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Osteoblast Function and Mineralized Tissue Formation
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ABSTRACT

Hydrogels were prepared by copolymerizing a degradable macromer, poly(lactic acid)-b-poly(eth-
ylene glycol)-b-poly(lactic acid) endcapped with methacrylate groups (PEG-LA-DM), with a non-
degradable macromer, poly(ethylene glycol) dimethacrylate (PEGDM). Copolymer networks con-
sisted of 100:0, 83:17, 67:33, and 50:50 PEGDM:PEG-LA-DM mass %, essentially creating scaffolds
that exhibit 0, 17, 33, and 50 % degradation over the time course of the experiment. Osteoblasts were
photoencapsulated in these copolymer hydrogels and cultured for 3 weeks in vitro. Metabolic ac-
tivity, proliferation, and alkaline phosphatase production were enhanced by an increase PEG-LA-
DM content and corresponding degradation. Gene expression of the cultured osteoblasts, normal-
ized to B-actin, was analyzed, and osteopontin and collagen type I gene expression increased with
degradation. Finally, as a measure of mineralized tissue formation, calcium and phosphate deposi-
tion was analyzed biochemically and histologically. Mineralization increased with increasing con-

centration of PEG-LA-DM and biochemically resembled that of hydroxyapatite.

INTRODUCTION

TOWARD THE END OF DEVELOPING an osteoblast deliv-
ery vehicle to enhance bone tissue regeneration, the
degradation rate and mass loss profiles of the scaffold are
important design parameters. As the scaffold degrades,
both the physical and chemical microenvironment expe-
rienced by the cells changes. Directly resulting from the
degradation, extracellular matrix (ECM) elaborated by
the cells fills the void space. Ultimately, if the cellular
niche is appropriately engineered, the matrix degrades at
the same rate of tissue formation and the final product is
native tissue.

Several approaches have been utilized to develop bio-
compatible and degradable scaffolds for tissue engineer-
ing applications. Synthetic polymers such as poly(gly-
colic acid), poly(lactic acid), and their copolymers PLGA
poly(lactide-co-glycolide), originally used as sutures,
have gained widespread attention as candidates for tissue

engineering scaffolds.!-? Poly(a-hydroxy esters), such as
PLGA, are attractive for applications that rely on hy-
drolytic degradation at physiological pH, degradation
products being resorbed through metabolic pathways, and
the potential to tailor the degradation rates. In addition,
cells readily attach to films>* and three-dimensional scaf-
folds>~7 fabricated from PLGA. Specifically in the field
of bone tissue engineering, PLGA scaffolds have been
utilized as a delivery vehicle for osteoinductive mole-
cules, including proteins such as basic fibroblast growth
factor and genes such as bmp-2,8-10 and as osteoconduc-
tive implants.'":!? Although there are many favorable at-
tributes of poly(a-hydroxy esters), limitations still exist
with regard to tissue engineering applications due to the
necessity of ex vivo fabrication. Tissue evolves in pore
spaces that are formed during fabrication of woven or
macroporous scaffolds. Therefore, scaffold degradation
is decoupled from tissue evolution but must occur to re-
sult in continuous, native tissue.
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Alternatively, many groups are interested in gels that em-
bed cells in a matrix for direct delivery into a tissue defect
through in situ gelation. Here, there is intimate linkage be-
tween degradation of the matrix and distribution of matrix
molecules. In situ polymerizable macromers eliminate the
need for ex situ implant fabrication, placement by surgeons
is facile and noninvasive, and the filling of irregularly
shaped defects is straightforward. Examples of in situ form-
ing macromers are based on functionalized poly(propylene
fumarate) (PPF), polyanhydride, poly(vinyl alcohol)
(PVA), and poly(ethylene glycol) (PEG) systems. In situ
forming PPF systems have been studied as a bone tissue
engineering scaffold.!>!* Polyanhydrides, surface-eroding
materials, have been utilized in orthopedic'>'® and drug de-
livery applications.!” PVA hydrogels have been explored
as a two-dimensional and three-dimensional cell-culture
scaffold.'®! PEG-based systems are a permissive three-di-
mensional cell culture environment for many cells, includ-
ing chondrocytes, osteoblasts, mesenchymal stem cells, and
islets,?23 and have been designed to incorporate block
chemistries that allow for hydrolytic?>>* and enzymatic
degradation.>26

Macromolecular monomers composed of PEG with
degradable poly(lactic acid) blocks and (meth)acrylate end
groups have been explored previously.2*2! Histological re-
sults related to cartilaginous tissue engineering have shown
that gel networks degrading too slowly cause ECM to lo-
calize in the pericellular region, although gels that degrade
too quickly result in major defects in the developing tis-
sue.?027 Thus, the degradation rate of the gels in which cells
are encapsulated has a major effect on cell function and the
quantity and quality of tissue evolution. Hydrogel networks
formed from multifunctional macromers such as poly(lactic
acid)-b-poly(ethylene glycol)-b-poly(lactic acid) endcapped
with methacrylate groups (PEG-LA-DM) follow a bulk
degradation pathway in which degradation initially advances
slowly and somewhat linearly as individual crosslinks are
cleaved from the network and diffuse out of the gel. As the
crosslinks are broken, the network mesh size increases, and
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the diffusion of secreted ECM molecules is enhanced to fa-
cilitate macroscopic tissue formation. In addition, the me-
chanical properties of the gel decrease with degradation.
When the weight-average number of crosslinks per kinetic
chain (poly-(meth)acrylate) becomes less than two, the net-
work itself can be solubilized, and the remaining mass is lost
in one final burst, known as the reverse gel point.?

In this study, hydrogels were prepared by copolymer-
izing a degradable macromer, PEG-LA-DM, with a slow
degrading macromer, poly(ethylene glycol) dimethacry-
late (PEGDM). By tailoring the gel composition, gels that
erode to various extents of degradation were synthesized,
and specifically, copolymer networks consisted of 100:0,
83:17, 67:33, and 50:50 PEGDM:PEG-LA-DM ratios.
Osteoblasts were photoencapsulated in the copolymer hy-
drogels, and osteoblast function, gene expression, and
mineralized tissue formation were monitored for 3 weeks
to examine the effects of degradation on parameters im-
portant in tissue regeneration. These include cell prolif-
eration and activity, expression of ECM proteins, and
mineral deposition.

MATERIALS AND METHODS

Macromers

Poly(ethylene glycol) dimethacrylate (PEGDM; MW
~4600) and a tri-block copolymer, poly(lactic acid)-b-
poly(ethylene glycol)-b-poly(lactic acid) with methacryl-
ate end groups (PEG-LA-DM; MW~4600) were syn-
thesized as described elsewhere.?® On average, two
lactide repeat units were added to each side of the core
PEG molecule (‘H NMR). The chemical structures of
these macromers are shown in Fig. 1. Although the
PEGDM macromers form hydrogels that are nondegrad-
able on the time scale of these experiments, the lactic
acid repeat units of the PEG-LA-DM macromers are hy-
drolytically degraded.
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FIG. 1.

Chemical structures of the PEG-based macromers.
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Hydrogel synthesis and characterization

Hydrogel disks (5 mm in diameter, 2 mm in thick-
ness) consisting of 10wt% PEG-LA-DM with 0.05wt%
of 2-hydroxy-1-[4-(hydroxyethoxy) phenyl]-2-methyl-
1-propanone (Ciby-Geigy) as a photoinitiator were
formed by means of photopolymerization using a long-
wave ultraviolet lamp (UVP, model XX-20) at an in-
tensity of ~4 mW/cm? for 10 min.? Hydrogels were de-
graded in osteoblast complete medium (see below) at
37°C on an orbital shaker and were removed from the
medium every 12-24 h to test for the compressive mod-
ulus. A previously developed, theoretical model that ac-
counts for structural and kinetic parameters was used to
describe the degradation behavior of the PEG hydro-
gels.?® The compressive modulus (K) is proportional to
the crosslinking density, which decays exponentially
with degradation. Because these are highly swollen gels,
the rate of hydrolysis follows pseudo first-order rate ki-
netics. By combining these relationships, we can obtain
the following relationship, K « e~%3%'? in which the ki-
netic time constant, k', is a model parameter and t is
degradation time.?® Using the experimentally deter-
mined k' along with structural information related to the
gel connectivity, degradation is readily predicted from
the model. The model was modified to predict the degra-
dation of copolymerized gels containing degradable
(k' = 0.00004 min~!) and nondegradable crosslinks
(k" = 0).

Osteoblast culture and encapsulation

Osteoblasts were isolated from neonatal (<1-day-old) rat
calvaria.? Cells were maintained in osteoblast growth me-
dia: Dulbecco’s Modified Eagle Medium (Gibco) supple-
mented with 10% fetal bovine serum (Invitrogen), 1% peni-
cillin/streptomycin (Gibco), 0.25% gentamicin (Gibco),
and 0.25% fungizone (Gibco). Osteoblasts after passage 3
were used in this study.

All hydrogels were formulated by dissolving in phos-
phate-buffered saline (PBS) different ratios of PEGDM
and PEG-LA-DM to achieve a final monomer concentra-
tion of 10wt%. The co-monomer ratios utilized were 100:0,
83:17, 75:25, and 50:50 of PEGDM:PEG-LA-DM, re-
spectively. Osteoblasts were combined with sterile
macromer/initiator solutions at a concentration of 25 X
10° cells/mL and photoencapsulated (same conditions as
above). The resulting cell-hydrogel constructs were incu-
bated in 12-well plates. The constructs were cultured for
3 weeks in osteoblast complete media: osteoblast growth
media (see above) supplemented with 100 nM dexam-
ethasone, 10 mM 3-glycerophosphate, and 0.05 mM ascor-
bic acid phosphate. Constructs were removed from culture
at days 4, 10, and 21 for biochemical and gene expression
analysis and at day 21 for histological analysis.
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Biochemical analysis of osteoblasts encapsulated
in PEGDM:PEG-LA-DM hydrogels

DNA content, which was used as a measure of cell
proliferation, was analyzed using the PicoGreen assay
(Molecular Probes). At days 4, 10, and 21 constructs were
removed from culture; the constructs were rinsed three
times with PBS; 0.5 mL of PBS was added; and the sam-
ples were manually homogenized and sonicated (Model
W-380, Misonix, Inc., Farmingdale, NY) for 1 min. The
resulting solution was assayed for DNA content based on
the manufacturer’s instructions and using a plate reader
(Victor?, Perkin Elmer).

Metabolic activity of the encapsulated osteoblasts
was analyzed at days 4, 10, and 21 with the Alamar-
Blue assay (Serotec). A 10 vol% solution of Alamar-
Blue in media was added to the constructs. Active mi-
tochondria 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 (excitation at 560 nm, emis-
sion at 590 nm) with a plate reader (Victor?, Perkin
Elmer).

Alkaline phosphatase (ALP) production was mea-
sured using an assay based on the change in absorbance
of o-nitrophenol as it is enzymatically cleaved by ALP.
When ALP is present, the substrate solution undergoes
a change from colorless to yellow, which can be mea-
sured at 405 nm using a spectrophotometer. The soni-
cated solutions described above were also utilized for
this purpose. The assay was performed by combining
100 uL of sample with 100 uL of the ALP substrate.
At 5-min intervals, the absorbance at 405 nm was mea-
sured with a plate reader (Victor?, Perkin Elmer); ab-
sorbance versus time was a straight line, the slope
of which is directly proportional to the concentra-
tion of ALP. By performing the assay using known
concentrations of ALP in parallel with the samples,
the concentrations of ALP for the samples were cal-
culated.

To normalize all the preceding biochemical assays to
relative cell number,3! an ATP assay (CellTiter-Glo® Lu-
minescent Cell Viability Assay, Promega) was utilized
per manufacturer’s instructions. ATP has a very short
half-life and is constant with cell number;3! therefore, it
is a suitable molecule to normalize cell functions, elim-
inating trends due to cell number fluctuations. Briefly,
CellTiter-Glo® reagent was added to the construct in cul-
ture medium in parallel with standards. The contents were
mixed for 10 min to allow for complete cell lysis, then
for an additional 10 min to equilibrate the luminescence
signal. Finally, the luminescence was determined in
opaque-walled 96-well plates in a plate reader (Victor?,
Perkin Elmer) and quantified using a standard curve and
a plate reader.
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PRIMER AND PROBE SEQUENCES DESIGNED BY BEACON DESIGNER SOFTWARE AND UTILIZED FOR REAL-TIME PCR

TaBLE 1.

Probe

Sense primer Anti-sense primer

Gene

5'-CTGTGTTGTCCCTGTATGCCTCTGGTCG-3’
5'-TCGTCATCGTCGTCGTCATCATCGTCCA-3’

5'-CCAAGTCCTCCCCGCCTGCCCATC-3'

5'-GTGTGGGTGACCCCGTCTC-3’

5'-AGCCATGTACGTAGCCATCCA-3’

B-actin

5'-AATCCTCGCTCTCTGCATGGT-3'

5'-AACTCTTCCAAGCAACTCCAATGA-3’
5'-GGGCAAGACAGTGATTGAATACA-3’

Osteopontin (OPN)

5'-GGATGGAGGGAGTTTACAGGAA-3’

Collagen type I (COL I)
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Gene expression of osteoblasts encapsulated in
PEGDM:PEG-LA-DM hydrogels

Osteoblast gene expression was analyzed using reverse
transcription polymerase chain reaction. After days 4, 10,
and 21, constructs were removed from culture and rinsed
three times with PBS. Total RNA was isolated using a
guanidinium thiocyanate/phenol reagent (TRI reagent,
Sigma) and standard manufacturer’s protocols. After al-
lowing the RNA pellet to dry, it was resuspended in nu-
clease-free water, and any residual genomic DNA in the
samples was digested (DNase I, Invitrogen). RNA was
then quantified using the RiboGreen assay (Molecular
Probes) based on the manufacturer’s instructions and a
plate reader (Victor?, Perkin Elmer).

Reverse transcription was performed using the iScript
cDNA Synthesis Kit (Bio-Rad). A 50-ng total RNA sam-
ple was used for the single-strand cDNA synthesis. The
reverse transcription reaction was incubated at 25°C for
5 min, 42°C for 30 min, and terminated at 85°C for 5
min. Polymerase chain reaction (PCR) was conducted us-
ing the iCycler Real-Time PCR machine (Bio-Rad), and
primers and probes were designed using the Beacon De-
signer primer design program (Table 1). Primers (Invit-
rogen) and probes (Integrated DNA Technologies) for os-
teopontin (OPN), collagen type I (COL I), and B-actin
were used. The following PCR parameters were utilized:
95°C for 90 s followed by 45 cycles of 95°C for 30 s and
55°C for 60 s. Threshold cycle (Ct) analysis was used to
quantify PCR products, normalized to 3-actin.

Mineralization by osteoblasts encapsulated in
PEGDM:PEG-LA-DM hydrogels

The ability of osteoblasts to secrete a mineralized ma-
trix in vitro was assessed histologically. Cell-hydrogel
constructs were fixed overnight in 10% formalin (Fisher),
transferred to 22wt% sucrose (Aldrich) for 72 h, frozen
in Cryo-gel (Instrumedics, Inc.), and cryosectioned (10-
pm sections). The sections were stained using the von
Kossa protocol, which stains mineral deposits dark brown
or black and with Masson’s trichrome, which stains col-
lagen blue. All histological chemicals were obtained from
Sigma. Sections were imaged (Nikon Eclipse TE300) and
the percent mineralization (percent stained area of von
Kossa—stained sections) was quantified using image anal-
ysis software (Imagel).

Further verification of mineralization was performed
using calcium and phosphate assays. Constructs were re-
moved from culture at days 4, 10, and 21 and rinsed three
times with HEPES buffer solution (Invitrogen). Then, 1
mL 0.9 N H,SO,4 was added to each well, and plates were
incubated overnight at 37°C to dissolve all deposited cal-
cium and phosphate. For the calcium assay, the super-
natant, in triplicate, was added to 100 wL of a solution
containing one part calcium binding reagent (0.024wt%



HYDROGEL DEGRADATION BEHAVIOR ENHANCES OSTEOBLAST FUNCTION

o-cresolphthalein (Sigma) and 0.25wt% 8-hydroxy-
quinone (Sigma) in diH,O) and one part calcium buffer
(500 mM 2-amino-2-methyl-1,3 propanediol (Aldrich) in
diH»O). The absorbance of each solution was then mea-
sured at 560 nm using a plate reader, and based on a stan-
dard curve of known concentrations of calcium chloride,
the total amount of calcium deposited in each hydrogel
was determined. Hydrogels with no encapsulated os-
teoblasts were also tested, and any subsequent mineral
detected was subtracted from the quantity detected in hy-
drogels with osteoblasts.

To determine the phosphate content of constructs, a
previous method was utilized with the same supernatant
as above.3? Reagent A consisted of 1.75wt% ammonium
heptamolybdate heptahydrate (Aldrich) in 6.3 N H,SOy,
and Reagent B consisted of 0.035wt% malachite green
(Aldrich) and 0.35wt% poly(vinyl alcohol) (Aldrich) in
diH,O. Sample solutions were combined with Reagent A
(20 pL) and Reagent B (20 uL) in triplicate in a 96-well
plate. After 20 min of incubation at room temperature,
the absorbance of each well was measured using a plate
reader at 590 nm. Using a range of K;HPO,4 standards
(Sigma), the concentration of phosphate in each gel could
be calculated. Combining the calcium assay results with
these experiments, the ratios of calcium to phosphate
(Ca?*:PO437) were then determined and compared with
native hydroxyapatite.

Statistical analysis

Statistical analysis was performed using a one-way
analysis of variance. Data are presented as mean * stan-
dard deviation.

RESULTS

Characterization of degradable hydrogels

PEGDM does not degrade on the time scale of these
experiments; however, the PEG-LA-DM degrades com-
pletely in 3 weeks in vitro after pseudo first-order hy-
drolysis kinetics of the crosslinks. As the crosslinks are
hydrolyzed, the concentration of the crosslinks in the net-
work decays exponentially as a function of time. Fig. 2a
shows an ideal schematic of the degrading network struc-
ture when a portion of the crosslinks is degradable. In
addition, the percent degradation from hydrogels was pre-
dicted using a previously developed theoretical model in
which the hydrolysis kinetics (a model parameter) were
based on experimental compressive moduli (K) that were
measured as a function of degradation time for gels pre-
pared from 10wt% PEG-LA-DA, as in Bryant ef al.,?”33
shown in Fig. 2b. The model was modified to predict
from the experimentally obtained modulus data the
degradation behavior of copolymerized gels containing
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degradable and nondegradable crosslinks. The predicted
mass-loss behavior as a function of degradation and com-
position of the hydrogels (Fig. 2c¢) shows that when a
higher percentage of crosslinks is nondegradable, the rate
of degradation decreases at any give time point.

Biochemical analysis of osteoblasts encapsulated
in PEGDM:PEG-LA-DM hydrogels

To monitor biochemical activity of osteoblasts encap-
sulated in various PEGDM:PEG-LA-DM copolymer
gels, proliferation, metabolic activity, and ALP produc-
tion assays were employed. Proliferation, as determined
by the total amount of DNA normalized by a relative
measure of cell number (ATP/gel), was measured, and
results are shown in Fig. 3a. Generally, proliferation in-
creased with increasing degradation. When comparing
data at day 4 versus day 10, there is an increase in pro-
liferation and also at each of the days, proliferation in-
creased with respect to an increase in PEG-LA-DM con-
centration. Interestingly, at day 21, when the degradation
is nearly complete, there is a decrease in proliferation in-
dicating that proliferation is coupled to degradation in a
complex temporal manner.

Metabolic activity, utilizing the AlamarBlue assay,
was determined at days 4, 10, and 21, and the results
shown in Fig. 3b were normalized to a relative measure
of cell number (ATP/gel). Metabolic activity, a general
cell function measure, was relatively constant at the early
stages of degradation (4 and 10 days) for all composi-
tions but increased dramatically at later stages (21 days)
with the highest concentrations of PEG-LA-DM (i.e., the
greatest degradation).

As a final and more specific measure of osteoblast ac-
tivity, ALP production was monitored at days 4, 10, and
21, and the results shown in Fig. 3¢ were normalized to
a relative measure of cell number (ATP/gel). ALP pro-
duction was highly coupled to degradation. For a given
time, ALP production increased with increased PEG-LA-
DM concentration. In addition, at a composition of 67:33
PEGDM:PEG-LA-DM, there is more than a twofold in-
crease of ALP production from 4 to 21 days.

Gene expFression of osteoblasts encapsulated in
PEGDM:PEG-LA-DM hydrogels

Gene expression profiles for the cultured osteoblasts,
normalized to (-actin, were quantified over time with
gel composition and illustrated in Fig. 4. OPN (Fig. 4a),
and collagen type I, COL I (Fig. 4b), gene expression
followed similar trends where an increase occurred in
response to an increase concentration of PEG-LA-DM
and degradation. Cells encapsulated in the 50:50 com-
position exhibited an average of 10X and 4 X greater ex-
pression for OPN and COL I, respectively, when com-
pared to the 100:0 composition at all time points.
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FIG. 2. An ideal schematic (a) of the degradation of hydrogels formed by copolymerizing macromers that do not degrade on
the time scale of the experiment (PEGDM) with macromers that degrade completely in 3 weeks (PEG-LA-DM). Compressive
modulus (b) experimentally determined for 100% PEG-LA-DM gels and fraction mass loss (¢) as a function of degradation time
and gel composition as predicted from a theoretical model?”-?® based on k' from compressive modulus data for gels prepared
from 100% PEGDM (dashed line with closed circles), 100% PEG-LA-DM (solid line with solid squares), and from varying ra-
tios of PEGDM:PEG-LA-DM (83:17 (dashed line with crosses), 67:33 (dashed line with closed diamonds), and 50:50 (dashed
line with open triangles)). Gray areas indicate when functions of encapsulated osteoblasts were measured.

Interestingly, OPN expression was relatively constant
with time, but strongly dependent on the gel composi-
tion. Conversely, COL I expression was greatest at day
10 for the two highest PEG-LA-DM-containing hydro-
gels, indicating a temporal expression pattern of the two
gene products.

Mineralization by osteoblasts encapsulated in
PEGDM:PEG-LA-DM hydrogels

Von Kossa and Masson’s Trichrome-stained histo-
logical sections of photoencapsulated osteoblasts in
PEG hydrogels after 21 days of in vitro culture are
shown in Fig. 5a, and mineralization is quantified in
Fig. 5b. These procedures stain mineral deposits brown
to black and collagen blue. As expected, collagen and
mineral deposits are localized in the pericellular envi-

ronment for the slow-degrading gels. However, with in-
creasing concentration of PEG-LA-DM allowing for in-
creased degradation, the diffusion of collagen is in-
creased and subsequent mineralization is more uniform
throughout the gel when compared to the 100:0 com-
position. In addition, as the concentration of PEG-LA-
DM increases, the overall percentage of mineralization
is increased. For instance, mineralization is almost 3 X
greater for cells encapsulated in the 50:50 versus the
100:0 composition.

Although mineralization can be enhanced by in-
creasing concentration of PEG-LA-DM in hydrogels,
the composition of the mineral phase is important to
characterize. Using an assay specific for calcium and
phosphate, the absolute amounts of these minerals and
the Ca?>*:PO,>~ ratios were determined for the hydro-
gels at days 4, 10, and 21, and the results are shown in
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Fig. 6. Calcium and phosphate deposition increased
with increasing concentration of PEG-LA-DM at all
time points. The greatest difference in calcium and
phosphate deposition is found on day 4. By day 10, all
PEG-LA-DM inclusive constructs have statistically the
same concentration of mineral phase. Calcium and
phosphate deposition increases with increasing culture
time, however, with a slower rate as the study pro-
gresses. In addition, the Ca?*:PO,3~ ratios were
roughly 1.6, the ratio expected for crystalline hydrox-
yapatite (Ca;o(PO4)6(OH),).3433

50

DISCUSSION

In the field of bone tissue regeneration, the physical and
biochemical consequences of gel degradation profiles on
encapsulated osteoblasts are critically important. By fab-
ricating hydrogels through the copolymerization of
macromers with varying mass erosion profiles, networks
can be formed that span a wide range of properties during
degradation. In this study, osteoblasts were photoencap-
sulated in hydrogels formed by copolymerizing PEGDM
with PEG-LA-DM in varying ratios (100:0, 83:17, 67:33,
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and 50:50 PEGDM:PEG-LA-DM). PEGDM does not de-
grade on the time scale of these experiments,3° but the es-
ter linkage will cleave over time in vivo. PEG-LA-DM
used in this study degrades completely in ~3 weeks in
vitro following pseudo-first-order hydrolysis kinetics of
the crosslinks.?® By comparing cell function biochemi-
cally, gene expression, and mineralized tissue formation
in these gels, we aim to understand the influence of gel
degradation on the secretory properties of cells and ECM
deposition, and ultimately, tissue evolution. Interestingly,
increasing concentrations of PEG-LA-DM stimulated os-
teoblasts biochemically, increasing metabolic activity, pro-
liferation, and ALP production. In addition, gene expres-
sion of OPN and COL I were augmented. Finally, when
exploring mineralization histologically and biochemically,
the networks with higher concentration of PEG-LA-DM,
thus degradation, exhibited the greatest mineralization.
Degradation of the PEG gels can be controlled by in-
corporating slowly degrading crosslinks into the network.
When a portion of the crosslinks is slow-degrading and,
on average, more than two crosslinks are connected to
each Kkinetic chain, the network will not dissolve. When a
higher percentage of crosslinks do not degrade over the
time course of the experiment, the rate of degradation de-
creases. In copolymer gels, the concentration of crosslinks

(normalized to ?-actin)

(normalized to ? -actin)
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in the network decays exponentially as a function of time,
releasing lactic acid byproducts, among others, until only
the PEG crosslinks remain.

In vitro cultures of osteoblasts encapsulated in
PEGDM:PEG-LA-DM hydrogels follow the general os-
teogenic differentiation process with enhancement of var-
ious differentiation markers. In general, differentiation
begins with an increase in cell density, continues with
augmented protein levels including ALP, and culminates
with mineralization of a matrix secreted by osteoblasts.3’
In vitro PEGDM:PEG-LA-DM encapsulated cultures of
osteoblasts follow this differentiation process with en-
hancement of proliferation through day 10, when the cells
become quiescent. In addition, ALP production is stim-
ulated and gene expression follows the generalized tem-
poral trend, starting with an increase in OPN, followed
by a heightened production of COL I, which continues
at a high level until mineralization proceeds.?” Interest-
ingly, the traditional biphasic ALP production seen as os-
teoblasts mature does not occur in this system, likely due
to the conclusion of the study prior to the second increase
in ALP production.

Mineralization is increased in response to the increased
concentration of PEG-LA-DM in the cell-hydrogel con-
structs. The mineralized tissue that was formed resem-
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g 0.2 x
% 0.18 FIG. 5.. Light micrographs (a) of von Kossa
s (mineralization—brown to black) and Masson’s
% 0.16 trichrome (collagen—blue) staining (bar = 100
c pm) and quantification of mineralization (b) of
L 014 hi . .
5 istological sections of osteoblasts encapsulated
g o012 in increasing concentrations of PEG-LA-DM in
g copolymers of PEGDM:PEG-LA-DM after 21
£ 01 days. *p < 0.05 of sample versus control (10%
N PEGDM) at that timepoint. n = 3 samples per
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5 9 condition.
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bled hydroxyapatite, the mineral phase of bone. In this
system, the Ca?>":PO,3~ ratio was found to be around
1.6, the ratio found in bone3*33 for all copolymer ratios
and all times. The Ca?*:PO43~ ratios in amorphous cal-
cium phosphate (Ca3(POy),), brushite ((CaHPOy)3)-H,0,
and octacalcium phosphate (Cag(PO4)¢H,) are 1:0.67,
1:1, and 1:0.75, respectively. These results indicate that
the mineralized regions of PEG hydrogels have compo-
sition similar to native bone apatite.

It is well known that cells respond to many categories
of physiochemical cues, including topographical, chem-
ical, and mechanical ones. In the system described here,

3.5E-02 ca*:Po’:

1.63 £0.04 1.56 £0.05

f}*

1.62+0.03

%
=

3.0E-02 *

—E En

2.5E-02 .

* 7#7$

2.0E-02 * #
b

1.5E-02

CaZ*(umol/gel)

1.0E-02

5.0E-03

0.0E+00

1.61£0.03

17 33

PEG-LA-DM %

50

as the hydrogel degrades and crosslinks are hydrolyzed
(see Fig. 2), network properties, such as gel mechanics,
change. The impact of material mechanics on cell be-
havior is widely investigated and has significant impor-
tance. For instance, Wang et al. found that substrate stiff-
ness could be used to modulate cell behavior. Reduced
spreading and greater motility of fibroblasts was found
on soft polyacrylamide (PAAM) substrates compared to
relatively stiffer PAAM.3® In addition, the mechanical
properties (for example, rigidity) of the substrate to which
a cell adheres have been found to mediate many aspects
of cell function including proliferation, migration, and

FIG. 6. Calcium deposition and Ca>":PO4>~ ratios by os-
teoblasts encapsulated in increasing concentrations of PEG-
LA-DM in copolymers of PEGDM:PEG-LA-DM after 4 days
(black), 10 days (white), and 21 days (gray) (error bars des-
ignate standard deviation). *p < 0.05 of sample versus con-
trol (10% PEGDM) at that timepoint; p < 0.05 of sample ver-
sus 83:17 composition at that timepoint; $p < 0.05 of sample
versus 67:33 composition at that timepoint. n = 3 samples
per condition.
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differentiation, and this suggests that the mechanics of
the adhesion substrate may regulate a cell’s ability to up-
take exogenous signaling molecules.?*#2 A critical role
for the rigidity of the cell adhesion substrate on the level
of gene transfer and expression has also been found.*?

In normal fracture healing, the microenvironment is
known to be acidic, likely in combination with elevated
lactic acid levels. These conditions result in increased os-
teoblast activity.** Interestingly, in the results described
here, osteoblast biochemical function, gene expression,
and mineralization were upregulated in response to in-
creased mass loss, which corresponds to compositions
that resulted in greater degradation and release of lactic
acid. The maximum possible concentrations of lactic acid
in the gels range from 0 to 0.04 M; however, the lactic
acid is released over about 3 weeks, resulting in much
lower dosing than in a burst release situation. In this
study, the degradation and acid byproduct effects are cou-
pled. In work done by Cusack and others,*> osteoblast
ALP production was increased with increasing concen-
tration of acidic molecules. In addition, in seeding ex-
periments utilizing homopolymer networks of PEG-LA-
DM hydrogels, osteoblast ALP production is augmented
with a greater number of lactic acid repeats, and thus
greater potential for lactic acid release.?* Furthermore,
when ascorbic acid is utilized as lactic acid is here, as
part of the crosslinker, and osteoblasts are cultured on the
scaffolds, both cell proliferation and ALP production are
enhanced.*¢

Thus, both biophysical and biochemical factors couple
to influence osteoblast function in PEG-LA-DM gels.
Degradation leads to increasing porosity facilitating the
diffusion and deposition of cell-secreted molecules.
However, degradation releases lactic acid byproducts,
which can partially influence cell secretory properties and
other functions. By careful design of hydrogel cell carri-
ers with rationally targeted modifications and degrada-
tion behavior, niches can be synthesized that actively pro-
mote cell function, gene expression, and mineralization.
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