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Abstract

The influence of specific serum-borne biomolecules (e.g. heparin) on growth factor-dependent cell
behavior is often difficult to elucidate in traditional cell culture due to the random, non-specific
nature of biomolecule adsorption from serum. We hypothesized that chemically well-defined cell
culture substrates could be used to study the influence of sequestered heparin on human
mesenchymal stem cell (hnMSC) behavior. Specifically, we used bio-inert self-assembled
monolayers (SAMs) chemically modified with a bioinspired heparin-binding peptide (termed
“HEPpep™) and an integrin-binding peptide (RGDSP) as stem cell culture substrates. Our results
demonstrate that purified heparin binds to HEPpep SAMs in a dose-dependent manner, and
serum-borne heparin binds specifically and in a dose-dependent manner to HEPpep SAMSs. These
heparin-sequestering SAMs enhance hMSC proliferation by amplifying endogenous fibroblast
growth factor (FGF) signaling, and enhance hMSC osteogenic differentiation by amplifying
endogenous bone morphogenetic protein (BMP) signaling. The effects of heparin-sequestering are
similar to the effects of supraphysiologic concentrations of recombinant FGF-2. hMSC phenotype
is maintained over multiple population doublings on heparin-sequestering substrates in growth
medium, while hMSC osteogenic differentiation is enhanced in a bone morphogenetic protein-
dependent manner on the same substrates during culture in osteogenic induction medium.
Together, these observations demonstrate that the influence of the substrate on stem cell
phenotype is sensitive to the culture medium formulation. Our results also demonstrate that
enhanced hMSC proliferation can be spatially localized by patterning the location of HEPpep on
the substrate. Importantly, the use of chemically well-defined SAMs in this study eliminated the
confounding factor of random, non-specific biomolecule adsorption, and identified serum-borne
heparin as a key mediator of hMSC response to endogenous growth factors.
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A Introduction

Serum is commonly used as a cell culture supplement, as it provides a relatively inexpensive
source of biomolecules that mediate cell adhesion and support cell survival. To enhance
specific stem cell behaviors, such as proliferation or differentiation, cell culture media are
often further supplemented with biomolecules (e.g. growth factors) that activate the behavior
of interest. For example, addition of fibroblast growth factor (FGF)-2 to human
mesenchymal stem cell (hMSC) cultures up-regulates proliferation and maintains the
multipotent phenotype of these cells,> while addition of bone morphogenetic protein
(BMP)-2 enhances hMSC osteogenic differentiation.2 However, eliciting these changes in
stem cell behavior typically requires a supraphysiologic concentration of growth factor,
which likely provides limited insight into growth factor function within the in vivo context.
Therefore, culture systems that can harness the activity of endogenous growth factors may
provide better in vitro models to study their importance within physiologically relevant
settings.

One approach to harness endogenous growth factor activity could involve mimicking
regulatory mechanisms prevalent in the natural extracellular matrix (ECM). For example,
heparin proteoglycans (PGs) and glycosaminoglycans (GAGS) integrated within the ECM
can bind to soluble growth factors, thereby concentrating them and locally amplifying their
activity within distinct extracellular microenvironments.3 This natural mechanism has
previously inspired the development of biomaterials decorated with heparin GAGs to
augment growth factor release.* Additionally, we and others have developed biomaterials
modified with a heparin-binding peptide as models to probe the role of interactions between
cell-surface heparin and the ECM on cell functions, such as adhesion® or expansion of
pluripotent stem cells.6 During in vitro culture, however, soluble, serum-borne heparin is
likely localized to the cell-material interface either through non-specific electrostatic
mechanisms or through specific interactions with proteins that have adsorbed to the culture
substrate, such as fibronectin’ or laminin.8 Yet, to date, the influence of soluble heparin
sequestered at the cell-material interface remains poorly characterized due to the lack of
model culture systems that can isolate the influence of soluble heparin from other serum-
borne biomolecules. Recently, we demonstrated that self-assembled monolayers (SAMs)
presenting a heparin-binding peptide (termed “HEPpep”) sequester serum-borne heparin,
either as a PG or GAG, and enhance human umbilical vein endothelial cell (HUVEC)
proliferation by amplifying the activity of recombinant fibroblast growth factor (FGF)-2.°
Our results suggested that soluble heparin sequestered at the cell-material interface is a key
mediator of cell response to the growth factor, as enhanced FGF-mediated proliferation was
not observed when HUVECs were cultured in medium lacking heparin or on substrates
resistant to heparin binding. However, similar to existing methods to modulate cell behavior,
our initial demonstration relied on supraphysiologic, recombinant FGF-2 concentrations to
enhance HUVEC proliferation. Here, we hypothesized that soluble, serum-borne heparin
sequestered at the cell-material interface can locally amplify the activity of serum-borne or
cell-secreted (i.e. endogenous) growth factors to modulate stem cell behavior.

In this report, model SAM substrates that selectively sequester soluble heparin and growth
factors via sequential, non-covalent interactions (HEPpep SAMSs) were used to study the
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influence of endogenous heparin and growth factors on stem cell behavior. By sequestering
soluble, endogenous heparin and growth factors at the cell-material interface, these
substrates enhanced hMSC proliferation in an FGF-dependent manner and enhanced hMSC
osteogenic differentiation in a BMP-dependent manner (Fig. 1). In addition, enhanced
hMSC proliferation could be spatially controlled by patterning heparin sequestering on the
substrate, which provides a level of local regulation that is unattainable by simply adding
supraphysiologic concentrations of biomolecules to the cell culture medium. Importantly,
growth factor-dependent enhancement of hMSC behaviors was observed in media
supplemented only with serum, which suggests that mimicking natural mechanisms to
localize and amplify endogenous growth factor activity may circumvent the need for
supraphysiologic concentrations of growth factors. In total, this work establishes non-
covalent sequestering as a promising strategy to develop in vitro culture models that more
closely mimic native microenvironments. This approach may also enable novel approaches
to understand the role of endogenous factors in modulating stem cell behavior.

B Experimental methods

Materials

Gold substrates (5nm Cr, 200nm Au and 2nm Ti, 10 nm Au) were from Evaporated Metal
Films (Ithaca, NY). 11-tri-(ethylene glycol)-undecane-1-thiol (HS---EG3) was synthesized
using a previously described protocol.5 11-carboxyhexa-(ethylene glycol)-undecane-1-thiol
(HS---EG6---COOH) and 11-azido-hexa(ethylene glycol)-undecane-1-thiol (HS:--EG6---N3)
were purchased from Prochimia (Sopot, Poland). The peptides GGGKRTGQYKL
(HEPpep), GGGTYRKKGLQ (Scramble), GGLWLGGRGDSP, and 3-amino-5-hexynoic
acid- GGRGDSP (alkyne-terminated RGDSP) were synthesized using a standard solid phase
peptide synthesis protocol for Fmoc-protected amino acids activated by HOBt and DIC.
Piperidine, dimethylformamide (DMF), triisoproylsilane (TIPS), and PD 173074 were from
Sigma-Aldrich (St. Louis, MO). Fmoc-protected amino acids and Rink amide MBHA
peptide synthesis resin were from NovaBiochem (San Diego, CA). Hydroxybenzotriazole
(HOBL) was from Advanced Chemtech (Louisville, KY). Diisopropylcarbodiimide (DIC)
was from Anaspec (San Jose, CA). Trifluoroacetic acid (TFA) and diethyl ether were from
Fisher Scientific (Fairlawn, NJ). Absolute ethanol was from AAPER Alcohol and Chemical
Co. (Shelbyville, KY). Human mesenchymal stem cells (hMSCs) were from Cambrex
(North Brunswick, NJ). 1x minimum essential medium, alpha (¢ MEM) and Medium 199
(M199) were from CellGro (Mannassas, VA). MSC-qualified fetal bovine serum was from
Invitrogen (Carlsbad, CA). 0.05% Trypsin and penicillin/streptomycin were from Hyclone
(Logan, UT). Goat anti-human CD105 antibody was from BD Transductions (San Jose,
CA), rabbit anti-human CD90 antibody was from Abgent (San Diego, CA), and
alexafluor-488-tagged donkey anti-goat and alexafluor-647-tagged goat anti-rabbit
secondary antibodies were from Invitrogen (Carlsbad, CA).

SAM formation and peptide immobilization

Gold substrates were cut, sonicated in ethanol for 3 min, washed with ethanol, and dried
under a stream of nitrogen prior to monolayer formation. Monolayers were formed by
immersing gold substrates in an ethanolic solution containing 97.5% HS---EG3 : 2.5%
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HS---EG6---COOQOH for typical SPR binding experiments, or in an ethanolic solutions
containing 96% HS:--EG3 : 4% HS---EG6---COOH or 96% HS--EG3 : 2%
HS---EG6---COOH: 2% HS---EG6---N3 for typical cell culture experiments. After monolayer
formation, gold substrates were removed from the ethanolic solution, washed with ethanol,
and dried under a stream of nitrogen.

Peptide immobilization onto monolayers was achieved using one of two strategies. The first
strategy involved a two-step process: (1) Carboxylate groups were “activated” by incubating
SAMs in an aqueous solution containing 100 mM NHS and 250 mM EDC for 10 min,
followed by washing with DI H20 and ethanol, and drying under a stream of nitrogen, and
(2) NHS-activated SAMs were incubated in a 1x phosphate-buffered saline (PBS) solution
containing 250 pM total peptide (250 uM HEPpep or scramble for typical SPR experiments;
125 yM GGLWLGGRGDSP and 125 uM HEPpep or scramble for typical cell culture
experiments) for 60 min, followed by washing with DI H20, 0.1% SDS, DI H20 and
ethanol, and drying under a stream of nitrogen. In the second strategy, (1) CuBr, sodium
ascorbate (Na-Asc), and tris-(Benzyltriazolylmethyl)-amine (TBTA) were dissolved in
DMSO at a concentration of 2 mM, (2) acetylene-terminated RGDSP was dissolved in
HEPES (0.1 M, pH 8.5) at a concentration of 2mM, (3) the DMSO solution containing
CuBr, Na-Asc, and TBTA and the HEPES solution containing peptide were then mixed at a
1: 1 ratio by vortexing, followed by sonication for 10 min, (4) gold substrates bearing azide-
termini were immersed in this solution and allowed to incubate at room temperature for 60
min, and (5) at the reaction endpoint, gold substrates were washed sequentially with DI
water, 0.1% sodium dodecyl sulfate in water, DI water, and ethanol, followed by drying
under a stream of nitrogen.

Surface plasmon resonance

Heparin GAG and serum-borne biomolecule binding onto mixed SAMs consisting of HS—
EG3 and HEPpep or scramble were analyzed using a BlAcore 2000 system (Piscataway,
NJ). Typical binding experiments were performed as follows: (1) phosphate buffered saline
(pH 7.4) (PBS) was passed over the SAM to establish the plasmon resonance baseline of the
surface, (2) 100 pL of 1x PBS solutions containing various concentrations of heparin or FBS
were passed over the SAM, and 3) PBS was passed over the SAM to establish the change in
surface plasmon resonance signal due to the presence of adsorbed protein. kyss and Kqps Were
calculated using non-linear regression analysis in Prism software using the one-phase decay
and one-phase association models, respectively.

hMSC proliferation

Passage 6 hMSCs were seeded on SAM substrates at a density of 2000 cells/cm? in a MEM
supplemented with 10% FBS. After overnight attachment, SAMs were washed with 1x PBS
to remove any loosely bound cells. For proliferation experiments, SAMs were maintained in
one of the following culture conditions for 72 h: aMEM supplemented with 0.01, 0.1, 1, or
10% FBS; a MEM supplemented with 10% FBS and 200 nM PD 173054; serum-free
aMEM supplemented with 10 ng/mL FGF-2; a MEM supplemented with 10% FBS and 0, 1
or 5 ng/mL FGF-2. T = 0 h for each experiment was designated as the point immediately
after placing the SAMs in the appropriate culture medium. Brightfield photomicrographs
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(40x mag) of each substrate were collected on an Olympus IX51 inverted epifluorescent
microscope att =0, 24, 48, and 72 h and the total number of cells per viewing area was
counted manually.

Immunocytochemistry of hMSC CD90 and CD105 expression

hMSCs were fixed to the substrates using 4% paraformaldehyde in 1x PBS, samples were
blocked with 0.1 wt% bovine serum albumin, substrates were incubated in 1x PBS
containing a CD105 antibody (BD Transductions, San Jose, CA) or a CD90 antibody
(Abgent, San Diego, CA) at room temperature for 60 min, substrates were incubated in a 1x
PBS solution containing an alexfluor-tagged secondary antibody (Invitrogen, Carlsbad, CA)
at room temperature for 60 min, and brightfield and fluorescent photomicrographs of
antibody stained hMSCs were then collected using an Olympus IX51 inverted epifluorescent
microscope equipped with a FITC filter cube set.

Patterned SAMs

Microfluidic devices with arrays of microchannels were created using soft lithography and
designed to facilitate “passive pumping” in which differences in surface tension across the
microchannel were used to drive fluid transport. Briefly, master molds were fabricated from
SU-8 (Microchem, Newton, MA) spin-coated silicon wafers using conventional
photolithography techniques. Multiple layers of photoresist were used to create channels
with geometries of 4500 x 750 x 250 pym (I x w x h) and ports with radii of 603 um and
1200 um. Polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning, Midland, MI) was
prepared by mixing a 10 : 1 ratio of base/curing agent (w/w) followed by degassing for ~30
mins. The degassed mixture was cast over the mold and cured for 4 h at 85 °C. Following
curing, PDMS devices were removed from molds and cleaned in EtOH using an overnight
Soxhlet extraction. After cleaning, PDMS devices were placed in vacuo to remove residual
ethanol from the Soxhlet extraction process.

A clean gold chip measuring 1” x 1.5” was placed in a 2 mM ethanolic 96% HS---EG3:4%
HS-EGg—COOH solution overnight. The chip was then removed from the alkanethiolate
solution, rinsed with EtOH, blown dry with nitrogen, and placed in a 250 mM EDC, 100
mM NHS solution to create a NHS-activated surface. After incubating for B10 min, the chip
was removed from the NHS/EDC solution, rinsed with DI H,0O, rinsed with EtOH, blown
dry with nitrogen and then placed in a polystyrene Petri dish. Approximately 15 pL of EtOH
was applied to the center of the chip, followed by application of the PDMS microfluidic
device. The SAM chip and device were then placed in vacuo for ~30 min to remove the
EtOH and create a tight seal between the microfluidic device and SAM surface. Localized
peptide conjugation to the SAM was achieved by filling channels with a peptide solution
containing 125 pMHEPpep or scrambled peptide and 125 pM GGLWLGGRGDSP in 1x
PBS (pH 7.4) and incubating for 45 min. Channels were rinsed 4 times with 5 pL of DI
H,0. The chip and attached microfluidic device were then immersed in a 1 mM solution of
GGRGESP. The PDMS device was removed to expose the background to the GGRGESP
peptide coupling solution, which blocks the background to prevent cell adhesion. After 45
min, the patterned substrate was rinsed with a 0.1 wt% SDS solution and then transferred to
a 50 mL conical tube (BD Falcon, San Jose, CA) containing ~30 mL of SDS solution and
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sonicated for 3 min. Following sonication, the patterned substrate was finished with 5-
second rinses of additional SDS solution, H,O, EtOH, and then dried with nitrogen.

hMSC osteogenic differentiation

Passage 5 hMSCs were seeded on SAM substrates at a density of 2000 cells/cm2. hMSCs
were cultured on SAMs or polystyrene (PS) in medium supplemented with 10% fetal bovine
serum, 50 pg/mL 2-phosphate ascorbic acid, 10 mMp-glycerophosphate, and 100 nM
dexamethasone (osteogenic induction medium (OM)) for 7 days, with medium changed
once at day 3. At the end of the 7-day culture period, cells were either harvested from the
substrates by trypsinization and processed for gPCR (see experimental details below) or
harvested by scraping into lysis buffer for alkaline phosphatase (ALP) activity
measurements and total DNA quantification. ALP activity was measured using the
SensoLyte FDP fluorometric alkaline phosphatase assay kit (Anaspec, San Jose, CA) and
total DNA was quantified using the CyQuant cell proliferation assay kit (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions. For BMP receptor inhibition
studies, cells were cultured in OM supplemented with 200 nM LDN-193189 (Stemgent, San
Diego, CA).

Quantitative polymerase chain reaction

Total RNA was isolated using the PerfectPure RNA Cultured Cell Kit (5 Prime
Gaithersburg, MD). cDNA synthesis was performed according to the instructions for the
ThermoScript RT-PCR System (Invitrogen Carlsbad, CA). Briefly, 25 ng of RNA was
combined with 1 pl of 50 uM Oligo(dT)20, and 2 pul of 10 mM dNTP Mix followed by 5 min
incubation at 65 °C to denature the RNA and primer. Reverse transcription was carried out
at 55 °C for 60 min and the reaction was terminated at 85 °C for 5 min. The CD73, CD90
and CD105 oligonucleotide primer sequences for gPCR were designed using Primer-Blast
(NCBI Bethesda, MD). Primer sequence for OPN was kindly provided by Dr Wan-ju Li.
GAPDH was used as an internal control. All primers were used at a final concentration of 50
nM. The amplification conditions were 95 °C for 10 min, 40 cycles of denaturing at 95 °C
for 15 s, annealing and extension at 60 °C for 1min. Power SYBR Green PCR Master Mix
was used to detect nucleotides (Applied Biosystems Foster City, CA). Primer efficiencies
were extracted from StepOne(tm) Software v2.1 and verified with melting curves and gel
electrophoresis (Applied Biosystems Foster City, CA). CD73, CD90 and CD105 presented
as copies per unit RNA, OPN mRNA copies were normalized to OPN mRNA copies in
untreated hMSC.

Statistical analysis

Statistical significance between samples was evaluated using Student’s t-tests with Prism
software.
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Serum-borne biomolecule sequestering by HEPpep SAMs is serum concentration-

dependent

We previously demonstrated that HEPpep SAMs sequester serum-borne heparin.® Since
heparin is present as both a PG and a GAG in serum,10 and since either heparin type is likely
to bind to substrates presenting a heparin-binding peptide, we will collectively refer to these
serum-borne molecules as “heparin” throughout this paper. Here, we used surface plasmon
resonance (SPR) to characterize the correlation between the concentration of serum-borne
biomolecules in solution and the amount of biomolecule binding to HEPpep SAMs. First,
we passed solutions of purified heparin glycosaminoglycan (GAG) over 1% HEPpep SAMs
to characterize the correlation between heparin in solution and extent of binding to the
substrate. Over the concentration range of 0.5-100 pug/mL heparin GAG, the SPR signal
increased as a function of heparin GAG concentration (Fig. 2A). Above heparin GAG
concentrations of 100 pg/mL, there was no further change in the SPR signal, which suggests
that HEPpep ligands on a 1% SAM are saturated in the presence of heparin GAG
concentrations = 100 pg/mL.

Next, we characterized sequestering of serum-borne biomolecules on 1% HEPpep SAMs
using SPR. Passing 1-10% fetal bovine serum (FBS) solutions over a SAM presenting 2.5%
HEPpep resulted in a significant increase in the SPR signal (Fig. 2B), with the total RU shift
dependent on the volume fraction of serum. Assuming that a 1000 RU shift corresponds to 1
ng/mm? bound biomolecule,! the density of biomolecules bound to 2.5% HEPpep SAMs,
which includes heparin and heparin-binding proteins, was between 780-1210 pg/mm? for
substrates exposed to 1-10% FBS. The positive slope at the end of the serum-binding phase
on 2.5% HEPpep SAMs suggests that binding has not approached saturation even when
10% FBS is passed over the chip, which is consistent with our previous results
demonstrating an increase in serum-borne biomolecule binding to 1% HEPpep SAMs over
the range of 1-100% FBS.?

Comparing the SPR response on HEPpep SAMs to that observed when passing a 10% FBS
solution over a SAM presenting 2.5% of a control “scrambled” version of HEPpep
demonstrates that serum-borne biomolecules also bind to this substrate (Fig. 2B). However,
the amount of serum-borne biomolecules bound to the control SAM exposed to 10% FBS
(400 pg/mm?) was significantly less than that observed on any of the HEPpep SAMSs, and
the relatively flat profile suggests that binding is nearly saturated under this condition. The
relatively high charge density of the peptide (+ 3/peptide) suggests that the binding observed
on the control SAM is due to non-specific electrostatic interactions, which is commonly
observed when charged SAMs are exposed to proteins.12 However, the extent of non-
specific binding is consistent with previous reports demonstrating low non-specific
adsorption onto binary mixed SAMs, and is well within the range used to classify surfaces
as ‘bio-inert’.13

The observed binding rate constant (kyps) and dissociation rate constant (Kq¢f) Were
calculated using a non-linear regression analysis of the change in RU over time for 2.5%
HEPpep SAMs exposed to 1-10% FBS. ko and Kqs increased as a function of serum
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volume fraction (Fig. 2C). This observation is consistent with our previous results
demonstrating a correlation between serum volume fraction and kqyps or Kqff for 1% HEPpep
SAMs,? which suggests that the increased surface density of HEPpep does not change the
serum-borne biomolecule binding properties of the SAM.

Sequestered heparin enhances stem cell proliferation in standard growth medium

We next characterized the influence of HEPpep SAMs on human mesenchymal stem cell
(hMSC) proliferation to address the hypothesis that serum-borne biomolecules localized at
the cell-material interface can influence stem cell proliferation. We have recently
demonstrated that SAMSs patterned to include a peptide-decorated, cell-adhesive region and
a surrounding bio-inert region are stable during MSC culture for up to 14 days.14 In
addition, Mrksich and colleagues have recently used patterned SAMs over 1 week to
characterize correlations between MSC adhesion and differentiation.1®> Here, we have
limited our culture studies to 7 days or less to remain within the expected window of SAM
stability during MSC culture. hMSCs were cultured on SAMs presenting 2% RGDSP (a
fibronectin-derived cell adhesion peptidel®) and either 2% HEPpep (“HEPpep/RGDSP”) or
2% scrambled version of HEPpep (“control™) for 72 h in standard serum-containing
medium. RGDSP was included because cells do not adhere to well-defined SAM surfaces
presenting HEPpep or scramble alone, which is consistent with previous reports from our
lab demonstrating weak adhesion of hMSCs to SAMs presenting a heparin-binding
peptide,>P as well as a report from Healy and co-workers demonstrating weak adhesion of
osteoprogenitor cells to materials presenting a heparin-binding peptide against an otherwise
bio-inert background.1” hMSC number was significantly greater on HEPpep/RGDSP SAMs
when compared to control SAMs after 24, 48, and 72 h of culture in medium supplemented
with either 1% or 10% FBS (Fig. 3A and B). Interestingly, however, no increase in hMSC
number was observed on HEPpep/RGDSP SAMs during culture in medium supplemented
with less than 1% serum (Fig. 3A). The correlation between proliferation and the volume
fraction of serum, which is known to contain heparinl9 and numerous heparin-binding
growth factors,18 suggests that the influence of heparin-binding SAMs on stem cell function
is sensitive to the concentration of soluble biomolecules present within the culture
environment. Of note, the enhanced hMSC proliferation observed on SAMs presenting a
heparin-binding peptide and an RGD binding peptide is in contrast to previous work from
Healy and co-workers demonstrating that osteoprogenitor cell proliferation is not enhanced
when a heparin-binding peptide is co-immobilized with an RGD ligand.>2 However, the
work of Healy and co-workers relied on heat-inactivated serum as the culture supplement,
while our work used serum that had not been heat-inactivated. Thus, the relative activity of
serum-borne biomolecules is likely to be different in each study, which may explain the
observed differences in the influence of a heparin-binding peptide on cell proliferation in the
presence of serum.

We were also interested in the influence that endogenous heparin and growth factors
localized at the cell-material interface have on hMSC phenotype over multiple population
doublings. Expression of CD73, CD90, and CD105 is a common minimal requirement for
classifying cells as hMSCs.19 We compared the expression of these markers after 72 h of
culture on HEPpep/RGDSP SAMs in standard hMSC medium, or control SAMs in hMSC
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medium supplemented with 5 ng/mL recombinant FGF-2. Quantitative polymerase chain
reaction (QPCR) demonstrated that CD73, CD90, and CD105 mRNA expression levels were
similar (Fig. 3C). Additionally, cells cultured on HEPpep/RGDSP SAMs stained positively
for CD90 and CD105 (Fig. 3D) expression after 72 h of culture. Together, these results
demonstrate that culturing hMSCs on heparin-binding SAMs in medium supplemented with
serum does not favor early shifts toward a specific lineage.

Enhanced hMSC proliferation on heparin-binding SAMs is dependent on FGF signaling
and not direct cell-material interactions

Since FGFs are heparin-binding growth factors2? and are also known to promote hMSC
proliferation,! we next used a soluble FGF receptor inhibitor to address the hypothesis that
up-regulated hMSC proliferation on heparin-binding SAMs is FGF-dependent. h(MSC
proliferation on HEPpep/RGDSP SAM s in the presence of PD 173074, a soluble inhibitor of
FGF receptor-1 and receptor-3,21 was similar to hMSC proliferation on control SAMs in the
presence or absence of the FGF signaling inhibitor (Fig. 4A). These observations indicate
that FGF signaling is a key mediator of the enhanced hMSC proliferation on HEPpep SAMs,
and also suggest that when heparin is absent from the cell-material interface, cell-secreted or
serum-borne FGFs have minimal influence on hMSC proliferation.

In a previous study we observed that a heparin-binding peptide and an integrin-binding
peptide can work synergistically to influence hMSC-substrate adhesion, measured as
projected cell area.>® Here, we again relied on projected cell area as a means to characterize
the importance of direct cell-material interactions in the enhanced hMSC proliferation
observed on HEPpep/RGDSP SAMs. The projected cell area of hMSCs on HEPpep/RGDSP
SAMs was similar, regardless of whether the cells were seeded in serum-free medium or
medium supplemented with 10% FBS (Fig. 4B). This suggests that HEPpep does not
mediate direct cell-material interactions, as the presence of soluble, serum-borne heparin
does not inhibit or diminish cell adhesion onto the substrate. This observation is in contrast
to previous work from our lab demonstrating that the presence of serum inhibits the
synergistic influence of a different heparin-binding peptide on hMSC adhesion when co-
immobilized with an RGD ligand,>° as well as studies demonstrating that soluble heparin
can inhibit bone cell adhesion mediated by the binding of cell-surface heparin to adsorbed
heparin-binding domain of fibronectin.22 Therefore, these observations indicate that direct
cell-material interactions mediated by HEPpep binding to cell-surface heparin are unlikely,
and, as such, are not a key mediator of the enhanced hMSC proliferation on HEPpep SAMs.

Together, these results indicate that FGF signaling is the prominent mechanism governing
enhanced hMSC proliferation on HEPpep SAMs. However, since both FGF-2 and FGF-4
up-regulate hMSC proliferation!23 and each signals via FGFR1 and FGFR3,24 we can infer
that one or both of these growth factors are involved in up-regulating hMSC proliferation on
HEPpep SAMs. In addition, although not demonstrated here, it is likely that multiple
signaling mechanisms beyond those activated by FGFs are working in concert to enhance
hMSC proliferation on heparin-binding SAMs. For example, early FGF signaling events
may promote the expression of other heparin-binding growth factors that can enhance hMSC
proliferation. Thus, when an FGFR inhibitor is added at t = 0, expression of these secondary
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growth factors may be attenuated, which results in a loss of amplified hMSC proliferation on
heparin-binding substrates.

To further characterize the specific role of FGF-2 signaling, we seeded hMSCs overnight in
medium supplemented with 10% FBS, then cultured the cells in serum-free medium
supplemented with 10 ng/mL recombinant FGF-2. hMSC proliferation under these
conditions was significantly greater on HEPpep/RGDSP SAMs when compared to control
SAMs at 24 and 48 h (Fig. 4C). However, there was an inflection point in the growth curve
between 24 and 48 h, with no further increase in cell number observed beyond this point.
This observation indicates that heparin bound to the substrate during overnight incubation in
serum-supplemented medium can enhance FGF-2-mediated hMSC proliferation for a short
period of time, even when heparin and other serum-borne growth factors are absent from the
culture medium. However, this observation suggests that the amount of heparin and/or
heparin-binding growth factors, such as FGFs, secreted by hMSCs during culture are
insufficient to maintain enhanced hMSC proliferation, even if a mechanism is provided to
prevent diffusion of these molecules away from the cell-material interface. This observation
of a relatively high required dose of soluble, serum-borne heparin and growth factors is not
surprising in light of the observation that hMSC proliferation was not enhanced during
culture in medium supplemented with 0.01 or 0.1% FBS (Fig. 2A). Taken together, these
observations also further support the conclusion that enhanced hMSC proliferation on
heparin-binding SAMs is mediated by soluble heparin sequestered at the cell-material
interface, rather than direct cell-material interactions between HEPpep and cell-surface
heparin, as we would not expect cell-material interactions to be disrupted in the absence of
serum. In addition, these observations also suggest that the synergistic influence of FGF-2
and FGF-4 signaling, or FGF-2 signaling with other serum-borne, heparin-binding growth
factors, may support long-term hMSC proliferation more effectively than FGF-2 signaling
alone.

Next, we characterized the correlation between heparin at the cell-material interface and the
concentration of recombinant FGF-2 required to enhance hMSC proliferation. In addition to
10% FBS, a recombinant FGF-2 supplement concentration = 1 ng/mL was needed to
observe a similar hMSC proliferation rate on control SAMs that do not bind heparin when
compared to hMSCs on HEPpep/RGDSP SAMs in medium supplemented only with 10%
serum (Fig. 4D). Importantly, this result demonstrates that enhancing hMSC proliferation
when heparin is absent from the cell-material interface requires a supraphysiologic dose of
FGF-2, presumably to establish a local concentration that is sufficiently high to activate cell
surface FGFRs, while the high affinity of heparin-FGF binding (Kp ~ 470 nM)25 can
establish a local concentration of endogenous FGFs at the cell-material interface that is
sufficient to activate cell surface FGFRs. Together, these data indicate that serum-borne
heparin sequestered at the cell-material interface can non-covalently localize and, in turn,
harness the biological activity of endogenous growth factors.

It is noteworthy that serum-borne heparin PGs and GAGs may also adsorb onto traditional
poly(styrene) cell culture substrates, either through non-specific electrostatic interactions or
by binding specifically to adsorbed proteins, such as fibronectin or laminin,® and amplify
cell responses to heparin-binding growth factors. However, these effects would be difficult
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to elucidate due to the complex biomolecule adsorption profile observed on traditional cell
culture substrates after serum exposure.28 Therefore, chemically well-defined cell culture
substrates that can sequester specific serum-borne biomolecules at the cell-material interface
provide an enabling new mechanism to study the effects of serum-borne biomolecules on
cell behavior by eliminating the confounding factor of non-specifically adsorbed
biomolecules.

The influence of heparin sequestering can be spatially controlled

Using a SAM patterning approach recently developed by our group,14 it was also possible to
spatially control the effects of heparin PG sequestering. Specifically, hMSC proliferation in
medium supplemented with 10% serum was significantly greater within patterned regions
containing HEPpep/RGDSP at 24, 48, and 72 h (Fig. 5), and this spatially patterned
enhancement in hMSC number was similar to the enhancement observed on non-patterned
SAMs (Fig. 2A). The observed spatial control over up-regulated hMSC proliferation
indicates that stem cell behaviors can be differentially regulated within a single population
of cells by patterning heparin-binding peptides. Importantly, this spatial control cannot be
achieved by simply adding supraphysiologic concentrations of growth factor to the culture
medium, and may therefore be of interest for developing therapeutic biomaterials that can
direct neighboring cells toward different lineages. Patterned heparin PG sequestering may
also provide high throughput tools to study fundamental questions related to extracellular
matrix biology and crosstalk between neighboring stem cell populations.

HEPpep SAMs enhance hMSC osteogenic differentiation

Heparin and heparin-binding growth factors have been implicated in osteogenic
differentiation processes, although the role of each has been controversial to date. For
example, binding of heparan sulfate GAGs to bone morphogenetic protein 2 (BMP-2) down-
regulates C2C12 cell osteogenic differentiation,2” while heparan sulfate GAG chains
attached to glypican-3 up-regulate BMP-mediated MC3T3-EL1 cell osteogenic
differentiation.?8 To understand the influence of soluble, endogenous heparin and growth
factors on hMSC osteogenic differentiation, we characterized alkaline phosphatase (ALP)
activity and osteopontin (OPN) mRNA expression of cells cultured on different substrates in
osteogenic induction medium. Alkaline phosphatase (ALP) activity was 3-fold to 5-fold
higher in cells cultured on HEPpep/RGDSP SAMs when compared to cells cultured on
control SAMs or polystyrene substrates in osteogenic medium (OM) (Fig. 6A).
Interestingly, the enhanced ALP activity of hMSCs cultured on HEPpep/RGDSP SAMs was
completely abolished in the presence of LDN-193189, a BMP receptor inhibitor.2° This
observation suggests that signaling by endogenous BMPs, another family of heparin-binding
growth factors,30 is involved in up-regulating ALP activity of hMSCs cultured on heparin-
binding SAMs. Importantly, this observation further supports the assertion that culture
substrates that sequester specific endogenous biomolecules may provide more appropriate in
vitro models to understand cell differentiation processes than traditional culture substrates
by eliminating the complications associated with random, non-specific biomolecule
adsorption.
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Cells cultured on heparin-binding SAM substrates also demonstrated higher osteopontin
(OPN) mRNA expression when compared to cells cultured on PS, but this effect was not
influenced by BMP receptor inhibition (Fig. 6B). This observation suggests that BMP
signaling does not regulate OPN mRNA expression to the extent that it regulates ALP
activity (Fig. 6A). Similarly, the OPN mRNA expression level of cells cultured on control
SAMs was on average higher, although ultimately not significantly different than cells
cultured on PS in OM (Fig. 6B). The observed increase in OPN mRNA expression in cells
cultured on SAMs may be explained by differential hMSC spreading, as a well-defined
correlation has recently been shown between hMSC spreading and fate determination1531
and hMSC projected cell area during culture in OM was significantly increased on HEPpep/
RGDSP and control SAMs when compared to cells cultured on PS (Fig. 6C and D). This
result suggests that interactions between hMSCs and the RGDSP cell adhesion ligand, which
was present on all SAMs explored in this study, may be involved in up-regulating OPN
mMRNA expression. This assertion is consistent with a recent report from Hubbell and co-
workers demonstrating that fibronectin fragments—including RGDSP-with varying integrin-
binding specificity differentially influence hMSC osteogenic differentiation.32

Together, these results provide early evidence that heparin and, in turn, endogenous BMPs
localized at the cell-material interface enhance hMSC osteogenic differentiation. However,
the discrepancy between BMP signaling involvement in ALP activity and OPN mRNA
expression suggests that multiple signaling mechanisms likely influence hMSC osteogenic
differentiation. Therefore, these preliminary results provide a basis for future studies using
HEPpep/RGDSP SAMs to characterize the influence of BMP signaling on the expression of
other osteogenesis related markers and the role of additional heparin-binding growth factors
in hMSC osteogenic differentiation.

D Discussion

Cell interaction with common culture substrates, such as polystyrene or glass, is mediated by
non-specifically adsorbed serum-borne biomolecules. Heparin PGs and GAGs are present in
serum,10 and it is likely that heparin in either form adsorbs to common cell culture substrates
and influences cell behavior to some extent. However, due to the random, non-specific
nature of biomolecule adsorption onto these substrates,33 it is difficult to separate the
influence of heparin from the influence of other non-specifically adsorbed biomolecules.
Here, we used model substrates that sequester heparin and resist non-specific adsorption to
demonstrate that serum-borne heparin sequestered at the cell-material interface is an
important mediator of growth factor-dependent stem cell behavior. In particular, our results
demonstrated that sequestered heparin enhances hMSC proliferation in an FGF-dependent
manner. In addition, we observed preliminary evidence that sequestered heparin enhances
hMSC osteogenic differentiation in a BMP-dependent manner. This approach eliminated the
confounding factor of non-specifically adsorbed biomolecules to identify a correlation
between serum-borne heparin at the cell-material interface and stem cell responses to serum-
borne or cell-secreted growth factors. Importantly, this approach is likely to be broadly
applicable to the study of other serum-borne or cell-secreted biomolecules by varying the
binding specificity of the ligand immobilized onto the substrate.
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The fundamental hypothesis that biomaterials decorated with heparin/heparan sulfate
glycosaminoglycans can influence cell behavior by localizing growth factor activity is well-
established.? In addition, there are numerous examples that an immobilized heparin-binding
peptide can influence cell behavior by promoting direct interaction between cell-surface
heparin GAGs and the underlying material. For example, Healy has demonstrated that the
presence of a heparin-binding peptide enhances osteoblast precursor adhesion and
mineralization but does not influence proliferation of these cells.>17 Similarly, Kiessling
demonstrated that substrates presenting a heparin-binding peptide can support the expansion
of pluripotent stem cells in defined culture medium.b In each of these examples, it is
proposed that the heparin-binding peptide influences cell behavior by interacting directly
with heparin glycosaminoglycans that are attached to the cell surface. Similarly, we have
also previously demonstrated that an immobilized heparin-binding peptide can influence
human mesenchymal stem cell adhesion under serum-free conditions,>P presumably by
interacting with cell-surface proteoglycans. Here, we hypothesized that soluble heparin
GAGs/PGs (i.e. heparin that is not linked to the cell surface) present in culture medium can
modulate hMSC behavior by locally amplifying the activity of serum-borne or cell-secreted
growth factors. To test this hypothesis, we used a SAM-based culture platform that can non-
covalently sequester serum-borne heparin, which serves to mimic non-covalent heparin
adsorption onto polystyrene culture substrates, while preventing non-specific adsorption of
other serum-borne biomolecules. We observed enhanced hMSC proliferation on HEPpep
SAMs in medium supplemented only with serum, which is known to contain soluble
heparin/heparan sulfate GAGs/PGs,10 and this response was dependent on serum
concentration. Taken together with the observation that HEPpep does not influence hMSC
adhesion (Fig. 4B), this data suggests that sequestered, serum-borne heparin is responsible
for enhancing hMSC proliferation, rather than direct interaction between the underlying
material and heparin present on the cell surface.

The importance of heparin in stem cell biology has recently been described in other seminal
reports. Thomson and co-workers used a conditioned medium approach to demonstrate that
PGs secreted into medium by mouse embryonic feeder layers mediate human embryonic
stem cell (hESC) adhesion to a substrate and enhance hESC response to FGF-2.34 In
addition, Rao and co-workers demonstrated that ECMs produced by embryonic feeder layers
contain proteoglycans as key components that promote hESC expansion.3° Our results,
which identified serum-borne heparin as a key mediator of hMSC response to different
growth factors, extend upon these previous studies and identify a broader role of heparin in
stem cell biology. By providing a platform to isolate soluble heparin from other serum-borne
biomolecules, the substrates developed in this study may be enabling in future studies
involving both hMSCs and pluripotent stem cell types, such as hESCs or induced pluripotent
stem cells (iPS).

Many previous studies have reported conflicting results on the importance of heparin and
BMPs in osteogenic differentiation.27:28:302.36 Here, our results suggest that BMP signaling
is amplified by heparin sequestered at the cell-material interface, and is integral to certain
aspects of hMSC osteogenic differentiation (i.e. ALP activity), but less important in others
(i.e. OPN mRNA expression). These observations were only possible due to the control over
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the type of molecules sequestered by well-defined cell culture substrates. Future efforts can
rely on the control afforded by these substrates to study the influence of BMP signaling on
expression of other osteogenesis-related markers, as well as to characterize the role of other
heparin-binding factors in hMSC differentiation.

Growth factor activity in natural microenvironments can be locally amplified or inhibited
through specific, non-covalent interactions between growth factors and ECM proteoglycans.
For example, BMP-4 spatial gradients formed via specific, non-covalent interactions with
heparan sulfate PGs are key regulators of dorsoventral patterning of the vertebrate neural
tube,3” and BMP-4/PG interactions also limit the range of BMP activity within the Xenopus
animal cap.38 Efforts to study the local influence of proteins or spatial protein gradients on
cell behavior in vitro commonly rely on proteins covalently immobilized onto a synthetic
cell culture substrate. For example, Jiang and colleagues prepared counter-gradients of
VEGF and fibronectin to study the influence of these two proteins on endothelial cell
migration,3° while Ito and colleagues prepared an immobilized gradient of epidermal growth
factor (EGF) to characterize the concentration-dependent effects of EGF on the growth of
cells expressing an EGF receptor.40 Although covalently immobilized growth factors are
often bioactive—that is, they can activate intracellular signaling cascades—they cannot be
internalized into the cell. However, soluble growth factors bound to their cognate receptors
are often co-internalized into the cell, and it has been demonstrated that such multi-
molecular constructs can play a key role in mediating cell response to a growth factor.4!
Here, we demonstrated that patterning a ligand that sequesters PGs allows for the bioactivity
of endogenous PGs and growth factors to be harnessed within spatially defined regions.
Therefore, this study mimics a mechanism of growth factor localization observed within
natural microenvironments, and establishes a method to spatially regulate growth factor
signaling that cannot be achieved by simply adding recombinant growth factors to the
culture medium. It also directly addresses the potential issues associated with covalently
immobilized growth factors, including limited internalization and potentially decreased
biological activity. Although not demonstrated in this report, the substrates described herein
are likely to enable studies in which growth factor signaling is amplified within specific
subsets of cells of a larger population, as well as provide bio-mimetic microenvironments to
characterize the influence of soluble factor gradients on cell behavior.

Understanding the factors that govern hMSC behavior is important in therapeutic
applications, such as tissue engineering, that strive to replace damaged or diseased tissue
with healthy, physiologically-functional tissue. In this study, the poorly defined culture
additive fetal bovine serum provided a mixture of biomolecules that includes heparin PGs/
GAGs and growth factors, and is intended as a model for the complex biomolecule milieu
that biomaterials may be exposed to upon implantation in vivo. The in vitro model
developed in this study has been designed to demonstrate the general concept that
biomaterials can modulate cell behavior by sequestering specific, soluble biomolecules,
while preventing the non-specific adsorption of others. Importantly, these observations may
provide the basis for a new biomaterials design paradigm: materials that can non-covalently
harness the bioactivity of specific endogenous biomolecules present at in vivo implant sites
may eliminate the need for co-delivery of recombinant or xenogeneic biomolecules along
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with a stem cell-laden biomaterial to promote tissue regeneration or wound healing. In
addition, substrates that can sequester specific biomolecules from complex mixtures, such as
blood serum, may enable approaches wherein host-derived biomolecules can be sequestered
and concentrated by the material, and subsequently re-implanted alongside a biomaterial for
tissue engineering and wound healing applications, analogous to existing autologous cell
transplantation therapies.

The substrates described in this work provide a 2-D culture platform to characterize the
influence of serum-borne molecules at the cell-material interface. By eliminating the
complications associated with random, non-specific biomolecule adsorption onto culture
substrates, the substrates identified a correlation between serum-borne heparin and hMSC
response to endogenous growth factors. Our results suggest that this strategy may be
amenable to characterizing the influence of other serum-borne biomolecules on cell behavior
by varying the binding specificity of the immobilized ligand. Of note, the chemistries
employed in this approach are broadly applicable and have been widely used to impart
specific bioactivity into a variety of otherwise bio-inert biomaterials (e.g. alginate?? and
poly(ethylene glycol)*3). Thus, future efforts may rely on substrates analogous to those
developed here to identify ligands that can harness endogenous biomolecules to influence
and study stem cell behavior, and then translate these findings to develop biomaterials for
therapeutic applications.
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Insight, innovation, integration

INSIGHT: Heparin sequestered at the cell-material interface regulates mesenchymal stem
cell behavior (proliferation and differentiation) by amplifying endogenous growth factor
signaling. INNOVATION: This report relied on self-assembled monolayer-based cell
culture substrates that sequester heparin and resist non-specific biomolecule adsorption.
Eliminating the confounding factor of non-specifically adsorbed biomolecules allowed us
to directly test the hypothesis that heparin sequestered at the cell-material interface
enhances stem cell response to endogenous growth factors. INTEGRATION: Chemically
well-defined cell culture substrates that can sequester particular subsets of serum-borne
biomolecules via non-covalent interactions represent a unique platform to study the
influence of endogenous biomolecules on cell behavior.
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Fig. 1.

Schematic representation of SAMs that non-covalently sequester endogenous heparin PGs and growth factors at the cell-
material interface to influence stem cell behaviors, such as proliferation or differentiation.
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(A) Characterization of SPR signal response shift as a function of heparin GAG concentration in PBS. (B) SPR sensorgrams of
2.5% HEPpep SAMs exposed to 1% (blue), 5% (green) or 10% (red) FBS or a 2.5% scramble SAM exposed to 10% FBS
(black). (C) Table of observed binding rate constant (kobs) and dissociation rate constant (koff) as a function of serum volume
fraction passed over 2.5% HEPpep SAMs.
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(A) hMSC number on SAMs presenting 2% RGDSP and either 2% HEPpep (red) or 2% scramble (blue) in medium
supplemented with 0.01-10% FBS. (B) Bright-field photomicrographs of hMSCs on SAMs presenting 2% RGDSP and either
2% HEPpep or 2% scramble (control) at t=0 and 72 h in medium supplemented with 10% FBS (scale bar = 100 pm). (C) gPCR
analysis of hMSC marker expression by cells cultured for 72 h on SAMs presenting 2% RGDSP and 2% HEPpep (white) in
medium supplemented with 10% FBS or 2% RGDSP and 2% scramble (gray) in medium supplemented with 10% serum and 5
ng/mL FGF-2. (D) Fluorescent photomicrographs of cells stained with an anti-CD90 or anti-CD105 antibody after 72 h culture
on HEPpep/RGDSP SAMs in 10% FBS medium (scalebar = 50 um). * represents significant difference compared to ‘control’
and NS represents no significant difference between samples (P < 0.05).
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(A) hMSC number on SAMs presenting 2% RGDSP and either 2% HEPpep (red) or 2% scramble (blue) in medium
supplemented with 10% FBS and 200 nM PD173074, an FGF receptor inhibitor, added to the medium att = 0, or 2% RGDSP
and 2% scramble in medium supplemented with 10% FBS (black). (B) Projected cell area of hMSCs on SAMs presenting
RGDSP and HEPpep at co-varying surface densities in serum-free medium (white) or medium supplemented with 10% FBS
(black). (C) hMSC number on SAMs presenting 2% RGDSP and either 2% HEPpep (red) or 2% scramble (blue) after overnight
attachment in medium containing 10% FBS, followed by culture in serum-free medium supplemented with 10 ng/mL FGF-2 for
72 h. (D) hMSC number on SAMs presenting 2% RGDSP and 2% HEPpep in medium supplemented with 10% FBS (black) or
on SAMs presenting 2% RGDSP and 2% scramble in medium supplemented with 10% FBS and 0 (white), 1 (light gray) or 5
(dark gray) ng/mL FGF-2. For (A) and (C) NS represents no significant difference compared to ‘control’ and * represents
significant difference compared to ‘control’ (P < 0.05). For (D) NS represents no significant difference compared to ‘HEPpep/
RGDSP’ and * represents significant difference compared to ‘HEPpep/RGDSP’ (P < 0.05).
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(A) Schematic representation of HEPpep patterning on a single SAM substrate. (B) hMSC number over time and bright-field
photomicrographs at t = 72 h of hMSCs in regions presenting 2% RGDSP and 2% scramble (control, blue), or 2% RGDSP and
2% HEPpep (red) (scale bar = 100 pm). * represents significant difference compared to ‘control’ (P < 0.05).
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Fig. 6.

(A) ALP activity and (B) OPN mRNA expression of hMSCs gultured on different substrates in osteogenic induction medium
with or without 200 nM LDN-193189, a BMP receptor inhibitor, for 7 days. (C) Representative bright-field photomicrographs
(scale bar = 150 um) and (D) quantification of hMSC projected cell area on different substrates after 5 days of culture in
osteogenic induction medium. * represents significant difference compared to ‘PS’ condition, NS represents no significant
difference compared to ‘PS’ condition (P < 0.05).
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