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Rapid bone regeneration within a three-dimensional defect without the use of bone grafts, exogenous
growth factors, or cells remains a major challenge. We report here on the use of self-assembling peptide
nanostructured gels to promote bone regeneration that have the capacity to mineralize in biomimetic
fashion. The main molecular design was the use of phosphoserine residues in the sequence of a peptide
amphiphile known to nucleate hydroxyapatite crystals on the surfaces of nanofibers. We tested the
system in a rat femoral critical-size defect by placing pre-assembled nanofiber gels in a 5 mm gap and
analyzed bone formation with micro-computed tomography and histology. We found within 4 weeks
significantly higher bone formation relative to controls lacking phosphorylated residues and comparable
bone formation to that observed in animals treated with a clinically used allogenic bone matrix.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Bone grafts are being used increasingly to stimulate healing of
skeletal fractures that have failed to heal, to promote healing
between two bones across a diseased joint, and also to replace and
regenerate bone lost due to trauma, infection, or disease [1-3].
Worldwide, 2.2 million bone graft procedures are performed
annually, which represent about 10% of all orthopedic operations
[4,5]. Of these, the current standard bone graft material is autoge-
nous cancellous bone, which provides osteoconductive and
osteoinductive stimuli and, in the US alone, accounts for more than
50% of the 500,000 annual bone graft procedures [6,7]. This bone
grafting strategy can lead to complications such as pain, infection,
scarring, blood loss, and donor-site morbidity [6]. At the same time
allogenic demineralized bone matrix, the primary alternative in
skeletal reconstructive surgery, lacks the osteoactive capacity of

* Corresponding author. Northwestern University, Chicago, IL 60611, USA.
Tel.: +1 (312) 503 0131; fax: +1 (312) 503 2482.
E-mail address: s-stupp@northwestern.edu (S.I. Stupp).
! Current address for Alvaro Mata is Nanotechnology Platform, Parc Cientific
Barcelona, 08028 Barcelona, Spain.

0142-9612/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2010.04.013

autografts and carries the risk of introducing infectious agents or
immune rejection [2]. Finding effective bone regeneration strate-
gies that avoid the need for autografts or allografts is therefore an
important objective in the context of an aging population [1].

An extensive research effort has been dedicated to the search of
an optimum bone-bioactive scaffold [1—-3,8]. Some previous work
has focused on improving the efficacy of autografts and allografts,
for example by incorporating bone marrow aspirates or platelet-
rich plasma to increase the population of bone progenitor cells
[9,10] as well as the concentration of growth factors to stimulate
cells [11,12]. Other research has been directed towards enhancing
the bioactivity of synthetic and natural materials for bone regen-
eration. Some examples include developing hybrid biopolymers of
poly(ethylene glycol)-fibrinogen [13], modified calcium phosphate
materials [14—18], composites [16], synthetic materials for bone
morphogenic protein delivery [19,20], and rapid prototyping
fabrication techniques with genetically engineered cells [21] or
bone marrow aspirates [22].

Our laboratory has developed molecularly designed peptide
amphiphile (PA) materials capable of self-assembling into well-
defined nanofibers [23,24] that display specific bioactive epitopes
on their surface to control cell behavior both in vitro [25—27] and in
vivo [28—30]. Nanofiber-forming PA molecules contain a peptide
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segment with one domain that has a strong propensity to form
extended B-sheets and a second domain with amino acid residues
important to bioactivity. The p-sheet domain promotes the
assembly of molecules into fibrous aggregates and discourages
aggregation into spherical nanostructures [31,32]. The second
segment, covalently grafted to the peptide, has greater hydropho-
bicity than any peptide and forms the core of fibers upon self-
assembly, thus ensuring display of the peptide segments at an
aqueous interface. The resulting self-assembled PA nanofibers are
a few nanometers in diameter and can easily attain lengths of
microns. The architecture of these systems is therefore highly
biomimetic of the fibrous elements commonly found in extracel-
lular matrix (ECM) such as collagen fibrils. Furthermore, several
bioactive cues can be presented simultaneously by co-assembling
multiple PA molecules bearing different signals [33].

In this work we have investigated the impact of a matrix with
biomimetic elements on bone regeneration within a defect. In
addition to a collagen-like fibrilar architecture (cylindrical nano-
fibers), the biomimetic features of the matrix include its ability to
nucleate in vivo hydroxyapatite crystals that resemble those in
natural bone. Previous work from our laboratory demonstrated first
in two-dimensional experiments the ability of peptide amphiphile
nanofibers with phosphoserine residues near their surfaces to
nucleate thin hydroxyapatite crystals with their c-axis parallel to
nanofibers [23]. This crystallographic relationship is observed in
biology with respect to the long axis of collagen fibrils. Very
recently, we extended this work to three-dimensional networks of
similar nanofibers by promoting mineralization in well-established
osteogenic media containing organophosphates and the enzyme
alkaline phosphatase [34]. We test here in vivo these three-
dimensional biomimetic systems as a matrix to promote bone
regeneration using an orthotopic rat femoral critical-size defect
model. Using co-assembly of two PA molecules, we also tested the
combined effect on bone bioactivity of the fibronectin epitope
RGDS and the phosphoserine residues for hydroxyapatite
nucleation.

2. Materials and methods
2.1. Peptide amphiphile synthesis and characterization

PA molecules were synthesized using methods previously described [33]. Solid-
phase peptide synthesis (SPPS) was performed using Wang resin (EMD) with
standard 9-fluorenylmethoxycarbonyl (Fmoc) protected amino acids (EMD Biosci-
ences, San Diego, CA) in N,N-dimethylformamide (DMF), diisopropylethylamine
(DIEA) and 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate (HBTU). Each PA was synthesized using orthogonal protecting
group chemistry using a CSBio peptide synthesizer CS136 (Menlo Park, CA), and
palmitic acid was coupled directly to the N terminus of the peptide sequence to
create a hydrophobic tail. After synthesis, the PA was cleaved from the resin using
TFA/triisopropylsilane (TIS)/water (95:2.5:2.5), precipitated with ice-cold ether,
solubilized in water, and dried by lyophilization. The product was then purified
using a Varian ProStar model 210 preparative-scale reverse-phase HPLC on a Waters
Atlantis column, and characterized using a PE Biosystems Voyager-DE PRO MALDI-
TOF mass spectrometer and a Hewlett-Packard 1050 RP-HPLC. Samples were then
lyophilized and stored at —20 °C until use.

2.2. PA matrix preparation

The PA molecules used to formulate the various matrices were first dissolved
separately in deionized (DI) water to a concentration of 20 mm. These PA solutions
were either gelled and implanted separately [S(P)-PA and S-PA] or in some cases
were mixed, gelled, and implanted as two-PA systems. These two-PA implants
included 95% S(P)-PA and 5% RGDS-PA [RGDS -+ S(P)-PA] as well as 95% Filler-PA and
5% RGDS-PA (RGDS + Filler-PA). These ratios were based on the previous work by
Storrie et al. in our laboratory, which determined a 95% dilution in a filler-PA to
be optimum for cellular recognition of the RGDS epitope [26]. The various PA
solutions were gelled immediately prior to implantation by combining with a solu-
tion of 40 mm CaCl, (1:1 by volume) to induce formation of a gel with final PA
concentration of 20 mm.

2.3. Animal surgeries

An established critical-size rat femoral defect model was used in this study
[57]. Surgical and animal care procedures were reviewed and approved by
Northwestern University’s Animal Care and Use Committee. The study used a total
of forty-seven 25-week old male Sprague Dawley rats (Harlan, Indianapolis, IN)
with preoperative weights ranging from 350 to 400 g. The animals were anes-
thetized by intraperitoneal injection of ketamine (100 mg/kg) and xylazine (5 mg/
kg), followed by subcutaneous procaine penicillin (60,000 international units) to
minimize the risk of infection and buprenex (0.5 mg/kg) for pain management. The
animal was placed on its side and the femoral diaphysis was approached through
a lateral incision in the skin. Then, the subcutaneous tissues and fascia were
incised, the muscle was circumferentially stripped, and the femur exposed. Ti
plates (Synthes USA, Paoli, PA) with 1.5 mm diameter holes were cut to a length of
~2.5cm (leaving five holes/plate) and laid on the exposed femur to serve as
a template to ensure appropriate positioning of the drill holes. The Ti plate was
fixed with four 1.1 mm diameter screws positioned in the proximal and distal
diaphysis of the femur, leaving the middle hole to overlay the defect. The plate and
screws were removed and a 5 mm long defect was created using a high-speed
oscillating saw (Synthes USA, Paoli, PA), followed by repositioning and fixation of
the Ti plate (Fig. 1D). A 200 pL PA gel or DBM (200 mg) was positioned in the
fracture site, filling the gap, and bridging the bone pieces (Fig. 1E). The muscle and
skin were each repositioned and sutured to close the wound and the animals were
left to recover. Pain management consisted of administering buprenex once every
12 h and meloxicam once every 24 h for the first 48 h after implantation. Animals
were sacrificed either at 24 or 48 h for the PA localization experiments or at
4 weeks for the bone regeneration experiments.

2.4. Surgical placement of PA matrices

Following the surgical procedure described above, two animals were analyzed to
determine the localization of the PA implant within the fracture site after implan-
tation. These animals were implanted with a non-bioactive PA containing a pyrene
segment [58], which is fluorescent when excited with 365 nm UV light. Animals
were sacrificed at either 24 or 48 h after implantation and their femurs exposed and
irradiated with a UV lamp (Spectronics Corporation, Westbury, NY) to qualitatively
observe the location of the PA material.

2.5. Bone regeneration experiments

Four types of PA implants were tested to assess their bone regeneration
potential, and animals were sacrificed 4 weeks after implantation. The femurs
were carefully harvested and fixed in 10% formalin prior to microCT analysis to
quantify new bone formation and histological evaluation to analyze the biological
response. In order to account for random variations between experiments,
statistical significance was defined at the level of significance of 0.05 using
a Student’s t-test performed in JMP Statistical Discovery Software (SAS Institute
Inc., Cary, NC).

2.6. Micro-computed tomography

Samples were removed from the 10% formalin, air dried for 10 min, and
embedded in polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning, Midland,
MI) to immobilize the bone while removing the Ti plate. A microCT 40 system
(Scanco Medical, PA, USA) operated at 45 kV and 177 pA was used to collect data
for reconstruction of volume encompassing the surgically produced gap in the
bone of the rat femur. Each femur was oriented with its axis parallel to the
scanner’s rotation axis. A total of 500 projections of 512 spatial samples and 0.3 s
integration time per projection were recorded and used to produce the (1024)
reconstructions. The specimen dimensions dictated that reconstructions employed
31 um isotropic volume elements (voxels), and 280 slices (7.8 mm) were required
to span the volume between the fixation holes nearest to the bone gap. Inspection
of many preliminary specimens differentiated the less heavily mineralized bone
formed after the surgery from more heavily mineralized bone at the cut ends of
the femur. The amount of bone forming in the gap was quantified using the Scanco
software suite in two steps. The combined signal from newly formed bone and cut
bone ends was quantified using a threshold u > 1.35/cm. The femoral diaphysis
was identified using threshold u>3.2/cm. The difference between the two
volumes was the volume of bone forming in the gap. Note that the most heavily
mineralized bone in the cortex of the femoral diaphysis had 3.5 < u < 4.5/cm. For
comparison, at 45 kV, the X-ray effective energy is about 24 keV, and one expects
mature bone to have linear attenuation coefficients up to u ~ 4.5/cm for these
operating conditions [59].

2.7. Histology
Samples for histological analysis were fixed (10% neutral buffered formalin),

decalcified (Decal-Stat, Decal Chemical Corporation), dehydrated in ethanol and
xylene, and embedded in paraffin wax for sectioning. Three 4 um thick sections,
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separated by 50 um distances and cut sagittally with respect to the femur, were
performed on each sample. Sections were stained with H and E, Masson'’s trichrome,
or Goldner’s trichrome to identify cells and tissues characteristic of the bone
regeneration process.

2.8. Fixation for scanning electron microscopy

Scanning electron microscopy (SEM) was used to visually analyze the nano- and
microstructure of the implanted PA gels. Gels were fixed in a solution of 2%
glutaraldehyde/3% sucrose in PBS at 4 °C. After 1 h, substrates were rinsed twice
with PBS for 30 min at 4°C and washed with deionized (DI) water for 5 min.
Dehydration was performed by placing the substrates in 50% ethanol (in DI water)
for 10 min and replacing it every 10 min while increasing the concentration to 60,
70, 80, 90, 95, and 100% ethanol. The liquid ethanol was removed while preserving
the PA topographical patterns using critical point drying.
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3. Results
3.1. Self-assembly and preparation of PA nanofibrous matrices

The four PA molecules shown below were synthesized, purified,
and their chemical structure verified by MALDI-TOF mass spec-
trometry and analytical HPLC. One molecule contained a phospho-
serine residue [S(P)-PA], a second molecule contained the RGDS
epitope (RGDS-PA), and two additional molecules served as
controls. One control contained a serine residue without phos-
phorylation (S-PA) and the second one was a non-bioactive PA
molecule (Filler-PA), which was used as a spacer in the nanofiber
assemblies to improve the availability of RGDS epitopes [26].
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Fig. 1. Setup of experimental PA materials and animal model. (A) Molecular graphics representation of a self-assembled nanofiber formed by co-assembly of the phosphorylated
serine peptide amphiphile and the RGDS peptide amphiphile (shown in green). (B) Scanning electron micrograph of a network of RGDS + S(P)-PA nanofibers. (C) Two hundred
microliters of 10 mm PA gel implant measuring 4 mm in diameter and 7 mm long prior to implantation. (D) Photograph of the 5 mm long critical-size defect used for the animal
model, stabilized with a titanium (Ti) internal plate. (E) Photograph of the site after placement of the PA gel within the defect. (F) Radiograph of a stabilized defect in an animal 24 h

after implantation of the PA gel.

The PA molecules were first dissolved separately in deionized
(DI) water to a concentration of 40 mm and gelled immediately
prior to implantation by combining with a solution of 40 mwm CaCl,
(1:1 by volume) to create a gel with final PA concentration of
20 mM. Scanning electron microscopy of these gels revealed
networks of bundled nanofibers with diameters of about 30 nm
(see Fig. 1B). These materials were used as scaffolds to assess their
potential to promote bone regeneration using an orthotopic 5-mm
wide critical-sized rat femoral defect model. All nanofiber gels
exhibited sufficient strength to be extruded through a 4 mm
diameter pipette tip and positioned into the defect (Fig. 1C—E). In
addition to the PA gel matrices we also implanted in the defects
samples of human demineralized bone matrix (DBM) which served
as positive controls while defects left untreated served as negative
controls (see Table 1).

Table 1
List of peptide amphiphiles tested in vivo and their respective number of animals
and objective of the experiment.

Group Number Treatment Objective of the experiment

of
animals
1 6 Phosphorylated serine Evaluate effect of
[S(P)-PA] mineralization epitope alone
2 7 Phosphorylated serine Evaluate combined effect of
combined with RGDS cell adhesive and
[RGDS + S(P)-PA] mineralization epitopes
3 6 Filler combined with RGDS Evaluate effect of cell adhesive
(RGDS + Filler-PA) epitope alone
4 7 Serine (S-PA) Evaluate effect of non-
phosphorylated serine
5 6 Demineralized bone matrix ~ Evaluate effect of DBM, used as
(DBM) positive control
6 6 Empty defect (Untreated) Evaluate healing in empty

defect

3.2. Localization of PA gels within the fracture site

In order to determine if the PA gels could remain localized in the
defect up to 48 h after implantation, we used a PA molecule con-
taining a fluorescent pyrene segment (pyrene-PA) (Fig. 2A). Fig. 2
illustrates the positioning of the PA gel during surgery as well as
its distribution within the defect region after 24 and 48 h of
implantation. Although PA gels were initially positioned to fill the
bone defect and surround the cut ends of the femur (Fig. 2C), the PA
was dispersed locally after both 24 and 48 h. This suggests that
although the gel may be displaced from the original location and
fragmented due to relative movement of the tissues (during animal
locomotion), the PA material remains present within the gap,
coating the bone and muscle tissue surrounding the osteotomy site
(Fig. 2D, E).

3.3. Quantification of bone formation by micro-computed
tomography

All animals became mobile within 3—4h after surgery.
Significant differences were observed between groups (Table 1)
in both the micro-computed tomography (microCT) and histo-
logical analysis. The microCT quantification demonstrated that
the animals receiving the RGDS+ S(P)-PA gel revealed the
highest mean volume of ossified tissue within the callus of all
tested groups (24.80 mm?>). This mean value of ossified tissue
was significantly greater (p<0.05) than that observed in
untreated animals (10.21 mm>) as well as those treated with S-
PA (1416 mm>) and RGDS + Filler-PA (13.45 mm?) (Figs. 3, 4).
Interestingly, the amount of ossified tissue in animals treated
with RGDS + S(P)-PA was statistically indistinguishable from that
observed in animals treated with S(P)-PA alone (18.95 mm?>).
Also, this value was significantly greater (p < 0.05) than that in
untreated animals (10.21 mm?>) (Figs. 3, 4). Furthermore, animals
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Fig. 2. Presence of PA gel within the defect, before, during, and after surgery. (A) Chemical structure of the fluorescent pyrene-containing molecule used to determine PA gel
positioning within the defect. Photographs depict (B) a 5 mm wide critical-size defect prior to and (C) immediately after fluorescent PA gel implantation (white arrow pointing at the
location of fluorescent PA). At both 24 h (D) and 48 h (E) after implantation, fluorescent PA gel material was observed to be dispersed but still within and around the fracture site

while coating local muscle tissue and (F) the outer and inner surface of the bone.

treated with S(P)-containing PA nanofibers exhibited similar
bone regeneration than those treated with allogenic matrix
(DBM) (23.61 mm>). Other groups have demonstrated the
absence of an immune reaction by implanting non-athymic
animals with human DBM [35,36], and therefore we interpret
the observed similarity in bone regeneration as an attribute of
the synthetic bioactive nanofibers capable of promoting biomi-
metic mineralization. In general, although newly formed ossified
tissue was evident in all samples within the gap region and on
the proximal and distal cut ends of the femoral diaphysis, the

amount was clearly different and dependent on the treatment
group (Figs. 4, 5).

3.4. Histological analysis of bone formation

Histological sections also revealed greater bone formation on
animals treated with the RGDS + S(P)-PA gel matrix compared to
those untreated and relative to those treated with the serine and
RGDS systems. Interestingly, the phosphorylated serine matrix led
to similar bone formation as RGDS + S(P)-PA and DBM (Fig. 5A—C).
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Fig. 3. Quantification of the in vivo bone regeneration efficacy of S(P)-containing PAs.
Micro-computed tomography quantification of bone regeneration. Total volume of
bone tissue within the callus quantified by micro-computed tomography (microCT)
scans at 4 weeks postoperative. Animals treated with the S(P)-containing PAs exhibited
statistically higher volumes of bone relative to the untreated group. Furthermore,
animals treated with RGDS + S(P)-PA also exhibited significantly higher bone volume
than those treated with S-PA or RGDS + Filler-PA. Animals treated with RGDS + S(P)-PA
artificial matrices also exhibited similar values of regenerated bone as those treated
with the positive control DBM (error bars refer to standard error of the mean).

In accordance with natural bone fracture healing, signatures of both
endochondral and intramembranous ossification were observed
[6]. Endochondral ossification was present primarily within the
original femoral defect site, extending axially from the cut surfaces
of the pre-existing cortical bone into the inner surface of the callus

Proximal end of the defect

Newly farmed bone

N
ol

Distal end of the defect Original bone

Newly formed hone

(Fig. 5D). Here, periosteal tissue was observed surrounding carti-
laginous tissue rich in chondrocytes, immediately followed by
woven ossified tissue embedded with osteoblastic cells (Fig. 5E).
Moreover, animals treated with RGDS + S(P)-PA gel matrices also
exhibited intramembranous ossification (areas of ossified woven
bone tissue with no cartilage), primarily on the inside and outside
surfaces of the original cortex of the femoral diaphysis. The pres-
ence of woven ossified tissue within the callus was also established
through observation of birefringence. Viewing under polarized
light between cross-polars, newly formed woven bone is charac-
terized by small birefringent domains [37], whereas lamellar bone
is characterized by larger birefringent ones. In our experiments,
large birefringent domains were observed along the original bone
cortex while small birefringent ones were present within the callus
(data not shown). Finally, daily observation of the animals and
histological analysis revealed no evidence of any immune reaction.
Furthermore, histological sections revealed neither inflammation
nor the presence of any cells that would be expected to be present
in the case of an immune reaction such as lymphocytes, neutro-
phils, or osteoclasts.

4. Discussion

The objective of the present study was to determine the in vivo
osteogenic potential of self-assembling PAs comprising bioactive
epitopes specifically designed to promote bone regeneration. The
main design feature of our PA material was the incorporation of
S(P) segments within well-defined self-assembled nanofibers with
ECM-like fibrous architectures. The objective of this approach was
to generate a completely artificial bone-bioactive matrix that
mimics elements of bone biomineralization [38]. The ability of this
matrix to emulate partly these processes in a three-dimensional
fibrous matrix has been described by two previous publications

Neawvly feemed bone

Mo newvly farmed bone observed

Fig. 4. MicroCT imaging of newly formed bone. Representative microCT images depicting the difference in bone formation observed in animals implanted with RGDS + S(P)-PA
within the defect (A—C) versus those left untreated (D—F). Dashed white lines highlight the position of the slices from the RGDS + S(P)-PA treated (B, C) and from the untreated (E, F)
animals. Higher levels of new calcified tissue (less dense, gray) were observed in animals treated with the S(P)-containing PA matrix. In these animals new bone formation was
observed growing from both ends of the defect tending to bridge the gap (A—C) and expanding radially outwards (B). New bone at the edge of the defect coated both the outside
(outer bone surface) and inside (medullary canal) of the original bone (more dense, white), which correspond to the locations where the PA matrix was observed to coat and be

present within 24 and 48 h after implantation (Fig. 3).
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Control

Fig. 5. Histological analysis of newly formed bone. (A—C) Photomicrographs at low (top panel) and high magnification (bottom panel) of histological sections from the defect site
stained with Masson’s trichrome. (A) Sections from sites treated with RGDS + S(P)-PA, (B) untreated, and (C) treated with DBM (areas within the green outline correspond to ossified
tissue within the callus). (D) Sections from defects treated with RGDS + S(P)-PA exhibited primarily signatures of endochondral ossification with a leading periosteum followed by
cartilage (embedded with hypertrophic chondrocytes) and ossified tissue. Ossified tissue within the callus (blue) reveals the presence of osteoblasts embedded within it (E).

from our laboratory [23,34]. The artificial matrix used here might
be considered a mimic of bone sialoprotein, which is rich in
phosphorylated serine residues, has a high affinity for calcium ions,
and is known to play a key role in bone mineralization [7,39].
Therefore, the central molecular feature of our strategy was to
design PAs that could generate three-dimensional fibrous matrices
that display high concentrations of phosphorylated serine residues
on their surfaces. These nanofibers would not only introduce in vivo
biomimetic nucleation of hydroxyapatite and its biological conse-
quences, but would also help augment the overall deposition of
mineral within the defect. In order to further enhance bioactivity of
the artificial matrix, we took advantage of co-assembly of two
molecules in these supramolecular systems and combined S(P)-PA
molecules with RGDS-PA molecules. PA molecules with the RGDS
fibronectin epitope were introduced to promote integrin-mediated
adhesion of cells that participate in bone regeneration such as
mesenchymal stem cells, osteoprogenitor cells, osteoblasts, and
vascular tissue cells [40—42].

The RGDS + S(P)-PA gel matrices led to the highest average
amount of ossified tissue within the callus and at a level that was
statistically equivalent to those treated with artificial matrices only

containing the phosphorylated serine residues [S(P)-PA] or the type
of allogenic demineralized bone matrix used clinically at the
present time (Figs. 3, 4). This result highlights the importance of
biomimetic mineralization of therapeutic matrices to bone bioac-
tivity. We know from previous work that showed phosphorylated
serine PA nanofibers nucleate biomimetic crystals of hydroxyapa-
tite (crystallographically aligned with the fiber axis as it occurs with
respect to collagen in biology) in both two-dimensional [23] and
three-dimensional matrices under physiological conditions [34].
RGDS-containing PAs were shown previously by our group to
promote cell adhesion in vitro [26,43—45]. In this study there was
no significant difference between animals treated with
RGDS + Filler-PA and untreated ones, but we cannot rule out that
some synergy occurred between both PAs (from 18.95 mm’ with S
(P)-PA to 24.80 mm? with RGDS + S(P)-PA), and optimization of this
effect might be possible in future studies. Furthermore, qualitative
observations of the different PA gels revealed a similar mechanical
stability among all the different groups. Therefore, it is possible that
the S(P)-containing nanofibers are presenting a favorable
hydroxyapatite nucleation environment within and around the
fracture site, which is promoting earlier biomineralization
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compared to those of other treatments and controls and leading to
a higher content of ossified tissue within the callus after 4 weeks.

Bone regeneration in response to serine PAs was not statistically
different from that found in untreated defects whereas regenera-
tion was enhanced in response to phosphorylated serine PAs. There
are several physical and biological mechanisms through which the
bioactive PA nanofiber matrix may be enhancing bone formation.
First the PA gel tends to coat the surface of the bone, both over the
periosteum and on the cross-section where the defect was created,
including close to the medullary canal (Fig. 2F). This flow of the PA
matrix may promote its contact with osteoprogenitor and mesen-
chymal stem cells (present in the periosteum and bone marrow)
and facilitate their migration towards the defect site. In addition to
assisting this cell colonization towards bone repair, it is possible
that the biomimetic HA crystals on S(P)-PA nanofibers may be
stimulating cellular events. Non-collagenous proteins such as
phosphophoryn or bone sialoprotein, which are rich in S(P) resi-
dues, not only play a role in nucleation of mineral but have been
shown to stimulate gene expression and enhance osteoblast
differentiation of MSCs in vitro [46]. Furthermore, other groups
have recently described an osteoconductive [47] and osteoinduc-
tive [48—50] effect of calcium phosphate minerals on mesenchymal
stem cells. Thus an earlier presence of this mineralized matrix as
a result of the highly concentrated S(P) residues on the surface of
the nanofibers could stimulate local mesenchymal stem cell pop-
ulation into an osteoblastic phenotype. Furthermore, this HA-con-
taining niche may also be stimulating osteoclast activity [51], which
would subsequently stimulate osteoblasts to begin the formation of
new bone [52].

On the chemical side the phosphorylated matrix is a natural
attractant for both calcium and phosphate ions that could be har-
vested by enzymes such as alkaline phosphatase (ALP), known to
play an early role in bone regeneration [53]. PA nanofibers self-
assemble through charge neutralization by incorporation of
calcium chloride and therefore have a high calcium affinity, a crit-
ical factor for biomineralization [54,55]. At the same time, under
physiological conditions and in the presence of ALP, phosphory-
lated PAs have been shown to nucleate biomimetic HA crystals with
their c-axes aligned along the axis of the nanofibers within a few
days [34]. We hypothesize that this process takes place in vivo since
phosphate ions can be harvested from the artificial phosphate-rich
S(P)-PA matrix by ALP [53]. Furthermore, an enhanced osteoblastic
activity may be promoting expression of ALP thus offering further
synergy in bone repair relative to animals without treatment. In
this context, S(P)-containing artificial matrices may be emulating
the positive effects of DBM on bone repair which is known to
contain acidic proteins and preserved collagen structures impor-
tant in HA mineralization [5,56].

5. Conclusion

Artificial and biomimetic matrices for bone regeneration have
been evaluated in a non-healing rat femoral defect. Enhanced bone
regeneration has been linked to the presence of phosphorylated
serine residues on the supramolecular nanofibers of these matrices
which promote formation of biomimetic bone crystals. These
bioactive matrices could address the clinical problems of autolo-
gous bone grafts or allografts from banked human bone.
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Appendix

Figures with essential color discrimination. Fig. 3 in this article
have parts that are difficult to interpret in black and white. The full
color images can be found in the online version, at doi:10.1016/j.
biomaterials.2010.04.013.
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