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Multifunctional Hydrogels that Promote Osteogenic Human
Mesenchymal Stem Cell Differentiation Through Stimulation and
Sequestering of Bone Morphogenic Protein 2
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By Danielle S.W. Benoit, Stuart D. Collins, and Kristi S. Anseth*

The extracellular environment controls many cellular activities thereby linking external material cues to internal cell function.
By better understanding these processes, synthetic extracellular material niches can be tailored to present cells with highly
regulated physical and/or chemical cues that promote or suppress selected cell functions. Here, poly(ethylene glycol) (PEG) hy-
drogels are functionalized with fluvastatin-releasing grafts and growth-factor-binding heparin domains to enable the dynamic
exchange of information between the material and cells from the outside-in and inside-out (i.e., bidirectional signaling). By in-
corporating a fluvastatin-releasing graft and carefully controlling the dose and temporal release, materials are designed to pro-
mote bone morphogenic protein 2 (BMP2) and alkaline phosphatase (ALP) production by human mesenchymal stem cells
(hMSCs). When the release of fluvastatin is controlled to occur over 2 weeks, BMP2 and ALP production is increased 2.2-fold
and 1.7-fold, respectively, at day 28 compared to hMSCs cultured in the absence of fluvastatin. By introducing a heparin func-
tionality into the gel to sequester and localize the hMSC-produced BMP2, the osteogenic differentiation of hMSCs is further
augmented over fluvastatin delivery alone. Osteopontin and core-binding factor al gene expression is sixfold and fourfold
greater, respectively, for hMSCs exposed to fluvastatin in the presence of the heparin functionalities. These results demonstrate
how multifunctional gels that interact with cells in a bidirectional manner can efficiently promote selected cell functions, such

as the osteogenic differentiation of hMSCs.

1. Introduction

Hydrogels are an attractive class of materials for encapsulat-
ing cells and creating niches that promote tissue regeneration.
The highly swollen environment allows facile transport of nu-
trients and waste, supporting the long-term survival of numer-
ous cell types,m] while the structural properties provide a
three-dimensional framework that directs cellular interactions
and matrix deposition.**! The biochemical hydrogel microen-
vironment can be designed to promote or suppress specific cel-
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lular activities, and recent efforts have focused on increasingly
sophisticated methods to incorporate biological signals that are
presented at the right time, in the right place, and at the right
dose.P!

Numerous examples exist where the hydrogel environment
is tailored to provide cells with a physical or chemical cue, en-
abling the transmission of outside-in signals. The identification
of small oligopeptide sequences within extracellular-matrix
(ECM) adhesion proteins, such as the ubiquitous Arg-Gly-
Asp-Ser (RGDS; Arg=arginine, Gly=glycine, Asp =aspartic
acid, Ser=serine), initiated the creation of ligand-functional-
ized highly defined synthetic ECM analogs capable of integrin
interactions and subsequent intracellular signaling.m Alterna-
tive approaches exploit the ability of cells to modify their mate-
rial environment and focus on strategies to sequester cell-
secreted proteins. For example, a peptide sequence that specifi-
cally sequesters bone morphogenic protein 2 (BMP2) was
identified and induced dystrophic calcification when injected
into mouse muscle.”! Also, a fibronectin-binding peptide has
been identified.®! Beyond this type of unidirectional exchange
of information, materials have been designed that present cells
with growth factors that can be released upon demand. This ap-
proach is similar to the mechanism of the natural ECM where
modulation of tissue dynamics is achieved through the ECM’s
ability to bind, store, and release growth factors. Lutolf et al.
described a synthetic matrix where a growth factor is bound to
a synthetic material matrix and released through cell-mediated
proteolytic cleavage.M
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Although complexity can provide advantages in designing
niches to promote tissue regeneration, oftentimes assembling
the simplest biomaterial system is a successful strategy, recog-
nizing that not every aspect of the extracellular environment
needs to be recapitulated. Significant advances are often
achieved by reproducing one or two factors in the right con-
text. For example, Richardson et al.l'’! developed a polymeric
scaffold that was designed to deliver vascular endothelial
growth factor (VEGF), which stimulates the outgrowth of en-
dothelial channels, followed sequentially by second-phase de-
livery of platelet-derived growth factor (PDGF)-BB, which in
turn stabilizes the nascent vessels by recruiting smooth muscle
cells. Delivery of these molecules in tandem, rather than singu-
larly, resulted in synergistically enhanced vessel formation,
whereas VEGF or PDGF-BB delivery alone resulted in fragile
vascularity or no significant vessel formation.'%)

Clearly, an application of factors known to play roles in tis-
sue development and remodeling can play an important role in
advancing the goals of functional tissue formation. The chal-
lenging aspect, however, is identifying those factors and pre-
senting them in the appropriate context. Here, we demonstrate
a simple, but versatile approach to the design of gel systems
that modulate the activity of human mesenchymal stem cells
(hMSCs), such as osteogenic differentiation, through a dy-
namic exchange of information between the cell and its materi-
al environment. In general, induction of the osteoblast pheno-
type requires interactions between osteoprogenitors and a
recognizable ECM.!""! The ECM of bone is a reservoir of endo-
genous growth factors,"”! localizing growth-factor activity,
preventing growth-factor degradation, and often enhancing
growth-factor binding to cell-surface receptors,®! all affecting
autocrine signaling. One of these molecules, BMP2, binds to
receptors on the surface of MSCs and is known to promote os-
teogenic differentiation.™*!

Natively, bone morphogenetic proteins (BMPs) are synthe-
sized and secreted by osteoprogenitor cells and stored in bone
matrix and released during bone remodeling.">'®! However,
therapeutic doses of recombinant BMP are often several orders
of magnitude higher than that found in the local ECM;!' the
effects of context and presentation can be quite dramatic. Thus,
strategies that stimulate osteoprogenitor cells to produce and
release BMPs are emerging, and statins are one class of small
molecules known to stimulate osteoblast BMP2 production.!'*!

To capture some of these critical events in the differentiation
of osteoprogenitor cells and bone regeneration, hMSCs were
encapsulated in a hydrogel environment con-
taining two specific functionalities. The first
functionality was a fluvastatin-containing

tether that subsequently released its function-  of the LA block.

where the process is initiated and sustained quite simply by the
release of a small potent therapeutic molecule, fluvastatin.
Subsequent events exploit the ability of hMSCs to temporally
and spatially regulate the modification and remodeling of their
surrounding material microenvironment through the wide
range of interactions of cell-secreted proteins with heparin.!"”!

2. Results and Discussion

Statins (e.g., fluvastatin) have recently been reported to stim-
ulate osteoprogenitor production of BMP2; statins are small
potent molecules that necessitate controlled and localized de-
livery strategies to sustain therapeutic efficacy. Here, three dif-
ferent macromolecular monomers were synthesized to control
the release of fluvastatin through increasing incorporation of
hydrolytically degradable ester bonds via lactic acid (LA) func-
tionalities grafted from poly(ethylene glycol) monomethacry-
late (PEGMMA). Specifically, PEG526MMA-2LA-fluvastatin,
PEG526MMA-4LA-fluvastatin, and PEG526MMA-6LA-flu-
vastatin were examined (526 is the average molecular weight
of the PEG and 2, 4, and 6 correspond to theoretical numbers
of LA repeat units based on reaction stoichiometry). The ac-
tual number of LA repeat units in the monomers was analyzed
with proton nuclear magnetic resonance spectroscopy, and the
results are listed in Table 1.

The release of fluvastatin from hydrogels formed from the
different  fluvastatin ~ monomers copolymerized with
PEG4600DM (DM: dimethoxy) was measured, and the results
are shown in Figure 1. The rate of release of fluvastatin from
the PEG526MMA-2LA-fluvastatin and the PEG526MMA-
4L A-fluvastatin hydrogels was slower than the PEG526MMA -
6LA-fluvastatin. Approximately 90% of the release was
reached in 16 days for the 2L A linker, 9 days for the 4LA lin-
ker, and 4 days for the 6LA linker. This trend agrees with the
hypothesis that increasing the number of LA units increases
the probability that the fluvastatin is unbound and releasable
at any given time. However, no statistical difference was ob-
served in the cumulative release profile between the
PEG526MMA-2LA-fluvastatin and PEG526MMA-4LA-flu-
vastatin. This may be related to the experimentally measured
LA lengths being fairly close in number (1.7 versus 3.2), and
the fact that these values are average block lengths and a distri-
bution inherently exists. However, cumulative release was
found to be statistically different at times greater than 3 days

Table 1. Lactide repeat units per monomer (n in Fig. 5) and the kinetic constant of hydrolysis

ality in a manner to promote the secretion of
BMP2 by hMSCs. The second functionality

Lactic acid units per monomer mg statin/mg

was a large polysaccharide, heparin, that Monomer Acronym (nin Fig. 1) [a] product [a] k' [hr " [b]

binds cell-secreted BMP2, increasing its local ~ PEG526MMA-2LA-fluvastatin 1.7 0.417 0.005

availability and sustaining autocrine signaling  PEG526MMA-4LA-fluvastatin 32 0.357 0.009
PEG526MMA-6LA-fluvastatin 5.5 0.086 0.022

effects. These two functionalities, immobi-
lized in a material matrix, participate in the
regulation of a complex cascade of events

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Determined by NMR (Bruker 500 MHz). [b] Pseudo first-order hydrolysis rate constant de-
termined from fluvastatin release data (Fig. 1)
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Figure 1. Cumulative fluvastatin release (M;/M..) as a function of time for
hydrogels synthesized through the copolymerization of PEG526 MMA-nLA-
fluvastatin (n=2: ¢, 4: W, 6: A) with a 10 wt % solution of PEG4600DM.
Release profiles were measured in phosphate buffered saline (PBS) at sink
conditions. Gels (diameter d=5 mm, thickness t=2 mm) initially con-
tained ca. 500 pg of statin. * and #: statistically different cumulative re-
lease values between n=4 and 6 and n=2 and 6, respectively, at particular
times (probability, p<0.05).

between the n=4 and n=6 macromers. This is explained by
the NMR-predicted block lengths for the n=4 versus n=6
macromers, indicating that that the actual block length
averages were 3.2 and 5.5, respectively, a difference of 2.3 LA.
The n=2 block length averages 1.7 by NMR prediction, a dif-
ference only of 1.5 LA in comparison to the n=4 macromer.
Therefore, assuming similar distributions exist, it follows that
the n =4 and n = 6 release studies could yield statistically differ-
ent results, although the n =2 and n =4 macromers do not.

The degradation of tethered LA grafts in hydrogel environ-
ments similar to those present in PEG526MMA-nLA-fluvasta-
tin has been thoroughly characterized,”*" and degradation of
the LA block follows a pseudo first-order process, given the
high water content in the gel

_dnppa

=k’ 1
dt npra

Here, np; 4 is the number of degradable PLA blocks in the gel;
tis the degradation time; and k” is the pseudo first-order kinetic
constant for hydrolysis of the block. Given that the diffusion
timescale (¢p =200 min) is orders of magnitude faster than the
hydrolysis reaction timescale, k” can be estimated from the flu-
vastatin concentration present in the solution. The calculated
hydrolysis rate constants are reported in Table 1 and are con-
sistent with previous reports for PLA blocks in PEG gels.[*?!!
In total, the timescale for degradation-controlled release of the
fluvastatin (f,x, = 1/k") ranges from 45 h to 110 h to 200 h as
dictated by the length of the degradable block from 6 to 4 to 2,
respectively.

As the LA blocks are hydrolyzed, fluvastatin is released and
available for uptake by cells. During this release, several prod-
ucts can result: free fluvastatin and various fluvastatin-LA con-
jugates.!?! Fluvastatin-LA conjugates may not be internal-
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ized by cells as readily as free fluvastatin or may suffer from
decreased biologic activity. If this occurs, the collective dose of
the fluvastatin would be lowered, and a potential for fluvasta-
tin to escape the gel environment and influence peripheral cells
would exist. However, cells produce enzymes such as esterases
and lipases capable of cleaving any residual LA units present
on fluvastatin after it enters the cell.’?l Therefore, if cells can
uptake the fluvastatin-LA conjugates, there is a high probabil-
ity that it will be rapidly converted to fluvastatin and have a
similar effect as free fluvastatin.

The uptake rate of hMSCs, estimated by using an analogous
molecule to fluvastatin (cortisol), was found to be
ca. 0.2 fgcell " hr!. Accounting for differences in the uptake
rate and release rate (Fig. 1), the concentration of fluvastatin
within a three-dimensional hydrogel over time was estimated.
To maintain the maximum fluvastatin concentration below a
toxic level (ca. 500 nm) while simultaneously providing a flu-
vastatin concentration near the therapeutic dose (ca. 100 nm)
for a sustained time period, the slowest releasing monomer,
PEGMMA -2LA-fluvastatin, with a loading of ca. 0.2 uggel™
was chosen for subsequent experiments and corresponds to an
average dose within the hydrogel environment of ca. 180 nm
over two weeks of in vitro culture, where the highest dose at
the onset of release is ca. 450 nm and the lowest dose at the
end of release is ca. 10 nM.

The effect of fluvastatin delivery on three-dimensionally cul-
tured hMSCs and their activity was evaluated as a function of
time for the PEGMMA-2LA-fluvastatin gel system. RGDS
was incorporated as pendant tethers at a concentration of 5 mm
into all gel formulations to maintain hMSC survivability.**! Al-
kaline phosphatase (ALP) and BMP2 production was moni-
tored at 2, 10, and 28 days, and the results shown in Figure 2
were normalized to levels of metabolic activity as a relative
measure of cell number. ALP production (Fig. 2A) increased
with culture time in the presence and absence of fluvastatin.
However, by day 28 ALP production was 2.2-fold greater for
hMSCs that were cultured in fluvastatin-releasing gels versus
cells that were cultured in the absence of fluvastatin.

BMP?2 production (Fig. 2B) by hMSCs also increased in both
culture conditions over the 28 day study. The greatest BMP2
production was found for cells cultured in fluvastatin-releasing
hydrogels, and was 1.7-fold greater than the levels produced by
hMSCs cultured in the absence of released fluvastatin at
day 28. These results suggest that fluvastatin was being re-
leased at an appropriate dose and in an active form, leading to
an increase in ALP and BMP2 production after 10 days of cul-
ture, both of which are indicative of hMSC osteogenic differen-
tiation. Induction of osteogenic differentiation of hMSCs
begins with increases in the transcriptional factor core binding
factor al (CBFA1), which regulates the osteogenic lineage.
After 7-10 days upregulation of CBFA1, osteogenic proteins
such as ALP, BMP2, bone sialoprotein, and osteopontin were
augmented.?¥

Whereas external delivery of fluvastatin at a controlled dose
and rate can affect hMSC, ALP, and BMP2 production, a
means to sequester the cell-produced BMP2 would enable lo-
calized availability and autocrine signaling similar to the native
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BMP2 binding to native heparin. The results are
shown in Figure 3A and quantified in Figure 3B as a
percent of the control (native heparin) binding. The
degree of BMP2 association with methacrylated he-
parin was dependent on the extent of methacrylation
of heparin, with a higher degree of modification cor-
responding to a decreased BMP2 binding.

To assess the ability of heparin-functionalized gels
to bind BMP2, Oregon green labeled methacrylated
heparin was copolymerized with PEG4600DM. The
resulting gels fluoresce green (pictured in Fig. 3C)
and were also shown to specifically retain noncova-
lently bound BMP2 as evidenced by the colocaliza-
tion of green (heparin, Fig. 3C) and red (BMP2,

80 1
70
60 - *

40
]

Fig. 3D) and the overlayed fluorescent staining of
the heparin-functionalized hydrogel, appearing or-
ange (Fig. 3E). To demonstrate that the proteins
were binding specifically to heparin contained in the
gels, negative control gels (PEG only) were also
* stained and showed no significant staining of BMP2
(not pictured). These results indicate that BMP2 can

30

T } be successfully sequestered in PEG hydrogels

through heparin functionalization. These results are
similar to those explored previously by Masters
et al.”®! where methacrylated hyaluronic acid re-

30 %/1
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Normalized BMP2 production (pg BMP2/A.U.)
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0 tained the ability to bind fibronectin in solution and
when polymerized to form a hydrogel. In addition,
two other heparin-binding proteins, basic fibroblast
growth factor (bFGF) and fibronectin, were found to
associate and bind with methacrylated heparin copo-
lymerized with PEG4600DM.2"]

0 5 10 15 20 25
Time (days)

Figure 2. ALP and BMP2 production normalized to metabolic activity (AlamarBlue) of
hMSCs encapsulated in RGDS-functionalized hydrogels in the absence of fluvastatin
(—x-) or with releasing fluvastatin (--#--), n=4 samples/condition. * p<0.05 of sam-

ple versus control (no delivered fluvastatin) at that time.

ECM. In addition, the biological activity of BMP2 may be en-
hanced in the presence of sulfated polysaccharides, suggesting
that heparin can enhance the biological activity of BMPs by
continuously presenting the ligands to their signaling receptors
expressed on the cell membranes.”> With this in mind, intro-
duction of heparin functionalities to the hydrogels was ex-
plored as a means to sequester hMSC-produced BMP2.

To formulate heparin-functionalized PEG hydrogels, heparin
was modified with methacrylate groups to allow for copolymer-
ization with PEG4600DM. Heparin possesses specific binding
interactions with many proteins, of which BMP2 is one. The
ability of free and copolymerized methacrylate-modified he-
parin to retain its binding properties with BMP2 was examined.
When BMP2 was combined with heparin or methacrylated he-
parin, decreased staining intensity for BMP2 on native (polya-
crylimide gel electrophore) PAGE gels was observed with an
increasing degree of heparin functionalization, indicating that
BMP2 binding to methacrylated heparin was less efficient than

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

To test the combined effects of fluvastatin delivery
and heparin functionalization on BMP2 production
and local concentration, encapsulated hMSCs were
cultured in vitro in heparin-functionalized hydrogels
with and without grafted fluvastatin. At various time
points (2, 10, and 28 days), media was collected and
analyzed for released BMP2. Figure 4 shows the
BMP2 production normalized to metabolic activity
as a relative measure of the viable cells. For comparison, results
for BMP2 production in the absence of heparin are included.
BMP2 production by hMSCs increased in all culture conditions
over the 28 day study. BMP2 production was affected similarly
for both fluvastatin-releasing culture systems, causing about a
twofold increase over the same gel chemistry in the absence of
fluvastatin at day 28. Interestingly, the RGDS-functionalized,
fluvastatin-releasing hydrogels led to a larger increase in mea-
sured BMP2 in solution compared to the heparin-functional-
ized counterparts at day 28. This higher level likely indicates
that BMP2 is being sequestered within the heparin-functional-
ized hydrogel, thereby decreasing the BMP2 levels in the me-
dia slightly. There is not likely to be a significant reduction in
BMP2 concentration in solution because of the limited number
of BMP2-sequestering heparin sites within the hydrogel. Those
sites, even when occupied with BMP2, will not drastically
change the solution concentration of BMP2 but will dramati-
cally alter the local concentration within the gels, augmenting

30
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Figure 3. Native PAGE gel (A) and semi-quantitative analysis (B) demonstrated that BMP2 binding to heparin decreased with increasing extent of metha-
crylation (% methacrylation in parentheses). * p<0.05 versus no methacrylation and # p <0.05 versus 6 % methacrylation, n=3 samples/condition. Rep-
resentative images showing that methacrylated heparin, labeled with Oregon green and copolymerized with PEG4600DM is uniformly distributed (C),
and retained its ability to specifically bind to BMP2 (red) (D) as qualitatively shown by the merged image, where the colocalized fluorescence appears or-
ange (E). Control PEG hydrogels showed no staining (not pictured), indicating no BMP2 sequestering, bar=200 um.
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Figure 4. BMP2 production normalized to levels of metabolic activity (AlamarBlue) of
hMSCs encapsulated in RGDS-functionalized hydrogels in the absence of fluvastatin
(--O--) or with releasing fluvastatin (-@-) or encapsulated in heparin-functionalized
hydrogels in the absence of fluvastatin (--[J--) or with releasing fluvastatin (-ll-),
n=4 samples/condition. * p<0.05 of sample versus control (same chemistry but no
delivered fluvastatin) at that time.
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BMP2-mediated hMSC osteogenic differentiation.
To test this hypothesis, the influence of the gel func-
tionality on encapsulated hMSC osteogenic differen-
tiation was examined.

To further test the complex regulation and signal-
ing provided by the heparin-functionalized, fluvasta-
tin-releasing hydrogels, osteopontin (OPN) and
CBFAL1 gene-expression profiles were analyzed for
hMSCs encapsulated in four hydrogel formulations:
RGDS-functionalized hydrogels, RGDS-functional-
ized, fluvastatin-releasing hydrogels, heparin-func-
tionalized hydrogels, and heparin-functionalized flu-
vastatin-releasing hydrogels. Gene expression results,
normalized to GAPDH, are shown in Figure 5. OPN
is expressed in developing bone cells during early
stages of osteogenesis prior to mineralization,”
whereas CBFAL1 is a transcription factor implicated
in osteogenic differentiation. Expression of CBFA1
is specific to the osteogenic lineage, and although it is
present in chondrogenic mesenchymal stem cells, it
will remain activated later in development only in os-
teogenic cells.”! Therefore, upregulation of OPN

www.afm-journal.de
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Figure 5. hMSC OPN (A+B) and CBFAT (C+D) gene expression normalized to levels of GAPDH. hMSCs were cultured in the presence (—~l-) or absence
(--@--) of fluvastatin in RGDS-functionalized hydrogels, in RGDS-functionalized fluvastatin-releasing hydrogels, in heparin-functionalized hydrogels, or in
heparin-functionalized fluvastatin-releasing hydrogels. n=4 samples/condition. * p<0.05 of sample versus control (same chemistry but no delivered flu-

vastatin) at that time.

and CBFA1 in hMSGs is indicative of osteogenic differentia-
tion.

OPN (Fig. SA and B) gene expression was at the same level
at day 2 and increased over the time course of the study for all
treatments. About a fourfold increase in gene expression was
found at day 10 for cells encapsulated in fluvastatin-delivering
gels (both RGDS and heparin functionalities) over cells cul-
tured in the absence of the fluvastatin-delivering monomer.
OPN gene expression increased yet again at day 28, when cells
encapsulated in the heparin-functionalized fluvastatin-deliver-
ing system exhibited nearly a sixfold greater gene expression
than the RGDS-functionalized fluvastatin-delivering hydrogel.
hMSC:s cultured in the heparin-functionalized hydrogel in the
absence of fluvastatin showed about fourfold more OPN gene
expression than the RGDS-functionalized fluvastatin-deliver-
ing hydrogels at day 28.

CBFA1 (Fig. 5C and D) gene expression of hMSCs was at
the same level, regardless of treatment, at culture day 2 and in-
creased for all treatments over the 28 day culture period. The
greatest increases in hMSC CBFA1l gene expression were
found for heparin-functionalized fluvastatin-releasing hydro-

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

gels where expression levels were threefold and twofold that of
hMSCs cultured in heparin-functionalized hydrogels in the
absence of delivered fluvastatin for culture days 10 and 28,
respectively. In addition, hMSCs in heparin-functionalized
hydrogels in the absence of delivered fluvastatin exhibited a
ca. twofold greater CBFA1 gene expression than cells in
RGDS-functionalized fluvastatin-delivering hydrogels. Pre-
viously, heparin-functionalized hydrogels, alone, were found to
increase osteogenic differentiation hMSCs.*”! The importance
of sulfated glycosaminoglycans for osteogenic differentiation is
inherent to their ability to bind most of the growth factors (e.g.,
FGFs, TGF-f1, BMP2 and 4, IGF-II; TGF: transforming
growth factor, IGF: insulin-like growth factor) involved in the
regulation of cells of the osteoblast lineage.[w]

BMPs act on MSCs through heterodimeric type I/type II re-
ceptor complexes, which cause the activation of intracellular
Smad proteins as well as the mitogen-activated protein (MAP)
kinase pathway.”'*?! Upon BMP binding to the type I/type II
receptor, an intracellular signal is generated and translated to
the nucleus through phosphorylation cascades to regulate the
gene expression of Smad proteins.® These heterodimeric

Adv. Funct. Mater. 2007, 17, 2085-2093
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Smad complexes then affect regulation of specific gene tran-
scription in MSCsP by binding to the CBFA1 transcription
factor.® In the system presented here, upregulation of osteo-
genic differentiation is likely to proceed through this pathway,
as the heparin functionality sequesters hMSC-produced BMP2,
facilitating both BMP2 availability and subsequent BMP2 re-
ceptor activation.®®)

In addition, BMP production by osteoprogenitor cells or ma-
ture osteoblasts may be important for propagation of the BMP
signal to neighboring cells during bone formation and regen-
eration, and may explain how hMSC-produced BMP2, as stud-
ied here, can initiate a sustained osteogenic response, although
recombinant BMPs, once implanted, have only a short in vivo
half-life.*”) These findings, taken together, outline the impor-
tance of autocrine signaling, as well as the matrix interactions,
in the osteogenic differentiation of progenitor cells.

3. Conclusions

The development of a multifunctional gel as a mimic of
the native ECM with which the host interacts physiologically
and that can respond appropriately to elicit a desired mor-
phogenetic response is shown here. By inducing and sequester-
ing BMP2 similar to the native bone matrix and
allowing for autocrine signaling, an increased rate of
differentiation is achieved. Heparin-functionalized  (A)
fluvastatin-releasing hydrogels may be useful in
bone-tissue-engineering applications by providing an
environment capable of bidirectional signaling, mim-
icking native bone healing and remodeling processes.

(B)

4. Experimental

Materials: Materials were purchased from Sigma—Aldrich
unless otherwise specified.

Synthesis of Macromers: The synthesis of PEG4600DM
was performed as described elsewhere [38]. NMR analysis
on the PEGDM revealed an average of 88 % methacryla-
tion based on the ratio of the integrals for the PEG protons  (C)
and the terminal vinyl protons. '"H NMR (CDCl3): 5=3.6
(ether protons of PEG), 5.5 (terminal vinyl proton), 6.2 (ter-
minal vinyl proton).

The synthesis of PEGMMA-nLA-fluvastatin was per-
formed as described elsewhere [39]. Depending on the ratio
of lactides to PEG526MMA (1:1, 1:2, or 1:3), different prod-
ucts containing 2 (PEG526MMA-2LA), 4 (PEG526MMA-

4LA), or 6 (PEG526MMA-6LA) lactic acid repeats were -00¢

synthesized. '"H NMR (CDCl;) analysis indicated the aver-
age number of LA units based on the ratio of the integrals
for the PEG backbone protons and the LA backbone pro-
tons. The addition of fluvastatin (i.e., milligrams fluvastatin
per milligrams total product) was based on the ratio of phe-
nyl protons and terminal vinyl protons. '"H NMR (CDCls):
0=3.6 (ether protons of PEG), 5.0 (proton on LA back-
bone), 5.5 (terminal vinyl proton), 6.2 (terminal vinyl pro-
ton), 7.3 (phenyl protons).

The amino acid sequence RGDS was synthesized using
solid phase methods on an ABI 433A Peptide Synthesizer
(Applied Biosystems) and following procedures for HBTU

HO

method [40], purified using dialysis (MWCO =1000), and coupling ana-
lyzed by the reduction of the primary amine group on the peptide using
the fluorescamine assay.

Heparin (molecular weight My =16 kDa) was methacrylated follow-
ing a previous method [26]. 'H NMR analysis (in D,O) revealed an
average of 6 and 22 % methacrylation, respectively, for two separate re-
actions, based on the ratio of the integrals for the methacrylate protons
(0=1.9) and the hydroxyl protons (6 =2.0). The percentage of metha-
crylation refers to the number of methacrylate groups per heparin di-
saccharide unit. With exception to the native PAGE (Fig. 3), the 22 %
methacrylated heparin was utilized for all experiments herein. Chemi-
cal structures of PEG4600DM, PEG526MMA -nL A-fluvastatin, acry-
lated-PEG3400-RGDS, and methacrylated heparin are shown in Fig-
ure 6.

Copolymerization of PEG526 M M A-L A-fluvastatin with PEG4600DM
and Degradation-Controlled Release of Fluvastatin: PEG hydrogels with
tethered fluvastatin were prepared by mixing 10 wt% PEGDM,
0.05 wt % 12959 (Ciba-Geigy) initiator, and PEG526MMA-nLA-fluvas-
tatin in dimethyl sulfoxide (DMSO). A constant loading of
ca. 12.5 mgmL™" of PEG526MMA -nLA-fluvastatin was added to synthe-
size a series of gels used to examine the effect of lactic-acid length on the
fluvastatin release profile. The solution was polymerized under ultraviolet
light (365 nm, ca. S mW cm™) for 10 min in molds, yielding disk-shaped
hydrogels (diameter, d =5 mm, thickness, f=2 mm).

Each disk was added to 1 mL phosphate buffered saline (PBS), and
fluvastatin release was followed over time at 37 °C. At each time point,
the supernatant was collected and replaced with fresh PBS to ensure
sink conditions. Fluvastatin release was quantified from the collected
samples by using high-performance liquid chromatography (HPLC,

R =-H or-OSO,H

X =-0OCH, or -OSO,H
m-~ 3.3

m+p ~ 15

d3idvd 11Ind

activation coupling. Lyophilized RGDS was coupled to ac-
rylated-PEG3400-NHS following a previously reported
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Figure 6. Structures of PEG4600DM (A), PEG526 MMA-nLA-fluvastatin (B), acrylated-
PEG3400-RGDS (C), and methacrylated heparin (D) used for hydrogel fabrication.
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Waters Delta Prep 4000). Briefly, 300 uL of each sample was injected
into the HPLC inlet, and peaks were analyzed with an ultraviolet de-
tector set at A=310 nm (Waters 2487). The mobile phase consisted of
67 % acetonitrile and 33 % of 0.1 mm ammonium acetate, and the col-
umn was a Waters Nova-Pak C18 (3.9 mm x 150 mm). Fluvastatin con-
centration was calculated by integrating areas, and comparing this to a
standard curve measuring samples of known concentration.

The uptake rate of fluvastatin by hMSCs was estimated for the close-
ly related molecule, cortisol, because of the availability of an ELISA
kit for cortisol and not for fluvastatin. hMSCs were cultured in the
presence of 100 nm of cortisol. The media was sampled every 2-6 h
over 48 h and analyzed via an ELISA for the residual concentration of
cortisol in the media. Through a mass balance, the uptake rate of corti-
sol was estimated for hMSCs. Accounting for differences in the uptake
rate and release rate (Figure 1), the concentration of fluvastatin within
the hydrogel was estimated with respect to time.

Interactions of Methacrylated Heparin with BMP: Methacrylated he-
parin with different degrees of methacrylate modification and native
heparin (as a control) were dissolved in PBS and combined with
25 ugmL™ BMP2. These solutions were diluted 1:2 with native PAGE
sample buffer (0.0625m Tris-HCl pH 6.8 (Tris=2-amino-2-hydroxy-
methyl-1,3-propanediol), 30 % (v/v) glycerol, and 0.1 % (w/v) bromo-
phenol blue in diH,O) and electrophoresed on a 4-15% Ready-Gel
precast polyacrylamide Tris-HCI gel (Bio-Rad) using a vertical electro-
phoresis system (Mini-Protean II, Bio-Rad) at 150 V in a native PAGE
running buffer (3 g Tris base and 14.4 g glycine per 1 L diH,0). BMP2
bands were detected with a BioSafe Coomassie Stain (Bio-Rad), and
band intensity was quantified using Kodak 1D software. BMP2 bands
indicate free or unbound BMP2, whereas the BMP2 complexed with
heparin appears at a higher molecular weight band. Results are report-
ed as the difference in BMP2 band intensity of the BMP2 + methacry-
lated heparin sample from pure BMP2 divided by the difference in
band intensity of the BMP2 + heparin sample from pure BMP2.

The ability of the PEG:heparin copolymer hydrogels to noncova-
lently interact with BMP2 was determined. First, N-(3-dimethylamino-
propyl)-N’-ethylcarbodiimide hydrochloride (EDAC)/sulfo-NHS cou-
pling was used to fluorescently label a fraction of the remaining
carboxylic acid groups of the methacrylated heparin. Oregon green ca-
daverine (Pierce), EDAC (Sigma), and sulfo-NHS (Pierce) were all
added at 0.1 molar excess of originally available carboxylic acid groups
of the heparin in 0.1 M sodium phosphate buffer and allowed to react
on a shaker at room temperature and in the dark for 2 h. Unreacted
Oregon green was removed through dialysis (MWCO =1000). Hydro-
gels were fabricated from a solution containing 10 wt% of the
PEG4600DM monomer with or without 0.1 mwm of the labeled, metha-
crylated heparin in PBS and 0.05 wt % Irgacure 2959. Solutions were
polymerized in a sterile mold (d=5 mm, r=2 mm) with ca. 4 mW cm™
of 365 nm. After fabrication, hydrogels were swelled over two weeks
in a BMP2 solution (1 pgmL™ in 0.1 % sodium azide-containing PBS,
recombinant human BMP2 from R&D Systems) while shaking. After
the incubation period, which was sufficiently long to attain complete
diffusion of the BMP2, gels were washed with copious amounts of PBS
and fixed in 10 % formalin overnight, transferred to 22 wt % sucrose
for 72 h, frozen in Cryo-gel (Instrumedics, Inc.), and cryosectioned
(10 um sections). The slides were blocked in 10 % normal goat serum
and 0.5 % bovine serum albumin (BSA) for 30 min, incubated in pri-
mary antibodies (mouse anti-human BMP2, R&D Systems) at 1:1000
for 4 h, then incubated in secondary antibody (goat anti-mouse Alexa
Fluor 633, Molecular Probes) at 1:750 for 2 h. Finally, the sections were
mounted with Vectashield (Vector Labs) and imaged using conven-
tional fluorescence microscopy (Nikon Eclipse TE300 and associated
SPOT software).

hMSC Cell Culture: hAMSCs were purchased from Cambrex and cul-
tured in growth medium: low-glucose Dulbecco’s modified eagle medi-
um (Gibco) supplemented with 10 % FBS (Invitrogen), 1 % penicillin/
streptomycin (Gibco), 0.25 % gentamicin (Gibco), and 0.25% fungi-
zone (Gibco). hMSCs at passage 3 were used in these studies.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

hMSC Encapsulation: All hydrogels were formulated by dissolving
PEG4600DM in PBS to achieve a final monomer concentration of
10 wt % and 0.05 wt % 12959 was added. hMSCs were combined with
sterile macromer/initiator solutions (with 5 mwm of acrylated-PEG3400-
RGDS, with 0.1 mm methacrylated heparin, and/or 0.2 pgmL™ of flu-
vastatin monomer) at a concentration of 25 x 10° cellsmL™" and photo-
encapsulated using a longwave ultraviolet lamp (UVP, model XX-20)
at an intensity of ca. 4 mW cm™ for 10 min [41]. Without any adhesive
ligands, hMSCs are known to undergo apoptosis after <2 weeks of cul-
ture [23]. Therefore, RGDS was incorporated into some of the gels to
maintain hMSC viability [23]. Heparin has also been found to maintain
the viability of hMSCs [30]. The resulting cell-hydrogel constructs were
cultured in growth medium. The growth medium was changed every
2-3 days including 24 h prior to each timepoint in the studies outlined
herein.

Encapsulated hMSC BMP2 Production: At various time points,
(2, 10, and 28 days), media surrounding the encapsulated cells was ex-
changed. After 24 h, the media was collected and stored at —80 °C until
assayed. The stored media was thawed and assayed for BMP2 produc-
tion with an ELISA (Quantikine, R&D Systems) using the standard
manufacturer’s instructions and normalized to a measure of cell viabili-
ty, metabolic activity.

Metabolic activity of the encapsulated hMSCs, as analyzed by the
AlamarBlue assay (Serotec), was used as an indirect measure of the
number of living cells. At 2, 10, and 28 days, a 10 vol % solution of Ala-
marBlue in media was added to the constructs. Active mitochondria
convert resazurin, the active ingredient in AlamarBlue, to resorufin, a
fluorescent molecule. After 4 h of incubation, the media/AlamarBlue
solution was analyzed for fluorescence (Ex/Em=560/590 nm) with a
plate reader (Victor?, Perkin Elmer). AlamarBlue readings were uti-
lized to normalize BMP2 production in order to eliminate the error
due to cell-number fluctuations.

Encapsulated hMSCs ALP Production: ALP production was mea-
sured using an assay based on the change in absorbance of o-nitrophe-
nol as it is enzymatically cleaved by ALP. Cell/hydrogel constructs were
removed from in vitro culture at 2, 10, and 28 days, lysed with Cell-glo
lysis buffer (Promega), and manually homogenized. The assay was per-
formed by combining 100 pL of sample with 100 pL of the ALP sub-
strate. By performing the assay using known concentrations of ALP in
parallel with the samples, the concentrations of ALP for the samples
were calculated and normalized to metabolic activity.

Encapsulated hMSC Gene Expression: Gene expression of encapsu-
lated hMSCs was analyzed by using the reverse-transcription polymer-
ase chain reaction (RT-PCR). After 2, 10, and 28 days, constructs were
removed from culture and rinsed three times with PBS. Total RNA was
isolated using the TRI reagent and standard manufacturer’s protocols.
After allowing the RNA pellet to dry, it was resuspended in nuclease-
free water, and any residual genomic DNA in the samples was digested
(DNase I, Invitrogen). RNA was then quantified using the RiboGreen
assay (Invitrogen) based on the manufacturer’s instructions.

Reverse transcription was performed using the iScript cDNA Synthesis
Kit (Bio-Rad). A 15 ng total RNA sample was used for the single-strand
cDNA synthesis. The reverse transcription reaction was incubated at
25°Cfor 5 min, 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), and
primers and probes were designed using the Beacon Designer primer-
design program. Primers (Invitrogen) and probes (Integrated DNA
Technologies) for OPN (sense primer- 5-ATTCTGGGAGGGCTTGG-
TTG-3, anti-sense primer 5-TCTGGTCCCGACGATGCT-3’, probe
5-CTCTGCCTCCTCCTGCTGCTGCTG-3"), CBFA1l (sense primer
5-GGTATGTCCGCCACCACTC-3, anti-sense primer 5-TGACG-
AACTCCCATAGTAGAGATA-3, probe 5-CTACCACACCTACCT-
GCCACCACC-3"), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH: sense primer 5-GCAAGAGCACAAGAGGAAGAG-3,
anti-sense primer 5’AAGGGGTCTACATGGCAACT-3, probe 5-AC-
CCTCACTGCTGGGGAGTCC-3") were used. The following PCR
parameters were utilized: 95 °C for 90 s followed by 45 cycles of 95 °C for

Adv. Funct. Mater. 2007, 17, 2085-2093
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30 s and 55 °C for 60 s. Threshold cycle (Cr) analysis was used to quantify
PCR products, normalized to GAPDH.

Statistical Analysis: Statistical analysis was performed using a one-
way ANOVA with a=0.05. Data are presented as the mean plus or
minus one standard deviation.
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