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ABSTRACT

Rationally designed, pH sensitive sadfembling B-peptides (SAPs) which are capable of
reversibly switching between fluid and gel phases in response to environmental triggers are
potentially useful injectable scaffolds for skeletal tissue engineering applications. 1:5AP P
(CH3COQQRFEWEFEQQNHK) has been shown to nucleate hydroxyapatite mineral de novo
and has been used in dental enamel regeneration. We hypothesised that addition of
mesenchymal stromal cells (MSCs) would enhance the in vivo effects-dfii® promoting
skeletal tissue repair. Cranial defects were created in athymic rats and filled with either Bio
Os€ (anorganic bone chips) o4 + human dental pulp stromal cells (HDPSCs). Unfilled
defects served as controls. After 4 weeks, only those defects filled withadone showed
significantly increased bone regeneration (almost complete healing), compared to unfilled
control defects, as judged using quantitative micro-CT, histology and immunohistochemistry.
In silico modelling indicated that fibril formation may be essential for any mineral nucleation
activity. Taken together, these data suggest that self-assembling peptides are a suitable

scaffold for regeneration of bone tissoe one step, cell-free therapeutic approach.
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1. INTRODUCTION

There is a major clinical need to replace bone following loss of tissue due to disease
(congenital/genetic), ageing or trauma. Autologous bone grafts possess a histocompatibility
advantage and are thus the current gold standard for bone replacement. This procedure does
however include serious limitations, such as donor site morbidity, limited tissue supply,
temporary loss of function and surgical/anaesthetic risks, [1] prompting the development of
novel approaches to bone repair based upon tissue regeneration. These have been based upon
the use of (either alone or in combinations) adult mesenchymal stem cells [2,3]
synthetic/natural scaffolds or cytokines, with the ultimate aim of promatiigsue rich in
collagens and mineral within bone defects {8]4 Biomaterials with hydroxyapatite coatings

[9] or materials where all the organic component of allogenic bone has been removed,
leaving behind the apatitmineral phase e.g. Bio-O%&Geistlich, Switzerland), OsteoGraf/N
(Dentsply, Germany) have proven success in restoring lost bone but can be disadvantaged by
their relatively long degradation rates [10]. Bio-O¢ms been reported to be resorbed by
osteoclast-like cells in vivo but remnants of the biomaterial have been observed several years
post implantation in some patients {1B]. An ideal biomaterial for bone regeneration
should not only provide biocompatibility, appropriate porosity and osteo-
conduction/induction but should also possess a biodegradation rate broadly corresponding to

that of new bone formation [14].

A range of designer self-assembling peptides (SAPs) are being investigated by various groups
for their potential use as scaffolds in regenerative medicine. The ability of SAPs to self-
assemble when triggered by environmental cues and plgential to modulate certain
parameters such as cell adhesion, mechanical stiffness and biodegradation by varying the

peptide sequence makes them an attractive biomaterial for cell-based tissue repair [15]



Aggeli and colleagues designed a family of™1peptides (with varying overall charge,
hydrophobicity and polarity) that self-assemble in response to different physico-chemical
triggers to produce hydrogels at peptide concentrations of 10-30 mg/mL {3-8](fimary
sequenc&€H:COQQRFEWEFEQQ®IH>) is one such SAP with an overall net charge of -2 at
physiological pH, that undergoes pH triggered self-assembly to form a self-supporting
hydrogel in a concentration dependent mannerI2 P-4 has shown promise as an
injectable scaffold for hard tissue engineering applications including its use as an iajectabl
lubricant for osteoarthritis and is already in clinical use as a regenerative treatment for early
dental decay (caries) based upon its proven ability to nucleate hydroxyapatite mineral de
novo [17,2622]. Furthermore, B-4 has a distinct physical advantage over other scaffolds
such that when it is shear softenedy-# will return to its original gel state, without phase
separating [19], offering a capable encapsulating delivery and biomimetic scaffold.

A synergistic combination of an appropriate biomaterial with a suitable cell source is
believed to result in regeneeal tissue with a biochemical and mechanical composition
similar to that of the native tissue [23]. Owing to their intrinsic properties (self-renewal and
immunomodulatory), stem cells are a favoured cell source for use in bone tissue regeneration.
Whilst bone marrow mesenchymal stem cells (BMMSCs) extracted from the iliac crest
remain the best understood and most studied stem cell source used in bone tissue engineering
[24,25], human dental pulp stromal cells (HDPSCs) have also been the subject of much
investigation since they were first described by Gronthos et al (2000). They have since been
shown to have multiple lineage potential and express many of the cell surface markers used
to characterise bone marrow derived MSCs (new REFS). HDPSCs can be easily obtained
without any invasive surgery by banking dewous (“milk”) teeth (“SHED”) [26]. In
addition, these cells are documented to posadsigher proliferation rate and enhanced

osteogenic differentiation potential when compared to human bone marrow stromal cells



(HBMSCs) [27,28]. A combination of these properties makes HDRBCtractive cell
source for bone tissue engineering.

The aim of this study was to test the hypothesis that HDPSCs used in conjunctiomwith P
hydrogels would enhance regeneration of bone in vivo in a rat calvaria defect model. Our
underlying hypothesis was thai1f3’s known ability to nucleate hydroxyapatite[20], coupled

with the potential of HDPSCs to provide instructional cues to resident cells and their pro-
mineralising characteristics, would accelerate bone repair over and above the usaed the P

alone.

2. MATERIALS & METHODS:

2.1 SAP Synthesis

Self-assembling peptidei+4is monomeic at high pH and low salt concentration and forms
fibrils at low pH and physiological salt concentrations. The peptides used in this study were
custom synthesised by CS Bio Co., California and were shown to be greater than 95% (w/w)
pure using HPLC analysis. The peptide was sterilized in the dry state ai@agimacell
irradiator.

2.2. L929 Cell culture

L929 cells used for biocompatibility testing experiments were odddnom Sigma Aldrich

(UK) and maintained in DMEM with 2 mM glutamine, 10% fetal calf serumSF@cluding
10,000 units penicillin and 10 mg streptomycin/mL. Semi-confluent cultures were split 1:4 to
1:6 i.e. seeding at 2 xi@ells /cnt using 0.25% trypsin and cultured in an incubator set at
5% CQ; 37°C.

2.3. R1-4 Biocompatibility testing

Biocompatability testing was carried out in accordance with international standard ISO

10993-5-2009 using the well defined murine fibroblast cell line L929.



For the extract test, 1RP4 peptides were dissolved (10 mg/mL; 6.27 mM) in DMEM
supplemented with antibiotics, L-glutamine and 10% fetal calf serum (DMEM/ 10% FCS).
The peptides were monomerised by transient exposure to alkaline pH (pH 8.4; 30 minutes)
and then gelled by acidification (pH 7.4). The resulting gels were incubated at 37°C for 24
hours, centrifuged (2000pm; 5 min) and the supernatants (termed °‘Pi1-4 extracts’)
collected. The medium was removed from cultures of L929 cells {elle/well in 96 well

plates) and the cells treated with 100 pL of either (i) undiluted Bxtract, (ii) R1-4 extract

diluted with DMEM/ 10% FCS (80, 60, 40, 20 and 10% final concentration), (iii) DMEM/
10% FCS supplemented with 10% PBS, (iv) DMEM/ 10% FCS only (positive control) or (v)
DMEM/ 10% FCS containing phenol (6.4 mg/mL; negative control) for 24 hours’@tig7

a humidified atmosphere of 5&0,. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl

tetrazolium bromide solutiori mg/mL in DMEM/ 10% FCS; 50uL) was then added to each

of the wells and the cultures incubated for a further 2 hours. The fluid within the wells was
aspirated and isopropanol (100 puL) added to each. The samples were placed on an orbital
shaker until all the crystals had dissolved and the absorbance of the resulting solutions
measured using a plate reader (OD570-OD650). Results were expressed as a percentage of
the positive control.

For direct contact cytotoxicity testing11-4 (30 mg/mL in DMEM/ 10% FCS; 20 pL) was
added to the wells of a 24 well plate and the material allowed to gel and adhere for 2 hours.
L929 cells (X 1C°cells in 700 puL of DMEM/10% FCS) were then added to each well and the
cultures observed periodically for 48 hours. The cultures were then treated with MTT (1
mg/mL as above) for a further 2 hours and imaged by digital microscopy.

2.4 Human dental pulp stem cell isolation and culture

Third molar (“wisdom”) teeth were obtained through the Leeds Skeletal Tissues Research

Tissue Bank (National Research Ethics Service Research Ethics Conwhitteeds East



07/H1306/95+5) from patients attending the Leeds Dental Institute with full patient consent
and ethical approval (Dentistry Research Ethics Committee No. 210311/SS/62). Cells were
isolated using the collagenase digestion method previously described by Ricordi et al. (1992)
and Gronthos et al. (2000) [29,30]. The isolated HDPSCs were maintained/EM
medium supplemented with 10% FBS (Lonza), 2 mM L-glutamine (Sigma), 10,000 units
penicillin and 10 mg streptomycin/mL (Sigma) at 37°C and 5% @@il 80% confluent.
Passage 4 cells (P4) were ugethis study.

2.5 Preparation of SAP-cell hydrogels and Bio-O&dor in vivo implantation

HDPSCs (P4) were trypsinised and 5%X@lls were suspended in 1 mL of phosphate
buffered saline (PBS) to which 30 mg of sterile-#were added. The pH was adjusted to 7.4
with 0.5 M hydrochloric acid and the #4-cell construct was thoroughly mixed by pipetting
before being allowed to self-assemble in a 1 mL sterile syringe barrel. Capped sterilse needle
were fixed onto the syringes in order to maintain sterily-4 containing no cells but
assembled as described above was used as a control. Bigr@ssles of 0.25-Inm size

were gamma sterilised and used as a positive control.

2.6 In vivo implantation in rat calvaria defect model

All in vivo studies were carried out under UK Home Office Project License approval. Adult
athymic male rats (Hsd: RH-Foxf%) were obtained from Harlan Laboratories, Netherlands.
Animals were anesthetised using 4% isoflurane in oxygen and anaesthesia was maintained
with 2% isoflurane in oxygen. Any fine hairs present between the bridge of the snout between
the eyes to the caudal end of the calvarium were shaved using electric clippers followed by
use of an alcohol swab to sterilise the skin surface. An incision down to the periosteum was
made along the mid-sagittal crest of the calvarium to expose the bone beneath. Clear
visibility of the line of sagittal suture of the calvarial bone helped to divide the skull into two

halves. A 4mm diameter circular defect was created in each half of the skull using a trephine



burr under profuse sterile saline irrigation. Special care was taken to leave the underlying
dura mater undamaged. Sterile Bio-®ggnules were placed into the defect using a sterile
spatula and patted down until the defect was fully covered with the particles.(With or
without cells) assembled in sterile syringeaswnjected into the defect and patted down
using a sterile spatula to fully cover the defect. Control defects were left empty. After filling
the defect with the appropriate material according to the experimental group (Table 1), the
surgical site was covered by suturing the periosteum followed by suturing of the skin. Post-
operative analgesia was administered and following observations of purposeful movement,
the animals were transferred to their cages.

Table 1

2.7 Specimen preparation and micro-computed tomography (micro-CT) analysis

Animals from each group were sacrificed at 4 or 6 weeks post-surgery. The calvarial bone
was dissected and removed and immediately fixed in 10% neutral buffered formalin. Micro-
computed tomography (micro-CT) scanning was carried out using aCGiid@0, (Scanco
Medical AG, Switzerland) consisting of a cone-beam x-ray source and fitted withnar0.5
aluminium filter. The rat calvaria samples were each placed in a sample holder along with
two rat bone phantoms (Bruker, Belgium). The hydroxyapatite (HA) densities of the
phantoms were 0.25 gHA/énand 0.75 g HA/crhrespectively The hydroxyapatite (HA)
densities of the phantoms were 0.25 gHAY@nd 0.75 g HA/crhrespectively. The scanner
settings were: voltage 70 kVp, current 114 mA, integration time 300 ms, in combination with
10 um nominal resolution, 3522 x 3522 customised matrix size and a beam hardening
correction algorithm based on a HA-phantom (1.200 g HAYcprovided by the CT

manufacture .



Analysis of scans was conducted on volumes of interest. In all cases a Gaussian filter (sigma
=0.8, support =1.0) was applied to minimize high frequency noise. Greyscale thresholding
was conducted by an experienced CT user working blind and the best fit was obtained
considering the entire stack rather than a single slice. The Bone Mineral Density (BMD) and
the ratio of Bone Volume to Total Volume (BV/TV) were obtained from the thresholded
image stacks using algorithms prosebby the manufacturer. The density values derived
from the scans for the rat phantoms were 0.259 and 0.758 g FlAdspectively, indicating

that the scanner density calibration was accurate for the intended analysis.

2.8 Statistical Analysis

Statistical analysis of regenerated/total bone volume and regenerated bone mineral density
values was performed using the Kruskal Wallis non-parametric test with Dunns post-test,
using GraphPad Prism Software (GraphPad Software, Inc., San Diego, CA, USA).

2.9 Histological analysis

Following microCT analysis, the fixed calvaria were first demineralised in 14% EDTA for
four weeks. Following confirmation of demineralisation via X-ray imaging, the calvaria
samples were embedded in paraffin wax and 5 um thick serial sections were prepared
coronally to the defect using a microtome (Leica). The sections were stained with Van
Gieson stain. Stained sections were imaged under a Zeiss, Axio Imager M2 microscope and
analysed using Zen Pro software (Ver. 2012).

2.10 Immunohistochemical analysis

Immunohistochemical analysis was performed on 5 pm thick formalin-fixed paraffin
sections. Endogenous peroxidase activity was blocked using 2% hydrogen peroxide and
chymotrypsin (Sigma) enzymatic antigen retrieval was carried out by incubatingnseotia

0.1% enzyme solution (pH 7.8) for 30 minutes. Samples were incubated overnight at 4°C

with specific primary antibodies against type | collagen (mouse monoclonal anti-collagen I;



1:300; Abcam), and osteocalcin (mouse monoclonal anti-osteocalcin; 1:100; Abcam) and
staining was achieved using peroxidase conjugated secondary antibodies as per the
manufactures protocol (EnVision Kit, Dako). Nuclei were counterstained with
haematoxylin. The stained sections were visualized using an Olympus BX50 microscope and
imaged using NIS Elements BR software (Ver. 3.0).

2.11 In silico modelling

Atomistic molecular dynamics (MD) simulations were performed using the AMBER11 suite
of programs in conjunction with the AMBER99SB forcefield [31,32]. Fibril models were
constructed using the Nucleic Acid Builder (NAB) software package [33], then calcium ions
and sufficient TIP3P water molecules were added to ensure a solvent layer of at least 10A in
each orthogonal direction. The locations of the calcium ions were randomised to ensure that
all of the ions were located at least 3A away from the surface of the peptide tape prior to MD.
All calculations employed periodic boundary conditions and used the Ewald summation
technique in the PMEMD module of AMBER11 to correctly account for long range
electrostatic interactions. Prior to the MD production runs, the tapes were energy minimised
and equilibrated as previously described [34]. Calcium ion-surface interactions were

established over short (within 500 ps) MD simulation trajectory timescales.

3. RESULTS

3.1 Biocompatibility testing

Using the MTT assay showed that-8 gel extracts had no statistically significant adverse
effects upon L929 cell viability (Figure 1A), suggesting that the4Pgel had released no
soluble cytotoxic molecules/material. By comparison, the phenol control produced a
complete loss of cell viability. Viable L929 cells were observed growing directly in contact

with the peptide in the contact cytotoxicity testing (Figure 1B).



Figure 1

3.2 Micro CT analysis: Bone volume and bone mineral density

Macroscopically, in samples where defects were filled with-4P it was difficult to
distinguish new bone from surrounding native tissue in retrieved defects whereas Bio-Oss
particles could be clearly distinguished from the surrounding native calvaria bone. To
evaluate new bone formation, 3D micro-CT scans were obtained at 4 and 6 weeks post
surgery. Reconstructed 3D micro-CT scans showed a clear circular demarcation where the
defect had been created making it easier to determine the volume of dgyegenerated

bone (typical reconstructions are shown in Figure 2). The reconstructed images showed that
the control (unfilled) defects remained unrepaired during the time of the experiment and that
filling the defects with -4 + cells had resulted in deposition of mineralised tissue at both
time points, with complete healing observed in some cases. There was a clear trepd for P
alone to have higher proportions of regenerated bone in the defect thénvikh cells.

Three out of 6 defects filled with:24 alone showed almost complete healing at 4 weeks. |
contrast, 0 out of 6 defects filled withiP includingcells showed thoroughly mineralised
areas in the defects (Figure 2; D-F). Defects filled with Bid®Oappeared dense in the CT
micrographs at 4 weeks (Figure 2,(A-as would be expected given that these are particles of
anorganic bone. However, at 6 weeks, CT micrographs of samples where defects had been
filled with Bio-Os€ revealed examples of non-mineralised/very low density regions,
possibly indicating resorbtion of the Bio-BOss these cases.

Quantitative assessment of total bone volume (TBV) within the defects after 4 weeks showed
a significantly higher amount of mineralised tissue where4Palone had been used

compared with the empty defect controls (Figure 39 .statistically significant differences



were found between the groups at 6 weeks, however, 3 out of 6 defects filled witkcélls

and 4 out of 6 defects filled with:f4 alone showed almost complete healing of the defect.
The greater variability of TBV in the case of defects filled with Bio®Qssnpared with the
much smaller variability in TBV for defects filled with:1#4 + cells supported the
observation that Bio-O8gesorption may have taken place at this later time point (Figure
3B). There was no significant differenae bone mineral density for any of the groups at
either time point. Bone mineral density values measured were similar to that of native rat
calvaria bone (Figure)4

Figure 3

Figure 4

3.3 Histological observations

After 4 weeks, samples where the defects were filled with Bi§-@sealed small islands of

new bone growth near the defect margins. The Bid*Ossained light blue and was visible

as small granules (Figure 5A, marked with an asterix). The unfilled control defects showed a
similar pattern of new bone formation with small areas of bone growth at the defect margins
(Figure 5B). Samples where the defects where filled with i€ Rlone showed extensive

new bone formation at 4 weeks and in some samples the defect margins were almost
indistinguishable from the néywregenerated bone (Figure 5 C). Van Gieson stain for these
samples also detected collagen (blue colour) in the regenerated bone distributely somilar
that observed in native rat calvaria. Samples where defects were filled .vidhcBmbined

with HDPSCs also showed extensive new bone formation (apparently arising from marginal

infilling); however non-mineralised areas within the defect were more prominent compared



to those filled with -4 alone. The outer extent of new bone formed in these two groups was
slightly less than that of the surrounding calvarial bone (Figure 5,.C-D

After 6 weeks, fewer Bio-O8gyranules were detected in the filled defects, further suggesting
resorption of the particles with time (FigureE) whilst slightly more extensive new bone
formation was observed in the unfilled control samples compared with their 4 week
counterparts. Defects filled withi£4 £ cells showed extensive new bone formation after 6
weeks (Figure 5 G-H). In these defects, staining for collagen and the outer extent of new bone

formation almost matched that of the surrounding native bone (Figure 6).

Figure 5

3.4 Immunohistolocalisation of osteocalcin and type 1 collagen

Immunohistochemical analysis was carried out to determine the extent of the presence of
osteocalcin and collagen type | in the matrix of any newly regenerated bone in each
experimental group. Defects filled with Bio-Gssnd unfilled controls showed faint
osteocalcin staining, indicating, a lack of extensive mature new bone formation in these
samples (Figure 6A-B, E-F). For defects filled with-B + HDPSCs, immunohistochemical
staining for osteocalcin at both 4 and 6 weeks revealed similar high staining intensities within
the nevly regenerated bone (Figure &-G-H) and the surrounding native bone.

Collagen type | was not detected in unfilled control defects at either of the time points (Figure
7B-F) whilst faint staining only was observed interspersed between the Bfog@suules at

week 4 (Figure 7A). Intense immunohistochemical staining for collagen type | was detected
in new bone formed in defects filled with:P + HDPSCs after both 4 (Figure T)-and 6

weeks. The intensity of staining resembled that seen in the surrounding native calvarial bone.

Figure 6



Figure 7

3.51In silico modelling of Pi1-4 — calcium interactions

The predicted behaviour ofif4 under conditions of physiological pH and ionic strength is
shown in Figure 8. Computer modelling using AMBER software predittat R1-4 in its
assembled form presents an array of potential binding sites for calcium ions. Figure 8B shows
an image of a computer model of a ribbon ai-# comprising of 32 individual /24
monomers arranged anti-parallel and 48 ions of calcium. Calcium ions were observed to
preferentially dock between the side chains of four adjacent glutamate (E) residues
(negatively charged at pH 7.4) in the molecular dynamics simulations, as shown in Figure
8B. Little calcium binding was predicted in association with glutamate residues at position 9
in the primary sequence and almost no other calcium binding was seen elsewhere. Little
calcium binding was predicted in association with glutamate residues at position 9 in the
primary sequence and almost no other calcium binding was seen elsewhere.

Figure 8

4. DISCUSSION

Self-assembling peptides potentially offer advantages over other biomaterials for use in
skeletal tissue repairbulk chemical synthesis ensures economies of scale and higher
reproducibility; they have a long shelf life; are free from zoegosan be easily and
effectively functionalised and can serve to mimic 3D extracellular cest{23]. The
transitionfrom monomeric to self-assembled states@f4Pcan be manipulated according to

the environmental conditions requirec.i-B has the ability to form hydrogels as a direct

result of the hierarchical self-assembly of chiral rod like units (anti-parallel beta sheet tapes



stacledto form ribbons which in turn stack to form fibrils and finally fibres) above a critical
gelation concentration (>10 mg/mL) at neutral pH [19,35]. The advantages of being able to
reversibly control the self-assembly process by adjusting the pH of the solvent along with this
peptide’s biocompatibility, biodegradability, injectability, positive reaction to shear softening
and ability to nucleate hydroxyapatite de novo makedRan attractive scaffoldor possible

use in bone tissue engineering [18]. In a previous study, thresefes SAPs were screened

for their ability to promote bone repair in a rabbit calvarial model [36] confirming the
ability to promote skeletal tissue regeneration and repair.

In the present studyye hypothesied that the addition of exogenous MSCs to SAPs might
accelerate the previously observed bone regeneration process by stimulating osteogenesis
We selected R-4 as the candidate scaffold for use in our experiments as this peptide is not
only already licensed for clinical use in Dentistry but also has assembly characteristics that
are directly compatible with use as a scaffold in vivee #lected to combine 124 with
HDPSCs to test our hypothesis as these cells have been repeatedly reported to favour a
mineralised tissue phenotype [37] and have been shown to have the capacity for regeneration
of bone in vivo (New refs). We would therefore not expect any differences in outcome of
our experiments to be related to HDPSCs lack of potential for osteodifferentiation.

We used skeletally mature rats with an average weight of 280 g (14 weekss dldhe

defects in young/skeletally immature rodents are known to heal spontaneously [38]. The
unfilled control defects failed to heal within our 6 week observational time point and as such
permitted comparison with our experimental treatments. Whilst in this study a statistical
significance between total regenerated bone volumeid Blone samples compared ta-P

4+ MSCs wasn’t observed, overall higher bone regeneration was observed in P11-4 alone
samples at 4 weeks. By 6 weeks;-# + cells samples showed similar bone repair compared

to Pi1-4 alone and the Bio-Oss® group. Defects filled with-4 (alone or with MSCSs)



revealed histological findings with similar distribution and staining intensities of the
osteogenic markers collagen type | and osteocafcithe neo-tissue formed in the defect
compared to the surrounding natural calvarial bone.

Our data indicated that filling the calvarial defects witir#alone (without cells) appeared

to accelerate the healing process at week 4 compared with unfilled control defects. Given that
both treatmentgP.11-4 * cells) . generated similar amounts of new bone by week 6, our
hypothesis that the addition of MSCs (at least in the form of HDPSCs) would accelerate bone
repair, is rejected. Our findings support those of other researchers who showed tha(KLDL)
a self-assembling peptide capable of stimulating chondrogenesis of BMMSCs in vitro
produced significantly higher osteochondral regeneration in vivo when used without any
additional cells compared to the results obtained when the SAP was delivered in
combination with BMMSCs [39].

We did not track the fate of the HDPSCs that we used in our experiments in vivo but there are
reports that demonstrate persistent engraftment of adult human MSCs when transplanted into
immunoincompetent/ athymic xenogenic models (rats) [40,41]. We thus assume that our
MSCs transplanted into the athymic rat calvarias survived the initial transplantation and
engrafted within the defect. It is, however, known that MSCs rapidly issemness’
(multipotential differentiation ability) and their homing ability when they are first cultured in
vitro [42]. This could be a possible explanation as to why eu#fIDSPC constructs failed

to outperform/augment bone repair compared:ie4Ralone. Alternatively, it is possible that

the SAP gel poses a barrier to free diffusion of the necessary cues to induce osteogenesis in
the HDSPCs.

Biomaterials used as scaffolds for skeletal tissue repair need to provide transient support i.e.
the materialsdegradation kinetics must match that of the rate of new tissue formation [43]

Self-assembling peptides can be enzymatically degraded via hydrolysis of the amide bonds



between their constituent amino acids by endogenous peptidases [44,45]. Mazza and
colleagues (2013) observed that peptide nanofibres (PNFs) that underwent self-assembly
were structurally unstable in biological medium that contained enzymes. The peptidases
disassociated the PNFs into smaller fragments before structural degradation during enzyme-
mediated disassembly[45]. SAPs mixed with cells are therefore more likely to degrade faster
than SAPs alone as they are subjected not only to endogenous in vivo peptidase activity but
also to enzymatic degradation by the additianalivo cells. In our experiments 4 alone
perhaps degraded at a slower rate that is more suitable to support osteogenesis and bone
remodelling compared to:24 combined with HDPSCs, which would explain why we see
enhanced bone volume in defects filled witky-# only. Our in silico modelling data
suggestd that (assembled):R4 fibrils are capable of nucleating hydroxyapatite mineral via
negatively charged domains attracting calcium ions with consequential formation of a critical
nucleus for hydroxyapatite formation under physiological conditions. This ability:ef ®

act as a heterogeneous leator in the assembled form would be lost if the fibrils were to be

quickly degraded.

5. CONCLUSION

In this study we have demonstrated accelerated healing of calvarial defects as seen by
cumulative total bone volume and bone mineral density values, Van Gieson histological
staining and osteocalcin and collagen type | immunostaining. This repair was not enhanced
by the addition of HDPSCs. Mechanistic factors (including those dictating the micro-
environment within the hydrogels) influencing bone repair associated with self-assembling
peptides remain to be elucidated, as, indeed, does the fate of the engrafted cells

themselves.However, taken overall, the data presented here suggest that the self-assembling



peptide -4, in its assembled stat@ppears to offer a suitable candidate material for bone

tissue engineering.
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Figure 1.

Biocompatibility testing in accordance with ISO 10993-5. A) MTT assay- biocompatibility of
P11-4 extracts with L929 cells. B) Direct contact biocompatibility test shows L929 cells
growing right up to the edges of the peptide. Arrows indicate L929 cells in direct contact with

the peptide gel. There were no apparent adverse biocompatibility effecis-for P



4 Weeks

6 Weeks

Bio-Oss/ Empty control P11-4 only P11-4 + Cells

Figure 2.

Examples of qualitative microcomputer tomography (micro CT) reconstructed 3D images of
4 mm rat calvarial defects treated with A &Bio-Oss / Empty control , B & EP11-4 self-
assembling peptide only , C & P11-4 self-assembling peptide with cells. A single example

is shown of sample defects from each treatment group and each time point.
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Figure 3.

Total new bone volume in calvaria defects based upon amount of mineralised tissue within
the defects derived from micro-CT scans (please note that this will include Bio-Oss particles
where present in the defect). Data analysed using Non Parametric test: Kruskal Wallis Test

Dunns post-test; Mean + SEM : *p<0.05 , **p<0.01.
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Figure 4.

Bone mineral density of new bone regenerated in calvaria defects at 4 weeks (4w) and 6
weeks (6w) based upon micro-CT data (please note that this will include Bio-Oss particles
where present in the defect). Data analysed using Non-Parametric test: Kruskal Wallis Test:
Dunns post-test; Mean + SEMIB: native old bone. No statistically significant differences
were seen in bone density between bone formed within defects treated 1withsélif-

assembling peptide with or without cells or between bone formed within the defects and

adjacent native “old” bone.



4 weeks

6 weeks

Bio-Os Control

Figure 5.

Histological appearance of demineralised tissue in rat calvarial defects treated with Bio-Oss
or Pi1-4 self-assembling peptide with or without cells following staining with Van Gieson
stain at 4 and 6 weeks post biomaterial implantation. Edges of the defects are demarcated
with dotted black lines and new bone is indicated with arrows. A single example is shown for

each treatment group and each time period. No obvious differences were seen in the



histological staining of the newly formed tissue in defects treated wittl gelf-assembling
peptide with or without cells, or between newly formed bone and adjacent native “old” bone.

Particles of Bio-Oss remaining in the defects are marked with *.



Figure 6.

Osteocalcin immunohistochemical staining at 4 and 6 weeks post biomaterial implantation in

indicates new bone formation that stains positively for

defects. Asterix

rat calvarial

osteocalcin.



Figure 7.

Collagen type | immunohistochemical staining at 4 and 6 weeks post biomaterial

implantation in rat calvarial defects.
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Figure 8.

In silico modelling using AMBER of association of assembleddRwith calcium ions at pH

7.4. Amino acids in the 124 primary sequence are shown via their single letter code. (A)
Schematic showing anti-parallel alignment of 6 x-# monomers and preferred docking
position of calcium (shown in green) between 4 adjacent glutamate (E) residues (boxed,
shown in red). Dotted blue circles show predicted ionic interactions between adjacent
glutamate (E) and arginine (R) residues. (b) Image showing predicted arrangemet of P
ribbon in association with calcium ions (green). Top panel shows anti-parallel relationship of
individual R1-4 monomers (white arrows); bottom panel shows view along the assembled

P11-4 ribbon. Glutamic acid residues shown in red.



Sample Total Number of Total Number of
defects evaluated at 4 Defects evaluated at 6

weeks weeks
Bio-Os$ 4 4
Empty Control Defect 4 4
Pi1-4 6 6
P11-4 with HDPSCs 6 6

Table 1: Experimental groups used in the in vivo study



