exposed 

regions was confirmed by resultant fluorescent patterns only in the exposed regions as 
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shown in Figure 5.2D. The formed patterns clearly demonstrate high fidelity in pattern 

transfer over micrometer length scales.  

 

 
 
Figure 5.2. Biochemical patterning of allyl sulfide functionalized PEG hydrogels. A) 
Exposing specific regions of networks formed from 1a and 1b to 365 nm wavelength 
light results in mass loss in exposed regions due to the β-scission of allyl sulfide 
functional group resulting in degradation of the crosslinks. B) Image demonstrates the 
mass loss of hydrogel in the exposed regions. After patterning, the gel was swollen in 
AF555 solution and imaged under confocal microscope. Black regions represent the 
degraded regions of the hydrogel. C) Exposing specific regions of networks formed from 
1a, 1b and 1c result in stable patterning of the biochemical ligand as opposed to 
degradation in (A). D) Confocal image of array of 100 µm square patterns formed by 
exposing specific regions of the network to 365 nm light in the presence of patterning 
conditions. Scale bar = 50 µm. 
	  

5.2.2 Kinetics of biochemical patterning in allyl sulfide functionalized PEG 

hydrogels networks:  

To better understand the biochemical functionalization of the allyl sulfide 

hydrogel networks, we sought to characterize the kinetics of addition of a thiol containing 

compound to the hydrogel using standard steriolithographic techniques. The intermediate 

formed upon attack of a photo-initiated thiyl radical is symmetrical (Scheme 5.1), and 

hence the direction of the β-scission ultimately determines the addition of external thiol 

A) B 

C) D 
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containing compounds on to the functional group.  The reaction mechanism of addition of 

a thiol containing compounds onto the allyl sulfide in the hydrogel is shown in Figure 

5.3A. We studied the kinetics of addition of AF555AhxRGDSC on to the allyl sulfide 

functional group by regulating the time of exposure, intensity of light, and initiator 

concentration, which control the rate of radical generation.  

The rate of reaction during thiol-ene polymerization is given by,29 

𝑅! ∝ 𝐶 = 𝐶 𝑆 ∙  

Here, 𝐶 = 𝐶   represent the alkene concentration on the allyl sulfide functional 

group and 𝑆 ∙  represents the thiyl radical concentration in the reaction. Due to the 

reaction scheme, 𝐶 = 𝐶   remains constant throughout the patterning reaction and hence 

the rate of reaction is directly proportional to thiyl radical concentration 𝑆 ∙ .  

Figure 5.3B show the kinetics of the addition of AF555AhxCRGDS with exposure 

time. The amount of photo-coupled AF555AhxCRGDS varied linearly with time 

indicating a first order dependence of addition on time of exposure. We next studied the 

kinetics of AF555AhxCRGDS addition by varying the amount of initiator used to modify 

the gel at different light dosages. At a constant initiator concentration, the peptide 

concentration increased linearly with increase in the light dosage. At a constant dosage, 

the amount of peptide patterned also increased linearly with increasing initiator 

concentration, demonstrating that the rate of addition is first order dependent on both 

initiator concentration and light intensity.  Previous studies by Kloxin et al.20 have shown 

that the allyl sulfide double bond in glassy networks is consumed via termination only at 

very high concentrations of thiol compared to allyl sulfide (5:3 and 3:1 ratio of thiol to 

the allyl sulfide) in the network. Throughout this study, the thiol concentration was kept 
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lower than allyl sulfide concentration; the highest thiol:allyl sulfide ratio used was 1:1.2. 

Hence, we neglect any irreversible termination of the double bond on the allyl sulfide 

functionality. Assuming that the thiyl radical concentration depends on the rate of 

generation of initiator radicals and substituting for the thiyl radical concentration yields,  

𝑅! ∝ 𝐼 !𝐼!𝑡 

where 𝐼 ! is the initial initiator concentration used, 𝐼! is the light intensity and ′𝑡′ 

is time of light exposure (please see supplementary information for detailed calculation of 

thiyl radical concentration). This rate expression is in agreement with our kinetic 

experiments (Figure 5.3b,c). For example, at an initiator concentration of 2.2 mM, 

doubling the light dosage (=𝐼!𝑡) roughly doubles the amount the peptide patterned into 

the hydrogel. At a particular light dosage, say 5 J/cm2, doubling the amount of initiator 

concentration, from 2.2 mM to 4.4 mM doubles the amount of peptide patterned into the 

gel. Thus, the amount of peptide patterned into the network is readily controlled and 

scales with light intensity and initiator concentration to the first power. The 

concentrations range of the patterned RGD peptide achieved in this study has been 

previously demonstrated to be relevant to control several cell functions.13,16,23,30,31 For 

example, Salinas et al.,31 has demonstrated matrix interaction via integrins and increased 

survival of human mesenchymal stem cells in PEG hydrogels functionalized with 1 mM 

RGD.  
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Figure 5.3. Kinetics of thiol-ene photopatterning of allyl sulfide functionalized PEG 
hydrogel networks. A) Reaction mechanism of addition of a thiol containing compound 
to the allyl sulphide functionalized hydrogel. B) Concentration of patterned peptide as a 
function of time of exposure shows that the rate of addition is directly proportional to the 
time of exposure. C) Concentration of patterned peptide as a function of initiator 
concentration at different light intensities used at 10 min exposure times. The figure 
shows linear dependence of rate of addition on both initiator concentration and light 
intensity. 
	  
 

C) 

A) B) 
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5.2.3 Reversible exchange of biochemical moieties in allyl sufide functionalized 

hydrogels: 

Next, we demonstrate that the living alkene functionality of the allyl sulfide 

functional groups allows for sequential exchange of new biochemical moieties by using 

Alex fluor 555 and Alex fluor 488 conjugated AhxRGDSC peptide (AF555AhxRGDSC  

and AF488AhxRGDSC respectively). We track the addition and exchange reactions by 

measuring fluorescence of the peptides using confocal microscopy. 2-photon photo-

patterning was used to demonstrate and characterize the exchange of thiol containing 

compounds on allyl sulfide containing hydrogels as it allows to control the exposed 

regions in three dimensions. The mechanism and schematic process for the exchange of 

patterning molecules in these hydrogel networks are shown in Figure 5.4a,b, respectively. 

Figure 5.4C-E shows a 250 µm long cube patterned using 10 mM of AF555AhxCRGDS, 

4.4 mM I2959 at a laser scan speed 4 which corresponds to ~9.41 µsec/µm2 pixel dwell 

time. To demonstrate the exchange, we repeated the patterning process by the swelling 

the patterned gel with 10 mM AF488AhxRGDSC and 4.4 mM I2959. The buffalo shaped 

region inside the square red pattern was exposed to 720 nm focused laser light to allow 

for the exchange reaction. Photo-exchange of the old peptide (AF555AhxRGDSC) with 

the new one (AF488AhxRGDSC) was confirmed by fluorescent images showing the 

disappearance of AF555 fluorescence and appearance of AF488 fluorescence in the exposed 

regions (Figure 5.4F-H).  

No change in AF555 fluorescence in the unexposed regions of the red square 

pattern (Figure 5.4F) confirmed the confinement of the photo-exchange only to the 

exposed regions. The living nature of the double bond allows performing further 
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exchange reactions multiple times, theoretically infinitely, but is limited by irreversible 

termination of the intermediate. To demonstrate this nature, we have performed second 

exchange step using a non-fluorescent AhxRGDSC peptide. User defined letters (CU) 

inside the green buffalo logo, obtained after the first exchange step, were exposed to laser 

light under similar conditions as the first exchange step (Figure 5.4I-K). Successful 

exchange of the patterned AF488AhxRGDSC peptide with the non-fluorescent peptide 

was confirmed by disappearance of green fluorescence in the exposed regions (Figure 

5.4J). As expected, AF555 and AF488 fluorescence around the exposed regions after the 

second exchange step was not affected due to the exchange process (Figure I-K). Figure 

5.4C-K clearly demonstrates the ‘living’ nature of alkene functionality on allyl sulfide 

functional group that allowed for the reversible exchange of the peptides. Since the 

exchange step allows for complete exchange of the initially coupled moieties, exchange 

reactions could be extended to remove the desired biochemical signals presented to the 

cells. Hence, the living characteristic of this hydrogel system allows, depending on the 

strategy, to achieve photo-coupling, photo-removal and photo-exchange of biochemical 

ligands with spatial and temporal control.  
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Figure 5.4. Photoclick living strategy allows reversible exchange of biochemical 
ligands. A) Mechanism of replacement of a thiol-containing compound on allyl sulphide 
functional group. B) Schematic of replacement of biochemical ligand. C-K) 
Demonstration of reversible exchange of thiol containing peptides. (C-E) 250µm square 
pattern of AF555AhxRGDSC. (F-H) Buffalo logo was formed by replacing 
AF555AhxRGDSC with AF488AhxRGDSC resulting in appearance of green fluorescence 
and disappearance of red fluorescence only in the exposed regions. (I-K) Demonstration 
of further replacement on living allyl sulfide: Letters ‘CU’ inside the buffalo logo were 
exposed to 720 nm light to photo-exchange with non-fluorescent AhxRGDSC peptide. 
Photo-exchange of peptides was confirmed by removal of green fluorescent (J) only at 
the exposed regions. Scale bar = 100 µm. 
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5.2.4 Kinetics of the exchange of biochemical moieties in allyl sulfide functionalized 

hydrogels:  

The extent of the exchange reaction depends on the production of initiator radicals 

responsible for initiating the thiol-ene reaction. We characterized the exchange process 

by regulating the laser power and scan speed, which determines the pixel dwell time of 

laser light and monitored the amount of initially patterned peptide that remains attached 

after the exchange process. Figure 5.5A shows the amount of AF555AhxRGDSC peptide 

remaining after the exchange reaction in the presence of 10 mM AF488AhxRGDSC 

peptide and 8.8 mM I2959 with increasing laser intensity at different laser scan speeds of 

the laser. At a given pixel dwell time, an increase in laser intensity results in higher 

dosage per pixel, and hence, higher concentration of radicals produced resulting in the 

lower concentration of AF555RGDSC peptide as shown in Figure 5.5A. Increasing the 

pixel dwell time at any delivered laser intensity also results in higher dosage to the 

reaction volume, and hence, lower concentration of AF555RGDSC peptide as shown in 

Figure 5.5A. Dependence of the amount of the peptide exchanged on light intensity was 

found to be linear in laser power at all the pixel dwell times studied. Figure 5.5B shows 

the dependence of addition of the AF488AhxRGDSC peptide to the network after the 

exchange reaction on laser power at different pixel dwell time. As expected, at a given 

pixel dwell time, the amount of peptide attached to the network increased with increasing 

the laser power, scaling linearly as was observed with Figure 5.5A. Also, at a given laser 

intensity, increasing the pixel dwell time increases the amount of peptide attached to the 

network at all laser power studied consistent with the results of Figure 5.5A. Our results 
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demonstrate complete control over the amount of the peptide exchanged by regulating the 

light delivered to the reaction volumes.  

The ‘living’ aspect of this strategy offers unique opportunities to construct 

opposing patterns of two different biomacromolecules. As an example, we demonstrate 

synthesis of rectangular opposing gradients using the two AF555 and AF488 conjugated 

RGDSC peptides used above. Figure 5.5C-E shows the resultant rectangular radial 

gradient formed from exchanging reactions between AF555RGDSC and AF488RGDSC at a 

laser scan speed of 2. Specific polygon regions on a 250 µm long cube pattern were 

exposed to radially decreasing (measured from center to outside) laser power resulting in 

opposing patterns as shown in Figure 5.5C,D. The concentrations of the resultant 

AF555RGDSC and AF488RGDSC peptides are shown in Figure 5.5A,B respectively. 

Images clearly demonstrate the flexibility in constructing opposing gradient patterns by 

controlling the parameters of confocal microscopy. The patterning process occurs at 

typically used imaging speeds and the whole exchange reactions occurs on the order of 

seconds to minutes. Also, since the patterning strategy used in this work for the exchange 

reactions constructs ROIs using Zeiss software to form the patterns, advanced patterning 

procedures reported by Culver et al.32 can be directly implemented to construct numerous 

relevant biomimetic patterns. 
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Figure 5.5. Kinetics of exchange of biochemical ligands in AFCT capable hydrogels. 
A) Amount of AF555AhxRGDSC remained attached to the network after the photo-
exchange reaction as a function of dosage at different laser scanning speeds. B) Amount 
of AF488AhxRGDSC photo-coupled to the network due to the exchange as a function of 
dosage at different laser scanning speeds. (pixel dwell times for laser scan speed 2  = 
36.67 µsec/µm2, 4 = 9.17 µsec/µm2, 6 = 2.3 µsec/µm2) C-E) Simultaneous generation of 
opposing gradient patterns of two different biomacromolecules. (C) AF555 ,  (D) 
AF488RGDS and (E) combined.  Gradient pattern is formed by exposing a uniform 250 
µm square pattern to radially increasing laser power at scan speed 2. 
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5.3. Materials and Methods  

5.3.1 Synthesis of 1a (PEG-tetra azide):  

	  
	  
	  
	  
	  
	  
	  
	  
	  

Vacuum dried 4 arm Poly(ethylene glycol) (Mn ~ 5000 Da) was reacted with 8x 

equivalents methane sulfonyl chloride in DCM for overnight. The solution was 

precipitated in ice-cold ethyl ether and desiccated for 2 days. The mesylated PEG was 

dialyzed in water for 1 day and lyophilized. The mesylated PEG was then reacted with 8x 

equivalents sodium azide in DMF under argon at 80 C for overnight. The reaction 

mixture was precipitated in ice-cold ethyl ether and dessicated for 2 days. Dessicated 

PEG was dissolved in water and dialyzed against water for 2 days using 2kDa cutoff 

dialysis membrane (Sigma) and lyophilized.  

5.3.2 Synthesis of 1b:  

	  
 

	  
3-chloro 2-Chloromethyl-1-propene was reacted with 3 equivalents of mercapto-

ethanol in DMF in the presence of cesium carbonate. The reaction was carried out at 60 C 

for overnight and then extracted in ethyl ether and water. The organic layer was 

concentrated and purified via column chromatography in ethyl acetate and hexane 
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(60:40). The synthesis of this precursor was verified by 1H-NMR spectra (300MHz, 

CDCl3): δ 5.01 (s, 2H), 3.69 (t, J = 6Hz, 4H), 3.29 (s, 4H), 2.61 (t, J = 6Hz, 4H). 

	  

	  
 

The resultant compound was reacted with pentynoic acid in the presence of 1x 

equivalent DIC and 0.4 equivalent DMAP in dichloromethane for overnight at room 

temperature. The product was extracted in ethyl ether and water mixture and purified 

with column chromatography (ethyl acetate:hexane = 1:9). Synthesis of 1b was verified 

by 1H-NMR spectra (300MHz, CDCl3): δ 5.04 (s, 2H), 4.22 (t, J = 6Hz, 4H), 3.31 (s, 

4H), 2.65 (t, J1 = 6Hz, 4H), 2.59-2.46 (m, 8H), 1.98 (t, J1 = 3Hz, 2H). 

5.3.3 Synthesis of 1c:  

	  
 

 

	  
 

This compound was synthesized by reacting 4,5-dihydroxy-1-benzoic acid 

(Sigma) with propargyl bromide (Sigma) in the presence of cesium carbonate in DMF. 

The product was extracted with ethyl ether and water and purified in column 

chromatography using ethyl acetate and hexane (75:25). Synthesis of 1c is verified by 1H-

NMR spectra (300 MHz, CDCl3): δ 10.62 (s, 1H), 7.8 (d, J = 3 Hz, 1H), 7.24 (dd, J1 

=3Hz, J2 = 6Hz, 1H), 7.14 (d, J = 6Hz, 1H), 4.93 (d, J = 3Hz, 2H), 4.74 (d, 2H), 2.67 (t, 

1H), 2.56 (t, 1H). 

OO

OHO



 125 

5.3.4 Synthesis of peptides:  

Peptide sequences (regular: H-CAhxRGDS-NH2, scrambled: H-CAhxRDGS-

NH2) were synthesized (Protein technologies; Inc. Tribute Peptide synthesizer) through 

standard Fmoc solid-phase synthesis method using 2-(1H-benzotriazole-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate/N-hydroxybenzotriazole (HBTU/HOBt) 

activation. Peptide was cleaved from resin with trifluoroacetic acid/triisopropyl 

silane/water/phenol (94:2.5:2.5:1) mixture and precipitated and washed (2x) in cold ethyl 

ether.  

5.3.5 Synthesis of fluorescently labeled peptides:  

Fluorescently activated esters [Alexa Fluor 555 carboxylic acid succinimidyl ester 

(1mg, Invitrogen), Alexa Fluor 488 carboxylic acid succinimidyl ester (1mg, Invitrogen)] 

were dissolved in NMP with catalytic amount of DIEA and stirred with resins attached to 

H-CAhxRGDS-NH2 for 2 h at room temperature. Fluorescently tagged peptides were 

cleaved from resin with trifluoroacetic acid/triisopropyl silane/water/phenol 

(94:2.5:2.5:1) mixture, precipitated and washed (2x) in cold ethyl ether. The products 

denoted as AF555-AhxRGDSC-NH2 and AF488-AhxRGDSC-NH2 were used with no 

further purification. 

5.3.6 Hydrogel synthesis:  

50 µl of crosslinked hydrogel disks were formed by reacting four-arm 5000 PEG 

tetra-azide and corresponding crosslinkers in DMSO in the presence of copper (0.5 

equivalents to akyne) and base (DIPEA) at room temperature for 30 min. Monomer 

concentrations adjusted for 8 wt% PEG tetraazide in the final macromer mixture for 1:1.2 

ratio of alkyne to azide functionality. Gels were washed in saturated solution of 
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ammonium chloride to remove the copper (5x for 30 min each time). Gels were swelled 

in PBS for atleast overnight before further use. 

5.3.7 Biochemical patterning:   

Hydrogels were swollen in PBS containing Irgacure 2949 (I2949, Ciba) and 10 

mM patterning reagent (AF555-CAhxRGDS-NH2 or AF488-CAhxRGDS-NH2) for 2 h. 

Using conventional photolithographic techniques, gels were exposed to collimated UV 

light (365 nm wavelength) for various times and various light intensities as indicated. 

After the patterning is complete, gels were washed in PBS for 2 h to diffuse out the 

unreacted components. Patterning concentrations were determined using confocal 

microscopy by comparing the average fluorescence intensity averaged over a 400 µm3 

volume 100 µm below gel surface against a standard curve relating fluorescence intensity 

to that of gels swollen in known concentrations of the patterning agent. 2-photon 

patterning experiments were conducted using 710 Zeiss LSM confocal microscope with 

20x water objective at 720 nm using laser (details). 520x520 resolution regions of interest 

(ROIs) were constructed using the Zeiss imaging software and 1 µm thick sections in z-

direction were exposed to the laser. 
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5.5 Supplementary Information: 

5.5.1 Derivation of Rate of addition to allyl sylphide containing networks: 

Rate	  of	  reaction	  during	  thiol-‐ene	  photo-‐coupling	  is	  given	  by:	  

	   	   𝑅! ∝ 𝐶 = 𝐶 𝑆 ∙ 	    (1) 

	  
The initiator concentration, 𝐼 , during the photo-initiation is given by33, 

	   	  
𝐼
𝐼 !

=   
1

𝜀 𝐼 !𝐿
ln 1− 1− 𝑒! ! !! 𝑒!!!!!! 	    (2) 

 

where, L = thickness of the sample (= 1 cm for the present study), 𝐼 != initiator 

concentration at t = 0 sec and Φ = quantum yield of photo-initiator consumption (0.05 for 

I2959), 𝜀 = wavelength dependent absorption co-efficient (15.42 for I2959 at 365 nm), 

and 𝐼!= irradiance at the base of the sample.  

For the time scales considered in this study (≤600 sec), the equation can be expanded 

using Taylor series and simplified to, 

	   	   𝐼
𝐼 !

=   
𝑒! ! !! − 1
𝜀 𝐼 !𝐿

1− 𝜀Φ𝐼!𝑡 	    (3) 

 

For the conditions employed for patterning in this study, the initial factor on R.H.S the of 

above equation ~1 resulting in, 

	   	  
𝐼
𝐼 !

=    1− 𝜀Φ𝐼!𝑡 	    (4) 

The total number of radicals produced during the patterning is then given by, 
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	   	   [𝐼]! − 𝐼 =   𝜀Φ 𝐼 !𝐼!𝑡	    (5) 

 

To first approximation, the above equation represents the thiyl radical concentration 

generated during the photo-coupling reaction. By substituting for thiyl radical 

concentration in Eq. 1 we get,  

	   	   𝑅! ∝ 𝐼 !𝐼!𝑡	    (6) 

 

 

 

 

 

 

 

 

Figure S5.1. Amount of AF555AhxRGDSC photopatterned into the network as a function 

of 𝐼 !𝐼!. All the data points collapse onto a straight line validating Equation 6. 
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CHAPTER 6 

                       CONCLUSIONS AND RECOMMENDATIONS 

 

Cell functions such as proliferation, differentiation and migration are greatly 

influenced by wide variety of cues present in the surrounding extra-cellular matrix 

(ECM).  This highly complex, bi-directional interaction of cells with the ECM is difficult 

to assay within a cell’s native environment, due to myriad of constantly changing 

confounding factors that are difficult to isolate systematically.  However, information on 

the role of this outside-in signaling is very important in understand how to regulate 

fundamental biological functions and also to design appropriate biomaterial platforms for 

applications in tissue engineering and regenerative medicine.  Towards this goal, the 

main objective of this thesis was to design appropriate biomaterials platforms to study 

and understand how osteoprogenitor cells, human mesenchymal stem cells (hMSCs), 

receive and exchange information with their external, ECM environment.  A synthetic 

poly(ethylene glycol) (PEG) hydrogel platform was chosen as the base scaffold 

chemistry, due to its hydrophilicity and non-fouling characteristics that allow one to form 

materials with tunable material properties and systematically introduce biological ligands 

to test their effect on hMSC functions.  By altering the PEG chemistry, we synthesized 

programmable hydrogel substrates that enabled us to study the effect of the biochemical 

and biophysical environment on the differentiation program of hMSCs with the ultimate 

goal of understanding how biomaterial niches might be programmed to promote 

osteogenic differentiation and bone regeneration with hMSCs.  
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In Chapter 3, we focused on phosphate functionalized PEG hydrogels, formed via 

chain growth polymerization, to gain knowledge about how this small molecule 

chemistry found in the mineral phase of bone might influence osteogenic differentiation 

of hMSCs.  In vivo, phosphate functional groups are abundantly found in bone ECM and 

have been previously shown to induce osteogenic differentiation in hMSCs.1  Although, 

the mechanism of how this chemical functional group influenced the genetic program in 

hMSCs was unknown.  Towards gaining a better mechanistic understanding, we 

examined the nature of hMSC interaction with phosphate functionalized PEG gels, and 

the role of integrin signaling in influencing osteogenic differentiation in hMSCs.  Our 

results demonstrated that hMSCs interact indirectly with the phosphate functional groups 

via adsorbed ECM proteins.  Integrin signaling via focal adhesion kinase (FAK) was 

determined to be responsible for up-regulation of alkaline phosphatase activity (ALP) and 

osteogenic related genes (i.e. CBFA1, Osteopontin and Coll-Ia) in hMSCs.   

Building from this work, a natural direction would be to explore the interplay 

between substrate elasticity and integrin signaling and their potential synergistic effects 

on hMSC differentiation versus self-renewal.  Since phosphate functional groups were 

found to be osteoinductive (i.e., promotes osteogenic differentiation) in the absence of 

growth factors or media additives, examining topographical effects on hMSC 

differentiation would be another natural extension of the research presented in this thesis.  

Topographical features such as micrometer-range ridges and wells of varying feature size 

and aspect ratio can be formed by incorporating photodegradable moiety2 into the 

phosphate functionalized PEG gel and differential response of osteogenic genes of hMSC 

can be assessed. Morphological responses of hMSCs to such topographies have been 
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recently studied and characterized on such topographies using the photodegradable PEG 

hydrogels3 and similar methods can be easily adopted here.  Collectively, such 

information could prove useful for the design of improved in vitro culture systems for 

hMSC and/or enabling of the engineering of relevant cell carrier materials for 

applications in tissue engineering of bone.  

Chapter 4 then presents the synthesis of α5 integrin priming hydrogels and 

characterizes the interplay between α5 integrin signaling and substrate elasticity on 

hMSC osteogenic differentiation.  Building on previous literature that demonstrated α5 

was involved in downstream signaling events in dexamethasone induced osteogenic 

differentiation of hMSCs,4 we utilized ideal two-dimensional peptide-functionalized PEG 

substrates to understand the role of substrate elasticity on this pathway.  Our results 

established that integrin binding and signaling (determined by focal adhesion area) are 

greatly influenced by substrate elasticity.  Interestingly, a positive correlation was 

observed between focal adhesion area, f-actin organization and osteogenic differentiation 

of hMSCs on these gels that allowed hMSCs form highly organized actin cytoskeleton. A 

significantly higher focal adhesion area resulted in increased ALP activity and osteogenic 

gene expression in hMSCs cultured on stiff substrates in the absence of osteogenic cues. 

To fully understand the interplay of the substrate elasticity and integrin signaling on 

hMSC differentiation, further studies should focus on examining the signaling pathways 

involved.  These pathways might include FAK, Rho/ROCK, PI3K dependent pathways 

which were implicated by previous studies in substrate directed differentiation program 

in hMSCs.5–8   
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More recently, YAP (Yes-associated protein) and TAZ (transcriptional 

coactivator with PDZ-binding motif) have also been identified as nuclear relays of 

mechanical signals such as rigidity and cell shape in hMSCs.9 Examining the role of α5 

integrin signaling on the regulation of the YAP and TAZ could be a promising new 

direction of research building on the results of this chapter. Finally, the cyl(RRETAWA) 

gels developed in this thesis, along with the PEG crosslinking chemistries, provide 

opportunities to tailor the biophysical properties of the gel and presentation of 

biochemical cues systematically and, hence, are well suited to conduct studies that 

examine the individual and synergistic role of these matrix cues on intracellular signaling 

dynamics.  

Towards developing programmable hydrogels that enable for dynamic 

presentation of biochemical cues, we have synthesized PEG hydrogels that were 

homogenously functionalized with addition-fragmentation-chain transfer capable allyl 

sulfide functional groups, as presented in Chapter 5.  Photo-patterning of peptide motifs 

on to the allyl sulfide functional group via cytocompatible thiol-ene photoclick chemistry 

was successfully demonstrated via steriolithography and 2-photon lithography 

techniques.  Biochemical functionalization of the hydrogels was characterized using a 

thiol-containing RGD peptide motif found in the ECM protein fibronectin using 

wavelengths, initiator concentrations and time lengths previously shown to be 

cytocompatible.10–12 Conditions were identified that allowed patterning of the peptide at 

concentrations that have been previously shown to be capable to induce cell migration, 

cell attachment and differentiation.13–17 Photo-lithographic techniques used to pattern 

adhesive peptides allowed to achieve sub-micron size of the features with high fidelity in 
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pattern transfer within 10 minutes time scale. Further, reversible exchange of the 

patterned peptide motifs was demonstrated and the kinetics of the reversible exchange 

was characterized.  By controlling the imaging parameters of 2-photon laser, we 

demonstrated the ability over complete control of the amount of the peptide exchanged. 

While the cytocompatibility of the conditions and reactions used in this study has been 

extensively established previously, the ability of to conduct the exchange reactions in the 

presence of cells should be an immediate goal of the future experiments.   

The methods and conditions studied in this chapter allowed us to use exchange 

reactions to form opposing step gradients of two peptide motifs demonstrated by RGDS 

peptides tagged with two different fluorophores.  All of the exchange reactions developed 

in this thesis were based on the allyl sulfide functional group presented as a backbone of 

the network in the crosslinker. Hence, upon conducting a thiol-ene reaction with this 

functional group, it undergoes fragmentation and results in scission of the cross-link.  

This characteristic property of the hydrogel networks could be exploited to form physical 

channels or topographies functionalized with biochemical cues simply by controlling the 

photo-patterning process.  However, the lower molar absorptivity of the initiator used in 

chapter 5, I2959,18 at 365 nm requires very long exposure times (>30 min for the 

hydrogel formulation studied) to produce radical concentration required to get the 

required mass loss to form physical channels.  Instead, the high molar absorptivity of 

LAP photoinitiator used in chapter 4 can be exploited to form the physical channels with 

less exposure times (< 10 min for the hydrogel formulation studied). Additionally, the 

biochemical functionalization of the formed channels or topographies would be reversible 

resulting, in hydrogels that might be used to conduct experiments focused on guiding cell 
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migration dynamically and in 3D and/or understanding the interplay between topography 

and biochemical cues on differentiation of hMSCs. 

Finally, this thesis used linear allyl sulfide functional group cross-linkers to form 

ideal step growth hydrogel networks, so repeated patterning of the biochemical cues 

could potentially lead to a significant reduction in the substrate elasticity, which limits 

some of the applicability and control of the biomaterial properties.  Alternatively, the 

allyl sulfide functional group could be tethered to the backbone of the network, as shown 

in Figure 6.1a, to avoid the scission of cross-links upon biochemical functionalization of 

the network.  Note that the proposed scheme utilizes cyclic allyl sulfide as opposed to 

linear version used in this thesis, but would allow for biofunctionalization of the network 

without altering the network.  Further, the allyl sulfide functional group used in this thesis 

is symmetric about the double bond and probabilistically leads to the addition of the 

external thiol-containing peptide.  This could potentially pose difficulties during further 

exchange reactions with the already patterned cues. Although we demonstrated stable 

exchange of the peptide motifs using the material formulations developed in this thesis.  

However, to achieve more clean and robust exchange reactions, the functional group 

could be designed to be asymmetric about the double bond, conceptually depicted in 

Figure 6.1b, to direct the β-scission.  
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Figure 6.1. a) Development of addition-fragmentation-chain transfer (AFCT) capable 
hydrogels to achieve independent control of reversible patterning and substrate elasticity. 
A cyclic allyl sulfide can be covalently tethered to the cross-linker used to form the 
hydrogels reported in Chapter 5. b) Controlling the direction of β-scission of allyl sulfide 
intermediate upon attack by a thiyl radical. Asymmetric allyl sulfide functional group (i) 
upon attack by thiyl radical forms an intermediate (ii) that undergoes β-scission only in 
the direction of sulphur atom resulting in (iii)  

 

Towards the application of these adaptable networks, recent seminal studies on 

geometric control of hMSC differentiation program have generated great interest in 

trying to define the underlying mechanisms.19  While these studies have demonstrated a 

causal role of these cues on the terminal fate of hMSCs, they have been limited to 

cultures on static materials, and the methods cannot be readily extended to control these 

cues dynamically.  Thus, towards understanding the underlying mechanism during the 

translation of geometric cues into controlling key regulators of cell fate, dynamic control 

of material properties can prove beneficial.  As one example, although the geometric 

a) 

i ii iii 

b) 
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shape of a cell can be similar, the cytoskeleton organization will be highly dependent on 

the distribution of the integrin binding to the underlying substrate.  This was recently 

demonstrated by Theŕy and colleagues (Figure 6.2)20 where the distribution of an 

adhesive ligand dictated the spatial organization of the focal adhesions and actin network 

in retinal pigment epithelial cells (RPE1) while the overall geometry of the cells 

remained same. Ultimately, actin organization regulates the force distributions exerted 

and experienced by cells.  It has been shown that Rac activation induces cell membrane 

ruffling i.e., formation of membrane protrusions containing a meshwork of newly formed 

stress fibers (confined to the sites of adhesion) and Rho activation controls the 

contractility of the stress fibers.21,22 Hence, the spatial distribution of the focal adhesions 

and actin stress fibers will differentially regulate the activation of Rho and Rac proteins 

which are known to play a role in genetic program of cells including hMSCs.6 Hence, we 

hypothesize that the geometric control of hMSC fate may be due to the differences in the 

distribution of the actin cytoskeleton organization. 
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Figure 6.2. Adhesive patterns define actin-organization maintaining the geometric 
shape of cell. Brightfield images (a,c,e,g) show geometric shapes of adhesive patterns. 
Immunostained images (b,d,f,h) show vinculin (green) and f-actin (red) organization in 
on different geometric patterns studied. Images clearly show variation of f-actin 
organization and focal adhesion localization in retinal pigment epithelial cells with same 
geometric shape.9 
 

We propose that the materials developed in this thesis (Chapter 5) allow a ‘living’ 

strategy towards cell scaffolds that should be suitable to conduct unique experiments that 

allows for independent control over the geometry and actin organization of hMSCs 

dynamically (Figure 6.3).  Such studies could provide a great deal of insight into the 

timeline of matrix signal presentation, and the proposed strategy could allow one to gain 

unique information towards the understanding of how geometric signals, especially 

dynamic changes in these signals, can be exploited to control and manipulate cell fate.  

 

a b 

c d 

e f 

g h 
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Figure 6.3. Two-dimensional modulation of f-actin and vinculin organization 
maintaining the geometric shape. A) Cells can be initially seeded onto adhesive 
patterns (e.g. pentagon pattern shown) formed on allyl sulfide containing PEG gels. At a 
later time point, specific regions of the adhesive pattern can be exchanged with a non-
adhesive peptide in the presence of cells, resulting in a new pattern. Cells should re-
modulate the f-actin and vinculin organization. Such dynamic modulation of f-actin 
organization could be used to study the interplay of cell geometry and f-actin 
organization on hMSC differentiation. 

 

Finally, the reversible exchange strategy can be exploited to construct a time-line 

map of role of specific integrin signaling on genetic program of hMSCs. Particularly, α5 

integrin priming hydrogels developed in chapter 4 can be programmed to be exchanged 

with a promiscuous integrin binding RGD peptide at specific time points during culture 

and osteogenic differentiation can be studied as conceptually depicted in Figure 6.4. 

Combined with the results presented in chapter 4, such studies would answer 
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fundamental biological questions related to the sensitivity of the α5β1 integrin signaling 

on hMSC osteogenic differentiation. 

 

 

 

 

 

 

 

Figure 6.4. Mapping osteogenic differentiation of hMSCs on α5 integrin priming 
cyl(RRETAWA) gels. At specific time points, cyl(RRETAWA) peptide can be 
exchanged with a non-specific integrin binding CRGDS peptide, and osteogenic 
differentiation assayed to map osteogenic differentiation of hMSCs induced by  α5 
integrin signaling.  
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