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T
he development of biomaterials for
bone regeneration has progressively
focused on directing cellular response

for new tissue formation using a biomimetic
approach. Exploiting natural tissue self-
assembly as an architectural template, it is
critical to design materials that provide spe-
cific biomolecular signaling within a hier-
archically organized framework similar to
physiological conditions. Adapting this strat-
egy to tissue engineered bone solutions
remains a challenge, propagated by an in-
ability to fully reconstitute synthetically de-
rived localmicroenvironments that resemble
the natural bone extracellular matrix (ECM).
Native ECM serves as a complex structural
network surrounding cells for support and
providing regulation of intracellular commu-
nication and dynamic cellular response
through cell-ECM ligand interactions.1,2 The
bone ECM microenvironment consists of
organicmatrix rich collagen fibers reinforced
by inorganic hydroxyapatite (HA) nanocryst-
als, serving as a composite interface for local
osteogenic cells.3,4 Most biomaterials for
bone tissue engineering differ from bone in
either compositional structure or bioactive
signaling because of a tendency to be single-
phase materials, often ignoring one of these
two essential features.4 Thus, there is a great
need to engineer biomaterials analogous to
the structural and biological characteristics
of native bone, specifically the fundamental
bone ECM, to create a biomimetic microen-
vironment with an instructive capacity for
regeneration at the cellular level that can be
effectively translated to in vivo bone repair.
Efforts to synthetically recreate the bone

ECM microenvironment within a tissue en-
gineered hydrogel are prevalent, typically

utilizing a fibrous scaffold assembly. For
example, synthetic hydrogels for bone tis-
sue applications have included polymetha-
crylate, polyethylene glycol, and oligo
(polyethylene glycol) fumarate.5�8 While
these synthetic materials provide precise
scaffold control of physical properties, it is
often difficult to readily encapsulate cells un-
der physiological conditions via self-assembly
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ABSTRACT Formation of the native bone

extracellular matrix (ECM) provides an attractive

template for bone tissue engineering. The structural

support and biological complexity of bone ECM are

provided within a composite microenvironment that

consists of an organic fibrous network reinforced by inorganic hydroxyapatite (HA) nanoparticles.

Recreating this biphasic assembly, a bone ECM analogous scaffold comprising self-assembling peptide

amphiphile (PA) nanofibers and interspersed HA nanoparticles was investigated. PAs were endowed

with biomolecular ligand signaling using a synthetically inscribed peptide sequence (i.e., RGDS) and

integrated with HA nanoparticles to form a biphasic nanomatrix hydrogel. It was hypothesized the

biphasic hydrogel would induce osteogenic differentiation of human mesenchymal stem cells

(hMSCs) and improve bone healing as mediated by RGDS ligand signaling within PA nanofibers and

embedded HAmineralization source. Viscoelastic stability of the biphasic PA hydrogels was evaluated

with different weight concentrations of HA for improved gelation. After demonstrating initial

viability, long-term cellularity and osteoinduction of encapsulated hMSCs in different PA hydrogels

were studied in vitro. Temporal progression of osteogenic maturation was assessed by gene

expression of key markers. A preliminary animal study demonstrated bone healing capacity of the

biphasic PA nanomatrix under physiological conditions using a critical size femoral defect rat model.

The combination of RGDS ligand signaling and HA nanoparticles within the biphasic PA nanomatrix

hydrogel demonstrated the most effective osteoinduction and comparative bone healing response.

Therefore, the biphasic PA nanomatrix establishes a well-organized scaffold with increased similarity

to natural bone ECM with the prospect for improved bone tissue regeneration.

KEYWORDS: peptide amphiphile . hydroxyapatite . osteogenic differentiation .
human mesenchymal stem cells . hydrogel . biomimetic
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mechanisms similar to native ECM formation. At the
same time, challenges persist in incorporating bio-
active ligands to mimic ECM signaling functionality
within a biodegradable network. As a potential solu-
tion, self-assembling peptide-based scaffolds offer the
promise of realized three-dimensionality within a nano-
fibrous network, diffusion capability, cell responsive
degradation for native tissue in-growth, and instructive
biological signaling synthetically derived from tissue-
specific ECM molecules.9

To this point, the peptide amphiphile (PA) has been
developed as a bioactive material capable of self-
assembly into high aspect ratio nanofibers that mimic
the fibrous ECM nanostructure.10,11 The PA molecule is
composed of a charged amino acid sequence cova-
lently attached to a hydrophobic aliphatic chain, which
enables nanofiber self-assembly due to hydrophobic
collapse of the alkyl tails.10,12,13 Self-assembly of PA
nanofibers is initiated by the screening of charged
groups, typically facilitated by pH change or the
addition of multivalent ions under physiological
conditions.11,14 Upon induction, the PAs produce self-
assembled cylindrical nanostructures with exposed
bioactive peptide signals on the outer periphery. The
resulting PA nanofibers are able to form robust non-
covalent cross-links between fibers, creating an inter-
woven nanomatrix that gives rise to a macroscopic
self-supporting hydrogel.15,16 By modifying the pep-
tide sequence, PAs can be customized for many differ-
ent tissue engineering purposes. Our laboratory has
adapted the PA molecule for applications in osteo-
genic differentiation, endothelium and cardiovascula-
ture, pancreatic islet engraftment, hybrid scaffolding,
tunable gelation, and drug delivery.17�25 However, the
development of a biphasic PA nanomatrix that recapi-
tulates the organic/inorganic composite of native bone
ECM by internally incorporating a HA mineralization
source within the nanofiber network has yet to be fully
investigated, especially in regards to bone tissue re-
generation in vivo.
HA is the major inorganic mineral constituent of

bone ECM, occurring naturally as a nanocrystalline
structure for mineralization in the osseous micro-
environment.4,26 Recently, HA has begun to take hold
as a composite scaffolding material, commonly com-
bined with other bulk biomaterials to provide the
lacking inorganic phase.4,27�30 HA composites have
demonstrated excellent biocompatibility and can even
increase stability and other mechanical properties in a
controllable manner, improving scaffold integrity and
handling for biomaterial implantation.4,31 Additionally,
there is emerging evidence that the inclusion of HA can
increase osteoinduction; though, this remains a con-
tentious issue that is not yet fully understood.32�34

Thus, it is believed the inclusion of HA in a PA nano-
matrix has the potential to further improve upon com-
posite scaffold design by combining an inorganic

mineral source with a self-assembling ECM mimetic
fibrous structure endowed with biological signaling
and cell responsive degradation. The goal of this multi-
faceted scaffold is to create an osteoinductive micro-
environment that effectively approximates the natural
bone ECM at the nanostructured level of tissue forma-
tion. This biomimetic assembly would thereby estab-
lish a biphasic nanomatrix of organic PA nanofibers
interspersed with inorganic HA nanoparticles to be
investigated for induced osteogenic differentiation
and long-term bone tissue regeneration.
In our previous work, we demonstrated that tai-

lored PAs have the capacity for guided osteogenic
differentiation based on synthetic cell-ligand interac-
tions, as specific ECM ligand signals were synthetically
inscribed into the outer peptide domain.18 Further-
more, we have created viscoelastically tunable PA
nanomatrix hydrogels by coassembling two function-
ally specific PAs with differing gelation properties at
precise ratios, developing a controllable system for
gel stability with maintained bioactive signaling.17

From these studies, the RGDS (Arg-Gly-Asp-Ser)
ligand, prevalent in ECM molecules such as fibronec-
tin and laminin, was found to be the most osteoin-
ductive peptide sequence. This is supported by
previous studies showing the osteoinductive signal-
ing potential of the RGDS ligand.35�37 Thus, for this
work, the same PA molecule structure has been
maintained, consisting of a hydrophobic alkyl tail
linked to hydrophilic peptide segment of inscribed
ECM ligand and internal matrix metalloproteinase-2
(MMP-2) enzyme-degradable sequence. Two different
PAs were synthesized, with the RGDS ligand being
chosen for further investigation as an osteoinductive
signal within the biphasic PA nanomatrix, alongwith a
biologically inert (serine residue) placeholder as the
negative control. This provided an attractive self-
assembling hydrogel template for combining with
HA to achieve a well-organized construction with an
increased similarity to natural bone ECM. It was
hypothesized that the biphasic PA nanomatrix would
induce stimulated osteogenic differentiation of hu-
manmesenchymal stem cells (hMSCs) directed by the
inscribed bioactive ligand sequence within the PAs
and embedded HA nanoparticles for improved bone
tissue regeneration. Experimentally, the biphasic PA
nanomatrix hydrogels were developed and tested for
viscoelastic stability with different HA concentrations,
induction of nanofiber self-assembly, initial cellular
viability, long-term cellularity, osteogenic potential by
gene expression of phenotypic markers, and in vivo

healing response of a critical size femoral defect via a
preliminary animal study. This work thereby offers
one of the first approaches to innovatively combine
and investigate multifaceted scaffolds analogous to
the self-assembled formation of native bone tissue for
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tissue regenerative applications with great promise
for clinical translation.

RESULTS

Gelation and Viscoelastic Properties. The two PAs were
successfully synthesized and verified to have correct
molecular weights prior to calcium divalent ion in-
duced self-assembly into nanomatrix hydrogels. This
included both the bioactive PA inscribed with RGDS
ligand signaling (i.e., PA-RGDS) and corresponding
negative control PA sequence (i.e., PA-S) in which the
outer domainwas replacedwith an inert serine residue
placeholder. On the basis of previous work, PA-RGDS
was coassembled with the stronger gelating PA-S
sequence at a molar ratio (MrPA‑S = PA-RGDS/PA-S) of
1:1 to provide needed stability, while still maintaining
bioactive ligand signaling, and designated as PA-
RGDS/PA-S (1:1).17 To first develop the biphasic PA
composites, it was important to determine the appro-
priate amount of HA content to include within the self-
assembling nanomatrix based on gelation and viscoe-
lastic stability for increased handling and durability as
an implantable biomaterial. PA-RGDS/PA-S (1:1) and

PA-S were self-assembled into hydrogels embedded
with many different HA weight concentrations: 0%,
33.3%, 50%, and 66.7%. As depicted in Figure 1, the
macroscopic gel quality was observed for both PA-
RGDS/PA-S (1:1) and PA-S with different concentra-
tions of HA nanoparticles. All biphasic PA hydrogels
were found to be self-supporting and successfully
retain the embedded HA, regardless of HA concentra-
tion or PA sequence.

The viscoelastic properties of the different biphasic
composites were then evaluated using dynamic oscil-
latory rheometry in which the storage (G0) and loss (G00)
moduli were monitored as a function of frequency
sweep measurements at low strain amplitude. Storage
and loss moduli are respective measures of the ability
to store and dissipate deformation energy during
loading, and an increasing ratio of storage modulus
to loss modulus (G0/G00) is a key indicator of stronger
elasticity in hydrogels, as opposed to viscous liquids.38,39

As demonstrated in Table 1, increasing the HA con-
centration within the biphasic PA hydrogels greatly
improved the observed ratios of G0/G00 before over-
saturation at 66.7% HA caused a drop-off. The G0/G00

ratios for both PA-RGDS/PA-S (1:1) and PA-S hydrogels
were greatest at the 50% HA weight concentration,
exhibiting values approximately twice their control gel
(0%) counterparts containing no HA and indicating
predominant elastic gel character at this biphasic
condition. Therefore, the viscoelastic properties of PA
hydrogels can be directly controlled by embedding
different amounts of HA nanoparticles, as increasing
concentration led to greater viscoelasticity up to a cer-
tain point. The most viscoelastically stable gels, com-
paratively, were found to be the 50% HA weight
concentration for both PA sequences before the inter-
actions between polymer and mineral did not transfer
the viscoelastic load as effectively at the highest

Figure 1. Macroscopic PA hydrogel images of (a�d) PA-RGDS/PA-S (1:1) and (e�h) PA-S. Biphasic PAs created by self-
assembling hydrogels with different HA concentrations: (a,e) 0%, (b,f) 33.3%, (c,g) 50%, and (d,h) 66.7%. HA concentrations
(%) calculated as percentage of added HA mass to total hydrogel mass (HA þ PA). Scale bar represents 1 mm.

TABLE 1. Ratio of Storage Modulus to Loss Modulus for

Biphasic Peptide Amphiphile Hydrogels

G0/G00a

HA % concentration PA-RGDS/PA-S (1:1) PA-S

0 4.085 ( 0.81 5.958 ( 0.16
33.3 3.939 ( 1.26 4.541 ( 0.72
50 8.494 ( 0.71* 9.701 ( 0.34*

66.7 4.594 ( 0.89 6.688 ( 0.38

a Ratio of storage modulus (G0) to loss modulus (G”) at 10 Hz. * Significantly greater
than all other HA concentrations (p < 0.05).
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concentration, resulting in a decrease in the G0/G00

ratios. Consequently, the HA weight concentrations
for the biphasic PA nanomatrix hydrogels were fixed
at 50% for all further experiments.

TEM Imaging of Nanostructure. Accordingly, the bipha-
sic PA nanomatrix hydrogels were self-assembled at
only the 50% HA weight concentration for transmis-
sion electron microscope (TEM) imaging, excluding all
other HA concentrations. Both PA-RGDS/PA-S (1:1) and
PA-S underwent induced nanofiber self-assembly after
the addition of divalent calcium ions, embedding HA
nanoparticles within the nanofibrous networks. On the
basis of TEM imaging (Figure 2), the observed nanos-
tructures for both biphasic hydrogels showed that PA
nanofiber self-assembly was unaffected by the inclu-
sion of HA nanoparticles at the 50% weight concentra-
tion. Consistent nanofibrous PA formations were
evident throughout, composed of cylindrical micelle
nanostructures in the range of 6�10 nmdiameters and
lengths approaching several micrometers. The ob-
served nanofiber morphology and formation are con-
sistent with past studies performed without HA.10,16,17

Thus, dispersed HA nanoparticles can be effectively
integrated into self-assembling PAs to create biphasic
nanomatrices.

Cellular Viability. hMSCs were encapsulated in the
different combinations of PA nanomatrix hydrogels
for 3 days. The initial viability was qualitatively ob-
served by Live/Dead fluorescent staining of encapsu-
lated cells in PA-RGDS/PA (1:1) and PA-S, with HA
embedded at both 0% and 50% concentrations
(Figure 3). Representative images showed high levels
of hMSC viability for all PA nanomatrix conditions,
indicated by the abundance of positive green fluores-
cence. In particular, the biphasic PA hydrogels demon-
strated excellent cellular biocompatibility, regardless
of peptide sequence or HA inclusion. Thus, the em-
bedded HA nanoparticles did not negatively affect

hMSC viability in the self-assembled hydrogels. All PA
hydrogels cultivated high levels of cell confluency with
well-defined morphology for growth and migration.
Furthermore, the encapsulated cells within the PA
hydrogels demonstrated pervasion of viable hMSCs
throughout the three-dimensional gel geometries, as
imaged from the bottom-up by confocal microscopy.

Cellularity. For progenitor cells to differentiate along
an osteogenic lineage, maintained cellularity over
long-term in vitro incubation is needed. In addition to
ensuring sufficient cellular retention in the biphasic PA
hydrogels, a shift from proliferative to differentiated
phenotypic state is likely to first be detected by an
observed plateau in cell proliferation.40 Taking this into
consideration, the long-term cellularity of hMSCs in-
cubated in the PA nanomatrix hydrogels with and
without HA (50%weight concentration) was evaluated
over 28 days in vitro (Figure 4). The initial cellular
retention at day 0 was significantly greater for PA-
RGDS/PA-S (1:1), 0% HA compared to the biphasic
hydrogels at the same time point. However, the great-
est proliferation in cellularity over the initial amount
was observed for the biphasic PA-RGDS/PA-S (1:1), 50%
HA hydrogel at each subsequent time point, followed
by PA-RGDS/PA-S (1:1), 0% HA and PA-S, 50% HA,
which also both promoted significantly increased pro-
liferation at days 7 and 14. Consequently, the biphasic
PA-RGDS/PA-S (1:1), 50% HA hydrogel exhibited sig-
nificantly greater cellularity over both PA-S hydrogels,
regardless of HA inclusion, for days 7 and 14. The same
held true for PA-RGDS/PA-S (1:1), 0% HA at day 14, as
greater cellularity was observed compared to the nega-
tive control hydrogels (containing PA-S). Both RGDS
ligand-containing PA nanomatrix hydrogels were more
effective mediators of cellularity, similar to findings in
previous studies.18,41 Moreover, embedded HA in com-
bination with PA-RGDS/PA-S (1:1) was found to fur-
ther increase cellularity compared to its single-phase

Figure 2. TEM images of biphasic PA hydrogels self-assembled with 50% HA concentration in (a) PA-RGDS/PA-S (1:1) and (b)
PA-S. Scale bar represents 100 nm.
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counterpart, as evidenced by the greatest peaks in cell
number over the majority of the incubation. Overall, all
PA nanomatrix hydrogels demonstrated long-term cel-
lular retention of 30�40% of the initially encapsulated
cells, maintaining a density of approximately 15000
cells/hydrogel over 28 days for all gel conditions. Thus,
sufficient cellularity of hMSCswasmaintained long-term
in all biphasic PA hydrogels, enabling extended obser-
vations of osteogenic differentiation.

Quantitative Real-Time PCR Gene Expression. Osteoinduc-
tion was next quantified using real-time PCR gene
expression, assessing the promoted levels of osteo-
genicmaturation expressed by hMSCs as influenced by
the encapsulating PA nanomatrices over 28 days in

vitro. Gene expression was analyzed utilizing several
different target markers, including Runx2, alkaline
phosphatase (ALP), collagen type I, and osteocalcin
(OCN). Phenotypic expression over the entire temporal

progression of osteogenic differentiation starts with
the transcription factor Runx2, which is responsible for
inducing downstream expression of intermediate and
late-stage markers.42,43 ALP and collagen type I serve
as two of the main intermediate markers in the differ-
entiation process, pivotal to preparations of the ECM
for subsequent terminal mineralization;44 at which
time, OCN is maximally expressed as a late-stage
marker.45 Furthermore, the quantified gene expression
values for all target markers were normalized to the
internal standard of β-actin to allow for relative com-
parisons. Thus, evaluation of normalized phenotypic
markers that span the entire osteoinductive gene
expression profile was achieved.

As shown in Figure 5, Runx2 gene expression was
first quantified for all PA nanomatrix hydrogels. After
similar relative values at day 0, significantly greater
Runx2 expression was observed for PA-RGDS/PA-S

Figure 3. Representative Live/Dead fluorescent images of hMSCs encapsulated in (a,b) PA-RGDS/PA-S (1:1) and (c,d) PA-S
after 3 days. Both PA hydrogels were imaged with embedded HA concentrations of (a,c) 0% and (b,d) 50%. Viewed under
confocal microscopy, viable cells fluoresce green, and dead cells are red. Scale bar represents 10 μm.
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(1:1), 50% HA compared to both negative control PA-S
hydrogels at day 7. Continued up-regulation of Runx2
was promoted by the same biphasic RGDS-mediated
PA on day 14, evidenced by higher relative expression

than all other PA conditions. This early up-regulation of
Runx2 gave way to the heightened gene expression of
ALP halfway through incubation, coinciding with the
leveling out of Runx2 beyond the first two weeks.

Figure 4. Cellularity of hMSCs over 28 days. (#) PA-RGDS/PA-S (1:1), 0%HApromoted significantly greater cellularity than PA-
RGDS, 50% HA and PA-S, 50% HA at day 0. (/) PA-RGDS/PA-S (1:1), 0% HA and PA-RGDS/PA-S (1:1), 50%HA exhibited greater
cellularity than both PA-S, 0% HA and PA-S, 50% HA per time point. (//) A-RGDS/PA-S (1:1), 50% expressed higher cellularity
than PA-S, 50% HA at day 28. (§) Samples significantly increased in cellularity compared to day 0 (p < 0.05).

Figure 5. Gene expressionprofile for Runx2over 28days. Values expressed asmean( standarddeviation relative to PA-S, 0%
HA (dashed line) for each time point. PA-RGDS/PA-S (1:1), 50% HA promoted significantly greater expression than (/) PA-S,
50% HA on day 7, (//) PA-RGDS/PA-S (1:1), 0% HA and PA-S, 50%HA on day 14, and (§) normalization control of PA-S, 0% HA
(p < 0.05).
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Specifically, PA-RGDS/PA-S (1:1), 50% HA exhibited
significantly greater ALP gene expression over PA-S,
0% HA at the day 14 time point, while ALP expression
remained unchanged at all other incubation periods
across tested samples (Figure 6). This was followed by
gene expression analysis of collagen type I, as depicted
in Figure 7. Again, PA-RGDS/PA-S, 50% HA significantly
up-regulated target gene expression, promoting an
increased collagen type I profile for days 14 and 28. In
particular, collagen type I gene expression elicited by
the PA-RGDS/PA-S, 50% HA nanomatrix dramatically
increased over the last two weeks of incubation based
on much higher relative values compared to all other
PA conditions. Concluding the temporal progression of
osteoinduction, the late-stage phenotypic marker of
OCNwas quantified (Figure 8). Gene expression of OCN
was significantly up-regulated by both PA nanomatrix
hydrogels containing the RGDS ligand. At day 14, the
biphasic PA-RGDS/PA-S, 50% HA hydrogel promoted
significantly greater OCN expression relative to all
other PA hydrogels. Increased OCN expression was
maintained at day 28 for the biphasic RGDS-containing
PA; however, the single-phase PA-RGDS/PA-S, 0% HA
hydrogel had overtaken all other conditions in ob-
served expression, indicating a slight delay in OCN
phenotypic display as mediated by the RGDS ligand
without HA. Overall, the biphasic PA-RGDS/PA-S (1:1),
50% HA hydrogel best induced osteogenic differentia-
tion of hMSCs based on relative gene expression of
phenotypic markers covering all stages of the matura-
tion process. The combination of bioactive RGDS

ligand and HA nanoparticles within the self-assembled
PA nanomatrix hydrogel proved to be a more potent
mediator of osteoinduction compared to all other PA
conditions, after all initially started out together at the
same relative expression levels. However, the PA-
RGDS/PA-S (1:1) hydrogel by itself (0%HA) also demon-
strated increased osteoinductivity that surpassed the
negative control PA-S hydrogels, regardless of HA
inclusion, indicating the inductive signaling potential
of the RGDS ligand.

Lastly, MMP-2 gene expression was quantified for
all PA hydrogels. MMP-2 serves as a highly conserved
enzyme secreted from inside the cell to the cell surface,
where it degrades most components of the basement
membrane and ECM.46 The inclusion of the MMP-2
sensitive sequence within the internal peptide struc-
ture of all PAs adds a vital biodegradation component
to enable native tissue in-growth. As shown in Figure 9,
MMP-2 gene expression exhibited by encapsulated
hMSCs was unaffected for all PAs evaluated, including
the biphasic conditions containing HA. Over 28 days
cultivation in vitro, MMP-2 expression levels remained
at the same relative values for all the different PA
hydrogels. This verifies consistent MMP-2 expression
by the encapsulated hMSCs throughout the study,
enabling unbiased cell-mediated proteolytic degrada-
tion and potential for cell migration within the nano-
matrix hydrogels.

Radiographic Analysis. New bone formation in a pilot
animal study was first evaluated qualitatively by radio-
graphic X-ray images to assess clinical effectiveness of

Figure 6. Gene expression profile for ALP over 28 days. Values expressed as mean( standard deviation relative to PA-S, 0%
HA (dashed line) for each time point. (§) PA-RGDS/PA-S (1:1), 50% HA promoted significantly greater expression than the
normalization control of PA-S, 0% HA (p < 0.05).
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implanted PA hydrogels stabilized by intramedullary
k-wire supports (Figure 10). It was progressively found
that as the PA-RGDS/PA-S (1:1) hydrogel by itself (0%
HA) and then biphasic PA-RGDS/PA-S (1:1) containing

50% HA was incorporated, the callus formation across
the critical size (6 mm) femoral defect increased,
indicating a promoted healing response in the rat
model. As a negative control, no PA hydrogel was

Figure 7. Gene expression profile for collagen type I over 28 days. Values expressed asmean( standard deviation relative to
PA-S, 0%HA (dashed line) for each timepoint. PA-RGDS/PA-S (1:1), 50%HApromoted significantly greater expression than (/)
PA-RGDS/PA-S (1:1), 0% HA and PA-S, 50% HA on Day 28 and (§) normalization control of PA-S, 0% HA (p < 0.05).

Figure 8. Gene expression profile for OCN over 28 days. Values expressed as mean( standard deviation relative to PA-S, 0%
HA (dashed line) for each time point. PA-RGDS/PA-S (1:1), 50% HA promoted significantly greater expression than (/) PA-
RGDS/PA-S (1:1), 0% HA and PA-S, 50% HA on day 14 and (//) PA-S, 50% HA on day 28. (#) PA-RGDS/PA-S (1:1), 0% HA
expressed more than PA-RGDS/PA-S (1:1), 50% and PA-S, 50% HA on day 28. (§) Samples greater than the normalization
control of PA-S, 0% HA (p < 0.05).
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added to the defect site; consequently, the injury
defect remained relatively unaffected. However, in
the presence of PA-RGDS/PA-S (1:1), 0% HA, there
was increased callus formation based on new bone
growth after two weeks, resulting in a smaller defect
size. The bone healing response was further increased
by PA-RGDS/PA-S (1:1), 50% HA, as implantation with
the biphasic hydrogel led to new callus formation that
bridged the gap across the critical size defect. Further-
more, cortical bone thickening was observed for the
biphasic hydrogel condition at the two weeks time
point. Observing the healing progression after four
weeks, the same general trend was found. While
smaller in size, the segmental defect still remained
visibly evident for the defect only control. However, the
implanted PA-RGDS/PA-S (1:1), 0% HA displayed new
callus formation that connected the gap across the
defect area, indicating comparatively better new bone
growth. For the biphasic PA hydrogel condition, again,
a more complete bone healing response was found, as
the defect void continued to be filled by new bone
formation after initially bridging the segmental gap
within the first two weeks.

Histology Assessment. The formation of new bone in
the critical size femoral defects was further studied by
histological evaluation at the terminal four weeks time
point. For all three experimental conditions of the
preliminary animal study, a detailed perspective of
bone regeneration was provided by Goldner's tri-
chrome staining (Figure 11). Osteoid formation (dark
pink staining) was evident across the segmental
gaps for all rat femoral defects. However, the biphasic

PA-RGDS/PA-S (1:1), 50%HA condition exhibitedmuch
more mature bone formation across the defect void,
evidenced by the narrower gap and bridging of calci-
fied bone tissue (green staining). Neither of the other
conditions demonstrated signs of calcified mineraliza-
tion across the entire defect, but the PA-RGDS/PA-S
(1:1), 0% HA hydrogel condition did show a slightly
smaller void of osteoid-stained tissue compared to the
defect only control. Thus, the histological evidence,
combined with radiography, supports enhanced bone
formation promoted by the biphasic PA hydrogel, as
evidenced by the pilot animal study.

DISCUSSION

For this study, a bone ECM analogous scaffold was
developed and investigated as a tissue engineering
solution for stimulated osteoinduction with great pro-
mise for long-term bone repair based on preliminary
animal model results. This work thereby addresses
several of the challenges that lie in the development
of synthetic bone tissue engineeredmaterials aimed to
recapitulate the fundamental components of natural
bone ECM assembly; namely, a multiphase composite
needed to capture the organic fibrous structure and
inorganic mineralization inherent to native bone tissue
formation. Hence, biphasic PA nanomatrix hydrogels
were created to address these limitations, providing a
bone ECM analogue similar in biological and structural
complexity. It was believed that the self-assembling
nanofibrous PAs endowed with biological ligand sig-
naling would elicit increased osteoinduction of hMSCs
when combined with HA nanoparticles to create a

Figure 9. Gene expression profile for MMP-2 over 28 days. Values expressed as mean( standard deviation relative to PA-S,
0% HA (dashed line) for each time point.
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biphasic scaffold for bone tissue regeneration that
could be effectively translated to clinical bone repair.
First, different HA concentrations were tested in the PA
hydrogels to ensure viscoelastic stability of the biphasic
scaffolds as an implantable biomaterial. Then, hMSCs
were encapsulated in the self-assembled biphasic PA
hydrogels for cellular observation, and the combined
influences of functionalized ligand signaling and HA
inclusionwithin the hydrogel scaffoldswere studied for
osteoinduction efficacy, both in vitro and in vivo.
Previous literature has shown that the inclusion of

HA in combination with bulk polymer biomaterials can
be used to directly control and improve upon the
physical properties of composite scaffolds.27,29,47 Many
factors must be considered in the evaluation of viscoe-
lastic properties for HA-containing hydrogels, includ-
ing mineral shape, size, filler volume/weight percen-
tage, molecular weight, and state of interface between
mineral and polymer, as all can directly impact the
overall gelation quality.4 As described earlier, both
PA-RGDS/PA-S (1:1) and PA-S were first self-assembled
into hydrogels and evaluated across a wide range of
HA weight concentrations based on dynamic oscilla-
tory rheometry, previously established as an appro-
priate evaluation criterion for hydrogels.16,17,48 Addi-
tionally, only inorganic HA nanoparticles with a Ca/P
ratio of 1.6 were embedded, which approximates the
composition found in native bone.49

It was found that the 50% HA weight concentration
exhibited the greatest viscoelastic response out of all
PA conditions tested. In terms of clinical relevance, the
50% HA concentration effectively approximates the
ratio found in native bone, as it has been determined
that inorganic minerals compose about half of the dry
weight of the bone matrix.50 Furthermore, this result is
similar to previous work in which the 50% HA weight
ratio produced the best stabilizing physical condition
before dropping off at higher HA concentrations.51 It is
believed that the interactions between polymer and

HA particles in composite biomaterials, such as the
biphasic PA nanomatrix, lead to improved physical
properties; specifically, it has been reported that strong
interfacial bonding can result between mineral and
polymer, effectively transferring the load from the
matrix to mineralized reinforcements for better struc-
tural durability.52 Thus, along with displaying stable
macroscopic gel quality, the increased viscoelastic
response demonstrates an enhanced ability of the
biphasic PA nanomatrix hydrogels to store deforma-
tion energy that is most effective at the 50% HA
concentration compared to the other embedded con-
centrations. This is vital to clinician handling and long-
term stability, as the material is developed for implan-
tation in tissue regeneration applications.53

Additionally, the nanostructures of the biphasic PA
hydrogels were observed to ensure that PA nanofiber
self-assembly was unaffected by the inclusion of HA
nanoparticles. For all PA hydrogels, nanofiber self-
assembly was induced by charge neutralization using
calcium divalent ions under physiological conditions,
resulting in ionic bridging of the negatively charged
PA molecules. Successful PA nanofiber self-assembly
was evident for both biphasic hydrogels tested at the
50% HA concentration. Only TEM images of the
biphasic PA hydrogel conditions were included be-
cause the single-phase PA (0% HA) hydrogels have
been previously verified.17 Regardless, PA self-assembly
was able to successfully embedHA nanoparticles for all
conditions. However, little is known about the interac-
tions between PA nanofibers and HA nanoparticles or
the forces that hold them together within the biphasic
nanomatrix. It has been suggested that HA interacts
with PA nanofibers through the calcium ion mediators
of gelation, as these ions serve as short-distance bridges
to hold together the two biphasic components with
support from hydrogen and van der Waals forces.14,54

The development of biphasic PA nanomatrix hydro-
gels with enhanced viscoelastic stability at the 50% HA

Figure 10. High resolution radiographs taken after (a�c) two and (d�f) four weeks postoperatively. Representative images
shown for (a,d) defect only, (b,e) PA-RGDS/PA-S (1:1) hydrogel, and (c,f) biphasic PA-RGDS/PA-S (1:1), 50% HA. All images
taken as lateral radiographs of the 6 mm critical size rat femoral defects.
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concentration established a composite scaffold ready
for biological evaluation. For all cell response studies,
the PA hydrogels were seeded with hMSCs and eval-
uated for up to 28 days in vitro. hMSCs were chosen
because they are widely regarded as a stem cell for
osteoblasts, differentiating along an osteogenic line-
age when properly stimulated.55 Furthermore, hMSCs
are locally accessible at the bone microenvironment,
being one of the first major cell types recruited to the
surface of implanted bone biomaterials.43,56 Evaluating
the PA nanomatrix hydrogels with hMSCs, initial viabi-
lity was first examined. Positive Live/Dead viability
staining confirmed biocompatibility of the encapsulated
hMSCs for all PAs hydrogels, both with and without
embedded HA nanoparticles. Furthermore, high cell

confluency was observed for each condition throughout
the three-dimensional hydrogels, which is believed to
enable the close cell-to-cell communications needed for
long-term cellularity and osteogenic differentiation.57,58

Studying the long-term cellularity, it was found
that both PA-RGDS/PA-S (1:1) hydrogels, with and
without HA, exhibited higher cellular content, espe-
cially within the first two weeks, and that the biphasic
RGDS-containing (50% HA) gel was more effective
between the two. The increase in cellularity with inclu-
sion of HA is supported by past literature investigating
HA-polymer composites; in these studies, greater cell
adherence and retention is attributed to thehighadsor-
bent properties of HA, leading to enhanced serum pro-
tein adsorption and improved overall cellularity.59,60

Figure 11. Histological evaluation of 6 mm critical size femoral defects after four weeks using Goldner's trichrome staining.
Representative images shown for (a) defect only, (b) PA-RGDS/PA-S (1:1) hydrogel, 0% HA and (c) biphasic PA-RGDS/PA-S
(1:1), 50% HA. Osteoid stains dark pink, and calcified bone tissue appears green.
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Despite the added benefits of HA, the bioactive signal-
ing of the RGDS ligand within the PA hydrogels is still
believed to be the greatest effector of observed cellu-
larity. Besides the established history of RGDS ligand
signaling increasing cell adhesion, the results from this
study showed that both RGDS-mediated PA nanoma-
trix hydrogels exhibited greater cellularity compared
to PA-S gels, even when HA was included.61 It should
be noted, however, that the observed amounts of
hMSCs in the PA hydrogels peaked after the first week,
as cellularity was only maintained with minimal pro-
liferation thereafter. This reduction in continued long-
term proliferation is partly attributed to the shift in a
proliferative to differentiated state of the encapsulated
cells as mediated by the osteoinductive scaffoldmicro-
environments, along with cell losses from the required
cell culturemedia changes every 3�4days of the tissue
culture plates supporting the seeded PA hydrogels,
thus leading to no net gains in encapsulated cell
populations after the first week of incubation. Regard-
less, all PA scaffolds retained enough cells per hydrogel
to meet the minimum cellularity threshold needed to
support osteogenic differentiation, enabling long-term
evaluation of osteoinduction and in vivo bone healing
facilitated by the PA nanomatrix hydrogels.41

Many different types of scaffolds exist for bone
tissue engineering, as comprehensively reviewed in
the literature.28,62 However, the emphasis of this study
has been placed on synthetic hydrogel scaffolds, espe-
cially composites that incorporate inorganic minerals,
such as HA. In this regard, the use of self-assembling
peptide-based scaffolds for osteoinduction and ap-
plied bone tissue engineering is an emerging area of
exploration with many remaining questions still unan-
swered. Previously, two of the main classes of self-
assembling peptide scaffolds investigated include the
PuraMatrix and PA biomaterials. PuraMatrix, originally
designated as RAD16-I, has exhibited excellent bio-
compatibility, and studies have shown that the inject-
able hydrogel can lead to formation of bony bridges
andmature tissue healing of bonedefects under in vivo
conditions.63,64 At the same time, PAs have demon-
strated many of the same qualities, while also being
developed to nucleate HA crystals fromminerals in the
surrounding osseous microenvironment onto the na-
nomatrix itself.10,65 In vivo studies conducted with
these HA nucleating PAs have been shown to promote
bone formation in rat femoral defects.66 Thus, this
study investigated the effects of HA nanoparticle
inclusion from the onset of cellular response, as miner-
al embedment during initial self-assembly could po-
tentially stimulate the localized hMSCs into an earlier
osteogenic phenotype for improved bone healing. On
the basis of the quantitative osteogenic gene expres-
sion results in vitro and preliminary animal model
study, there is much promise to this organic/inorganic
biphasic approach. The RGDS-mediated biphasic PA

containing 50% HA expressed the greatest phenotypic
profile for all osteogenic markers evaluated through-
out the four week incubation and promoted the best
comparative bone healing response of the critical size
femoral defect in vivo. Additionally, the single-phase
PA-RGDS/PA-S (1:1) hydrogel without HA tended to be
slightly higher in temporal gene expression than PA-S
at both HA conditions, especially in regards to OCN
expression, suggesting that the RGDS ligand signaling
is a more important factor in osteoinduction than HA
nanoparticles within the biphasic composite.
Mechanisms behind the stimulated osteoinductive

response of hMSCs are believed to be mediated by
both key components of the RGDS-containing biphasic
PA nanomatrix hydrogel, as the combined influence of
bioactive RGDS ligand signaling from PA nanofibers
and embedded HA nanoparticles worked together to
create a bone ECM analogous microenvironment. In-
dividually, the RGDS ligand has been found to induce
osteogenic differentiation based only on the cell-
ligand interactions presented within self-assembling
scaffolds.18,35,36 It is believed that RGDS ligand signal-
ing most likely stimulates osteoinduction through
integrin-mediated activation of the ERK-related intra-
cellular pathways.67 Additionally, previous studies inves-
tigating the osteogenic response in HA-containing
composite scaffolds have found that the addition of
HA increased theobserved level of differentiation.27,33,34

However, little is known of the driving mechanisms
involved or what role, if any, that HA plays in the
osteoinductive process. Some insight has begun to
emerge, though; it has been suggested by Song et al.
that HA is capable of activating the ERK-related osteo-
inductive signaling pathway, governing cell response
on a molecular level by its presence.68

Gene expression was also confirmed for MMP-2 for
all PA nanomatrix hydrogels evaluated. No major
differences in overall MMP-2 gene expressions were
found, and relative expression levels were maintained
throughout the entire four weeks in vitro cultivation.
The unbiased expression of MMP-2 for all PA condi-
tions is important because its presence enables poten-
tial cell migration and bioresponsive degradation of
the PA nanomatrix networks over time via the incor-
porated enzyme-cleavable sequences.16 This is neces-
sary for new tissue in-growth and localized ECM
maturation, as the biphasic PA nanomatrix hydrogel
continues to bedeveloped for bone tissue regeneration.
Lastly, translation of the biphasic PA nanomatrix

hydrogel to an in vivo critical size bone defect model
was investigated as a preliminary study to understand
the guided regenerative ability and clinical effective-
ness under physiological conditions. The focus was on
bone healing potential of the RGDS-mediated PA
nanomatrix, with and without inorganic HA nanopar-
ticles, included to create a bone ECM analogous bi-
phasic scaffold. A critical size femoral defect of 6 mm
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in a rat animal model was used for in vivo evaluation.
Three different experimental study groupswere tested,
consisting of defect only, PA-RGDS/PA-S (1:1) without
HA, and the biphasic PA-RGDA/PA-S (1:1) hydrogel
with 50% HA, all stabilized by an intramedullary k-wire
for load-bearing support. From the observed results,
the biphasic PA nanomatrix containing RGDS ligand
signaling and inorganic HA nanoparticles demon-
strated the best comparative bone healing response
based on bridging of bone tissue across the defect void
after four weeks. The PA nanomatrix hydrogel without
HA followed in regenerative potential, exhibiting a
smaller defect void in comparison to the defect only
control. Of note, the 6 mm defect gap for the defect
only condition remained disjoined throughout the
study, confirming the nonhealing nature of the femoral
osteotomy at this critical defect size.
The increased bone healing formation in the pre-

sence of implanted biphasic PA nanomatrix correlates
with other animal model studies that observed an
improved healing response through the use of pep-
tide-based, self-assembling hydrogels.63,64,66 In accor-
dance with the in vitro results, it is believed that the
improved bone healing response, again, was driven by
the two critical mediators in the biphasic PA nanoma-
trix scaffold. As hMSCs are one of the first cell types
recruited to bone injury sites, the accessibility of RGDS
ligand signaling within the biphasic PA nanomatrix
hydrogel was believed to mediate the osteogenic
response of locally present progenitor cells, creating
a microenvironment predisposed to osteogenesis and
better bone repair. Concurrently, inorganic HA nano-
particles, as embedded within the PA nanomatrix
hydrogel, were available from the onset of injury repair
at the bone defect site. The early presence of biologi-
cally relevant HA offers a readily available mineraliza-
tion source to potentially increase osteogenic matura-
tion of progenitor cells, enhancing the bone healing
response. Therefore, the biphasic composite of bio-
active PAnanomatrix embeddedwithHAnanoparticles
demonstrated improved bone healing in vivo, provid-
ing an analogous bone ECM scaffold as a potential
solution for clinically effective tissue regeneration.
As the biphasic PA nanomatrix hydrogel continues

to be developed for bone tissue regeneration, future
studies are still needed to improve the overall osteo-
inductive efficacy and clinical regenerative ability.
This includes further exploration of the biphasic nano-
matrix using different amounts of embedded HA
concentrations and more comprehensively evaluating

the distribution of nanoparticles within the PA scaffold.
More in-depth study of the amounts of initially seeded
cells and comparisons to positive controls, such as BMP-
2, are intended as well to better understand the effects
on long-term osteoinduction. Furthermore, larger scale
animal model studies investigating many unexplored
questions remain. This includes microcomputer tomo-
graphy imaging and mechanical testing of the healed
bone limbs at terminal end points to provide a more
comprehensive assessment of the overall healing re-
sponse. Also, future in vivo studies intend to encapsu-
late hMSCs within the nanomatrix hydrogels to provide
an additional conduit for promotingbone regeneration.
By introducing a biological component at the femoral
defect sites, the clinical effectiveness of the biphasic
nanomatrix hydrogels may increase significantly over
the already promising bone healing response.

CONCLUSIONS

Bone ECM analogous synthetic hydrogel scaffolds
have been developed for this study, consisting of self-
assembling PAs endowed with tissue-specific ligand
signaling and interspersed HA nanoparticles. The com-
bination of organic PAs and reinforcing inorganic HA
created a biphasic PA nanomatrix, intended to improve
hydrogel viscoelasticity, stimulate osteoinduction of
encapsulated hMSCs in vitro, and promote bone tissue
regeneration of a femoral defect in vivo. Controllable
viscoelasticity of the biphasic PA nanomatrix hydrogels
was demonstrated through modulation of embedded
HA content, with the 50% HA concentration deter-
mined to be most stable for improved durability as an
implantable biomaterial. After confirming initial bio-
compatibility, extended observations of cellular re-
sponse showed that the RGDS-mediated biphasic PA
nanomatrix hydrogel promoted enhanced osteoinduc-
tion over the entire progression of phenotypic markers.
Lastly, a preliminary animal study was conducted using
a critical size femoral defect rat model. The best com-
parative bone healing response was stimulated by the
biphasic PA nanomatrix hydrogel based on radiogra-
phy and histology. These results provide innovative
insights into apromisingbiomimetic tissue engineering
approach, offering one of the first observations of a
bone ECM analogue combining both organic and
inorganic phases with great potential for clinical effec-
tiveness. Thus, the biphasic PA hydrogel establishes a
self-assembling nanomatrix that captures the hierarch-
ical nanostructured formation and biological complex-
ity of native ECM for bone tissue engineering.

MATERIALS AND METHODS
Peptide Amphiphile Synthesis and Characterization. All PA mol-

ecules were synthesized by solid-phase peptide synthesis using
previously describedmethods.16�19,24 Twodifferent PA sequences

were prepared, designated as PA-RGDS [CH3(CH2)14CONH-GTA-
GLIGQ-RGDS-COOH] and PA-S [CH3(CH2)14CONH-GTAGLIGQ-
S-COOH]. Briefly, standard Fmoc-chemistry was performed on
an Advanced Chemtech Apex 396 peptide synthesizer (AAPPTec,
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Louisville, KY) for all peptide sequences. Palmitic acid in a solution
of o-benzotriazole-N,N,N0 ,N0-tetramethyluroniumhexafluoropho-
sphate, diisopropylethylamine, and dimethylformamide was
coupled directly to the N-termini of the peptide sequences to
add the hydrophobic aliphatic tail. Each PAwas then cleaved from
the resin using amixture of trifluoroacetic acid (TFA), deionized (DI)
water, triisopropylsilane, and anisole (40:1:1:1). After cleavage,
each PA underwent rotoevaporation to remove excess TFA and
was precipitated in cold diethyl ether. The collected precipitates
were dried by lyophilization for 3 days, and the final PA products
were analyzed for impurities bymatrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry.

Self-Assembly Formation of Biphasic Peptide Amphiphile Nanomatrix
Hydrogels. PAs were first dissolved in DI water to create 2%
(weight/volume) stock solutions and buffered to neutral pH
(∼7) with NaOH. For gelation stability, PA-RGDS wasmixed with
PA-S at a molar ratio (MrPA‑S = PA-RGDS/PA-S) of 1:1, as
previously described.17 Hence, all experiments investigating
the RGDS-containing PA hydrogel have been denoted as PA-
RGDS/PA-S (1:1). To create the biphasic PA hydrogels, HA
nanoparticles (Berkeley Advanced Biomaterials Inc., CA) with a
Ca/P ratio of 1.6 were embedded in the PA stock solutions. The
HA nanoparticles were in the form of needle-shaped dry
powder granules with purity of 90% and average particle size
of 100 nm, as previously characterized.69�71 Self-assembly of
the biphasic PA hydrogels was induced by combining the
PA/HA mixtures with CaCl2 (0.1 M) and cell culture medium in
12-well silicone flexiPERM cell-culture chambers attached to
glass coverslips. The molar ratio between PAs and calcium ions
(MrCa = Ca2þ/PA) was held constant at MrCa = 2 for all cases.
Testing a wide range of HA content, the HA concentrations
evaluated in the biphasic PA hydrogels included 0%, 33%, 50%,
and 66.7% (% = HA mass/total mass). The HA concentration
percentage values have been designated at the end of PA data
labels for all experiments.

Characterization of Gelation and Nanofiber Self-Assembly Properties.
After inducing self-assembly with embedded HA, the gelation
properties of the biphasic PA nanomatrix hydrogels were
studied. Viscoelasticity was rheologically characterized on an
AR 2000 Rheometer (TA Instruments, UK), as described
previously.17 For each characterization, the storage modulus
(G0) and loss modulus (G00) were measured across a wide
frequency range (0.1�10 Hz) at 25 �C. Furthermore, the effect
of HA inclusion on PA nanofiber self-assembly was evaluated by
transmission electron microscope (TEM), using previously de-
scribed methods.16,17,72 Accompanying macroscopic images of
the biphasic PA gels were also taken to provide overall views of
the gelation character and stability.

Cell Culturing in Biphasic Peptide Amphiphile Nanomatrix Hydrogels.
Based on viscoelastic stability, theHA concentrationwas fixed at
50% HA for all biphasic PA nanomatrix hydrogels, while the
other self-assembly parameters remained the same. Human
mesenchymal stem cells (hMSCs) (Lonza, Walkersville, MD)
isolated from bone marrow were used for all cell culturing
experiments. Cells were grown in normal cell culture medium
prior to encapsulation within the PA hydrogels. Normal cell
culture medium consisted of Dulbecco's Modified Eagle's Med-
ium (DMEM) (Mediatech,Manassas, VA), 10% fetal bovine serum
(FBS) (Atlanta Biologicals, Lawrenceville, GA), 1% Amphotericin
B, 1% penicillin, and 1% streptomycin (Mediatech). Cells were
only seeded within a passage number of 3�6. Before cell
encapsulation, the tissue culture plates and well inserts, ali-
quoted HA, and PA stock solutions were UV sterilized for at least
4 h. Afterward, hMSCs were lifted with 0.05% trypsin/EDTA
solution and resuspended in normal culture medium at a
concentration of 5 000 000 cells/mL. The biphasic PA hydrogels
were then self-assembled with embedded HA as described
earlier, except hMSCs were present in the cell culture medium
during gelation. Specifically, a cell suspension of 10 μL (50000
cells/hydrogel) was encapsulated into each PA hydrogel in
combination with CaCl2 (0.1 M) during self-assembly induction.
After self-assembly, cell encapsulated PA hydrogels were trans-
ferred to cell culture well inserts (0.4 μm pore size) in 24-well
tissue culture plates (BD Biosciences, CA) for long-term in vitro
incubation. Osteogenic supplements were added to the cell

culture medium, consisting of 100 nM dexamethasone, 10 mM
β-glycerol phosphate, and 0.05 mg/mL ascorbic acid (Sigma
Aldrich, St. Louis, MO), based on previously documented
formulations.73,74 Cell cultures weremaintained under standard
conditions (37 �C, 95% relative humidity, 5% CO2) with media
changes every 3�4 days. Samples were collected after 0, 7, 14,
and 28 days using similarly described methods and stored at
�80 �C before biochemical analyses.18,19

Cellular Viability Staining. Initial viability of encapsulated
hMSCs in the PA nanomatrix hydrogels was qualitatively ob-
served under fluorescent microscopy using the Live/Dead
Viability/Cytotoxicity Kit (Invitrogen) per manufacturer instruc-
tions. Briefly, after 3 days cultivation, cell culture medium was
removed from each PA hydrogel sample viamanual aspiration.
Live/Dead solution containing calcein AM and ethidium homo-
dimer-1 was added and incubated for 30 min at 37 �C to
fluorescently stain all samples. After incubation, the Live/Dead
solution was removed and replaced with PBS for sample
hydration during imaging. Cellular viabilitywas visualized under
a Zeiss LSM 710 confocal laser scanning microscope
(Thornwood, NY).

Measurement of Cellularity. The cellularity for all samples was
measured using the PicoGreen assay kit (Molecular Probes,
Eugene, OR), quantifying the amount of double-stranded DNA
content at each time point according to the manufacturer
instructions. Briefly, the collected samples were removed from
�80 �C storage and subjected to a thaw/freeze cycle (30 min
thawing at room temperature, 15 min sonication, freezing at
�80 �C for 1 h) to lyse the cells. PicoGreen dye was then added
for fluorometric quantification of DNA content, and the con-
centration was measured using a fluorescent microplate reader
(Synergy HT, BIO-TEK Instruments, Winooski, VT) filtered at 485/
528 (EX/EM).

Gene Expression Using Quantitative Real-Time Polymerase Chain
Reaction. RNA extraction was performed using the TRIzol re-
agent (Invitrogen, Carlsbad, CA) for all samples based on
manufacturer instructions. After total RNA collection, the sam-
ples were centrifuged into pellets, dried, and resuspended in
nuclease-free water. DNase treatment (TURBO DNase, Ambion,
Austin, TX) was performed to prevent any residual genomic
DNA contamination, followed by measurement of RNA concen-
trations using a ND-1000 UV spectrophotometer (Nanodrop,
Wilmington, DE). Based on 1 μg per sample, each RNA sample
was reversed-transcribed into cDNA using the iScript cDNA
Synthesis kit (Bio-Rad, Hercules, CA), as instructed by the
manufacturer. For real-time PCR detection, the iQ SYBR Green
Supermix (Bio-Rad) was used for quantification on an iCycler iQ
Real-Time PCR machine (Bio-Rad). The PCR amplification con-
ditions were 95 �C for 3 min, followed by 40 cycles of 95 �C for
20 s, 55 �C for 20 s, and 72 �C for 20 s. Specific primer sequences
for Runx2, alkalinephosphatase (ALP), collagen type I, osteocalcin
(OCN), matrix metalloproteinase-2 (MMP-2), and β-actin
(housekeeping gene) were used to evaluate gene expression,
as listed in Table 2. Negative control samples without the cDNA
template were run concurrently to check for genomic DNA
contamination. All gene expression datawere normalized to the
internal standard of β-actin and calculated using the 2�ΔΔCt

method, previously described.75 Hence, differences in gene
expression have been expressed as the fold ratio relative to
the PA-S, 0% HA control group after β-actin normalization for
each time point.

Surgical Implantation and Retrieval. All procedures involving
animals were in compliance with the guiding principles of the
“Care and Use of Animals” and approved by the University of
Alabama at Birmingham Institutional Animal Care and Use
Committee (IACUC). For scaffold implantation, 8�10 weeks-
old male athymic rats were anesthetized with isoflurane admi-
nistered via an inhalation chamber. A single hindlimb per each
rat was shaved and prepared for surgery. The femoral defect
size of 6 mm was then created under sterile conditions. Briefly,
the femur was approached anterolaterally by incising the
periosteum and then elevating circumferentially along the
entire femur. The full thickness defect (6 mm) was created in
the diaphysis using a circular saw. The bone was stabilized with
internal fixation using an intramedullary threaded k-wire. After
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controlling the bleeding, each PA hydrogel was individually
implanted into the defect site prior to wound closure. Three
samples for each experimental group (defect only, PA-RGDS/
PA-S, 0% HA only, biphasic PA-RGDS/PA-S, 50% HA) were
implanted. The amounts of PA-RGDS, PA-S, HA, and calcium
ions were adjusted as needed to fully fill the defect void, while
still maintaining the fixed scaffold design ratios. After implanta-
tion, the muscle cuff and overlapping skin were sutured closed.
Postoperatively, buprenorphine was administered every 8 h for
3 days for pain management, and the animals were allowed to
walk freely. The animals were monitored every other day for
signs of infectionor other abnormalities. After 4weeks, the animals
were sacrificed via exsanguinations. The femur specimens with
implanted scaffolds were then retrieved for histology assessment.

Radiographic Analysis. High resolution radiographs of the fe-
moral defects (6 mm) in athymic rats were taken in vivo. Radio-
graphic imaging was carried out by the Small Animal Bone
Phenotyping Core at the University of Alabama at Birmingham
to provide noninvasive assessment of new bone growth. For
radiography, the rats were anesthetized with isoflurane and laid
on the imaging plate in a prostrate position. Each femur was
positioned laterally in the X-ray machine and imaged with
maximumvisualizationof thedefect. Radiographywasperformed
with a Faxitron model MX-20 tabletop X-ray machine (Wheeling,
Illinois) and processed as digital X-rays randomly selected as
representative images for the 2 and 4 weeks time points.

Histology Assessment. Bone histology was performed by the
Histomorphometry and Molecular Analyses Core at the Univer-
sity of Alabama at Birmingham. After animal sacrifice at 4weeks,
the internal fixators were removed from all collected femurs,
and the specimens preserved in 10% formalin solution. The
femur specimens were then randomly selected for embedment
in polymethylmethacrylate (cut at 5 μm on Leica 2265
microtome) for Goldner's trichrome staining. The tissue sections
were deplasticized in 60 �C xylene overnight, followed by
hydration in graded alcohols. The sections were then stained
with Weigert�Hematoxylin for 30 min, followed by Ponceau/
fuchsin solution for 15 min, rinsed in 1% acetic acid for 1 min,
and stained with phosphomolybdic acid-orange G solution for
15 min. The sections were rinsed again in 1% acetic acid for 1
min and counterstained with light green for 15 min. Finally, the
sections were dehydrated, cleared, and mounted. From the
Goldner's trichrome staining, osteoid regions show as dark pink,
and calcified bone appears green.

Statistical Analysis. All quantitative experiments were per-
formed three independent times. Representative graphical
results performed at least in triplicate are each expressed
as mean ( standard deviation. All statistical analyses were

performed using SPSS 15.0 software (SPSS Inc., IL). One-way
analysis of variance (ANOVA)was used for statistical comparison,
with differences between pairs determined by the Tukeymultiple
comparisons test. A value of p< 0.05was considered statistically
significant.
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