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Abstract

Despite progress in bone tissue engineering, reconstruction of large bone defects remains an
important clinical challenge. Here, we developed a biomaterial designed to recruit bone cells,

endothelial cells, and neuronal fibers within the same matrix, enabling bone tissue regeneration.
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The bioactive matrix is based on modified elastin-like polypeptides (ELPs) grafted with
laminin-derived adhesion peptides IKVAV and YIGSR, and the SNA15 peptide for retention
of hydroxyapatite (HA) particles.

The composite matrix shows suitable porosity, interconnectivity, biocompatibility for
endothelial cells, and the ability to support neurites outgrowth by sensory neurons.
Subcutaneous implantation led to the formation of osteoid tissue, characterized by the presence
of bone cells, vascular networks, and neuronal structures, while minimizing inflammation.
Using a rat femoral condyle defect model, we performed longitudinal micro-CT analysis, which
demonstrates a significant increase in the volume of mineralized tissue when using the ELP-
based matrix compared to empty defects and a commercially available control (Collapat®).
Furthermore, visible blood vessel networks and nerve fibers are observed within the lesions
after a period of two weeks. By incorporating multiple key components that support cell growth,
mineralization, and tissue integration, this ELP-based composite matrix provides a holistic and

versatile solution to enhance bone tissue regeneration.

1. Introduction

Bone is a highly dynamic organ composed of specialized cells with the capacity to self-remodel
[1'and regenerate small-sized fractures 1. The prevalence of bone injuries is significant, with
an estimated 178 million people receiving treatment in 2019 alone !, and the aging population

is exacerbating the impact of non-healing fractures 1,

Therapeutic approaches for bone injuries can be challenging, particularly when dealing with
critical-sized fractures that exceed a specific threshold for spontaneous healing. In humans, this
threshold generally corresponds to fractures of approximately 2 cm in length, or resulting in a
loss exceeding 50 % of the bone circumference Bl. Autografts or allografts are the primary
repair strategies, but access to autologous grafts is often limited and immunological risks are
associated with allografts. Therefore, advancements in the field of tissue engineering are

necessary to improve bone regeneration [©71,

The field of tissue engineering focuses on the development of biomaterial to improve the host’s
regenerative capacity and restore tissue function. For this, a myriad of strategies have been
developed to design biomaterials, including 3D hydrogel matrices that can incorporate cells
and/or growth factors to enhance and stimulate bone repair 11, However, despite promising

results, these approaches have shown several drawbacks, including difficulties in controlling
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cell expansion and differentiation within the biomaterials [*21%1, uncontrolled release of growth
factors [l (often at non-physiological concentrations), and the complex regulatory processes
associated with clinical applications of these advanced therapeutic products. Therefore, an
alternative considering the use of cell-free and growth factor-free matrices could be a simpler
alternative to overcome these complications by providing a ready-to-use biomaterial that can
be easily stored 51,

Among the available biomaterial sources, hydrogels have gained significant attention due to
their attractive properties and intrinsic versatility for tissue engineering applications [°],
Generally, they are found to be biocompatible, biodegradable and cause a minimal
inflammatory response 178, Thus, through their properties, hydrogels are similar to certain
biological tissues %21, The use of hydrogel-based scaffolds is advantageous as their porosity
can be modulated through techniques such as solvent casting, freeze-drying, gas foaming, or
electrospinning, thereby allowing control over pore interconnectivity 9. Lastly, they can be

functionalized by grafting specific molecules to enhance tissue repair [,

The non-osseous systems, including the nervous 211, vascular 221, and immune systems 2%, play
crucial roles in both bone development and regeneration. As such, the development of relevant
scaffolds for bone tissue repair should consider both vascularization and innervation. However,
most biomaterials used in bone repair focus primarily on stimulating bone cells, with limited

consideration for promoting sufficient vascularization and innervation.

Although the literature recognizes the importance of angiogenesis in bone development 24251,
the role of nerve fibers is often overlooked. Denervation studies in rats after osteogenesis
interruption showed reduced bone formation compared to control animals 281, Another study in
rats demonstrated the direct link between sensory neurons and bone regeneration by combining
denervation with a bone defect on the parietal bone. Cao and colleagues *"1 showed that the
absence of sensory nerves reduces the quality of the newly formed bone . Furthermore, patients
with spinal cord injuries, associated with inadequate peripheral innervation, have impaired bone
repair and a high risk of fracture recurrence 2. This reinforces the need to establish

regenerative strategies that sustain peripheral innervation during bone repair.

In the context of this neurovascular coupling, different signaling molecules have already been
identified as mediators between bone tissue, the vascular system and the nervous system. These

include neurotransmitters 21, neuronal and vascular guidance growth factors %3 as well as
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angiogenic and neuronal biomimetic peptides 2 that support the recruitment of vascular cells

and nerve fibers.

Based on these findings, we previously developed a cell-free and growth factor-free ELP-based
hydrogel capable of inducing angiogenesis and innervation B3l Elastin-Like Polypeptides
(ELPs) hold great promise as biomaterials for medical applications due to their ability to mimic
the viscoelastic properties of native elastin 4. Furthermore, they are biocompatible B3],
biodegradable B¢, can provide a cell-friendly ECM (Extra-Cellular Matrix), can be produced
in large quantities using recombinant expression techniques and can be easily purified using
their intrinsic transition temperature 371, ELPs are composed of repeating sequences of the
pentapeptide [VPGXG] derived from the hydrophobic domain of the human (tropo)elastin. The
guest residue X can be any amino acid except proline 8 and depending on the incorporated
amino acid the physicochemical characteristics of ELPs can be adjusted for specific needs. One
of the limitations of ELPs in tissue engineering is that they do not contain cell recruitment or
adhesion signals. A common strategy to functionalize ELPs is to graft adhesion motifs such as
synthetic peptides designed to bind specific cell receptors 23, Many cell adhesion motifs,
such as IKVAV and YIGSR, both derived from laminin, allow the attachment and growth of
different cell types (42 |KVAV promotes neuronal cell adhesion, migration, and neurite
outgrowth, as well as increased endothelial cell (ECs) mobilization, capillary branching, and
revascularization #1431, YIGSR allows selective guidance of ECs migration [“4l. Other peptides
can also be grafted onto the ELP to promote degradation of the matrix after implantation, or to

facilitate the fixation of specific minerals such as calcium 45461,

In our previous work 231, we developed a formulation combining ELPs with polyethylene glycol
(PEG) and the adhesion peptide IKVAYV, resulting in biocompatible hydrogels with notable
osteogenic, angiogenic, and innervating potential. Subcutaneous implantation of this hydrogel
demonstrated its non-inflammatory nature and its capacity to induce the formation of numerous
blood vessels and nerve endings in the surrounding tissue. Despite these promising results, this
hydrogel presented certain limitations. A major drawback was the limited microporosity of the
gel, which hindered proper cell colonization after its implantation in vivo. Additionally, the
hydrogel showed suboptimal degradation in vivo, likely due to the presence of PEG, a poorly

biodegradable polymer ¥71,

In the present study, we developed innovative ELP-based scaffold formulation with improved

characteristics, specifically tailored for bone tissue engineering applications. The size of the

ELP monomer was increased to obtain a matrix with improved rheological properties in the
4
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absence of PEG. To enhance the biological activity, three distinct peptide sequences were
grafted into the scaffold. The first two peptide sequences were laminin-derived adhesion
peptides: IKVAYV, to stimulate innervation, and YIGSR, to promote matrix vascularization. The
third sequence, SNA15, allows the nucleation of calcium phosphatel*® facilitating a
homogeneous distribution of hydroxyapatite (HA) particles within the matrix. Additionally, to
promote bone formation, we incorporated HA particles at different concentrations to mimic the

mineral phase of bone (1,

After the synthesis of the composite matrices, we analyzed their porosity and the
interconnectivity between pores. We performed 3D cultures to study the biological responses
of mesenchymal stem cells (MSCs), ECs and sensory neurons (SNs), then evaluated the
biocompatibility of the matrices after their subcutaneous implantation in mice. Finally, we

evaluated their potential to repair a bone defect using a rat femoral condyle model.

Our results represent a promising advance in bone tissue engineering, as this novel ELP-based
scaffold formulation shows improved properties, allowing for controlled innervation,

vascularization, and enhanced bone formation potential after implantation.

2. Results and Discussion

2.1. ELP production and characterization

The aim of the present study was to develop an ELP-based biomaterial aimed at stimulating the

regeneration of fully vascularized and innervated bone tissue.

The ELP[M1V3-80] polypeptide, denoted here ELPM80, was synthesized using recombinant
techniques. This ELP contains a total of 21 methionine residues that are regularly dispersed
along the polypeptide (Figure 1, S1). For grafting of biological active peptides and cross-linking
of ELP monomers, we selectively modified the methionine residues of the polypeptide to add
reactive groups. This chemoselective modification was carried out by a thioalkylation reaction
501 to obtain ELPM80-alkene derivatives (Figure 1A, 1B), which could be crosslinked under
UV irradiation using a thiol-ene reaction, as previously described 3. We confirmed the
effectiveness of this chemical modification by characterizing the product by NMR and gel

electrophoresis (Figure 1C, 1D).
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The SDS-PAGE electrophoresis (Figure 1D) shows that the purified ELPM80 migrates at
around 34 kDa, which is consistent with its theoretical mass of 33.7 kDa. After alkylation, we
observed a slight increase in molecular weight of about 2-3 kDa. This suggests that the
alkylation reaction was efficient. The appearance of a band at approximately 75 kDa is also
observed, which could correspond to the dimeric form of the alkylated ELP M80. Nevertheless,
quantification by densitometry of the gel showed that this dimeric form represents less than 3
% of the total amount of ELP.

NMR analyses are shown in Figure 1C. The *H NMR spectrum of the ELP M80 is identical to
that previously published %, This demonstrates that the methionine residues were not oxidized
during the production and purification steps, an important control because the alkylation
reaction cannot be effective when these residues are oxidized. As previously demonstrated by
Petitdemange and collaborators B, oxidation of the thioether group of methionine residues
results in a shift in the proton resonance peak of the methyl group from 2.12 ppm to 2.75 ppm
when the residues are oxidized to the sulfoxide, and at 3.1 ppm when oxidized to the sulfone.
None of these shifts were observed in the NMR spectrum of purified ELP M80, indicating that
the thioether group was amenable to thioalkylation using the epoxide derivative containing the
desired alkene group. After thioalkyaltion, we observed the apparition of new resonance peaks
on the *H NMR spectrum (Figure 1C), corresponding to the protons labelled "o, B, v, §, € and
#" of the reacted epoxide derivative (Fig 1A), as well as a shift in the resonance peak of the
methyl group of methionine to 2.8 ppm. The degree of functionalization was determined by
integrating the peak of the methyl group of methionine (-SCH3) after calibration of the
spectrum using the CHa protons of valine residues in the guest position of the pentapeptide
repeat (60 *H). We found that less than one methionine was oxidized to the sulfoxide, indicating
minor oxidation during the alkylation reaction. More importantly, the remaining 20 methionine

residues were efficiently thioalkylated.
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Figure 1. Characterization of the polymer.

A. Thioalkylation reaction of ELP M80. The thioalkylation reaction takes place for 48 hours at room
temperature. ELP M80 was dissolved in acetic acid/hexafluoroisopropanol mixture (9:1, v/v), under
Argon. l-allyloxy- 2,3-epoxypropane was added using 10 equivalents per methionine residue. B.
Chemical structure of the ELP M80-alkene. C. *H NMR spectra of ELPs M80 and M80-alkene. ELP
M80 was dissolved in D,0O at a concentration of 8 mg/mL. The spectrum was calibrated with the D.O
peak at 4.79 ppm. The main resonance peaks of the thioalkylated ELP M80, corresponding to protons
labelled in Figure 1A, are at expected chemical shifts (in ppm): 6.01-5.91 (CH alkene, signal ¢), 5.37-
5.27 (CH; alkene, signal #), 4.37-4.35 (CHOH Met, B signal), 4.11-4.10 (CH, Met, & signal). The peak
at 2.8 ppm (SCHs; Met) is indicated by an arrow. D. SDS-PAGE electrophoresis of M80 and M80-
alkene. 10 pg of each ELP were analyzed per lane. The gel was stained with InstantBlue™ colloidal
Coomassie Blue.

2.2. Production of the ELP/I'YS/HA matrix

Figure 2A shows the different components used for the production of ELP/I'YS/HA matrices,
namely ELP M80 alkene, the peptides I'Y and SNA15, and the HA particles. An acronym for
each formulation has been assigned (Table 1). The porosity of the material resulted from a
combination of two successive processes: i) freezing which led to the formation of water
crystals, and ii) freeze-drying where the water crystals undergo sublimation, leaving behind
empty spaces (Figure 2B). Preliminary tests on the formulation of this composite material took
into account the adjustment of the concentration of polymer-alkenes, peptide-thiol, and HA, as

well as the crosslinking time. Optimal results were obtained with a 3 % (w/v) ELP + peptides
7
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mixture, an equimolar ratio between the alkenes grafted to the ELP and the thiols of the

bioactive peptide, and a cross-linking time of 8 minutes (data not shown).

Table 1. List and compositions of polymers and matrices used.

Acronym Formulation

ELPM80 Recombinant polymer of Elastin-like Polypeptides with 80 repetitions

ELP/IY ELP polymer grafted with IKVAV/YIGSR peptide

ELP/S ELP polymer grafted with SNALS peptide

ELP/IYS ELP polymer grafted with both IKVAV/YIGSR and peptide

ELP/IYS/HA (%) ELP polymer grafted with both IKVAV/YIGSR and peptide and containing

HA particles at different concentrations (0 — 2.5 %)

| Peptide IKVAV/YIGSR |
1
! BpA-IRUAN-PvGLIG-YIGSR-BAR |
I
I
I

S

Peptide SNA15

1
1
1
' [EBA-DDDEEKFLRRIGRFG-BAR
i
1
]

UV3osnm irradiation H,0
Irgacure® 2959
0.05 % (w/v)

Freezing
+

Freeze drying
——.

\
* o
(] s’ 9
B T
AR LA L
SR Y

ELPs-based
matrix

v [ 0%HA [ 1%HA | 2% HA | 25%HA

Figure 2. Production of the ELP/I'YS/HA matrix.
A. Schematic representation of the different compounds of the composite matrix. B. Schematic
illustration of the method for producing matrices based on ELPs. All the constituents are mixed in the

8
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same solution. It is then placed in a mold and frozen at -20 °C for 24 h to allow the formation of water
crystals, before UV irradiation. Cross-linking of thiols and alkenes occurred around the water crystals.
The matrices obtained were then hydrated for 24 h, then frozen at -80 ° C to form other water crystals.
Finally, the frozen matrices were lyophilized. C. Macroscopic (top) and scanning electron microscopy
(SEM) (bottom) images of matrices containing different concentrations of HA particles. Scale bars: 1
mm.

We chose to combine in a single linear peptide the two sequences IKVAV and YIGSR, both
derived from laminin and capable of recruiting different cell types. Indeed, previous studies
have demonstrated that these anchoring peptides enhance the attachment and proliferation of
specific cell types necessary for bone repair, including neural stem cells 52531 osteoblasts 4],
and endothelial cells [**43441 |t is important to note that each of these motifs is only present in
a single copy in natural laminin. ®°. Another advantage of using a single linear peptide is its
size comparable to that of the SNA15 peptide in order to avoid any distortion of the matrix

mesh.

To evaluate the optimal concentration of HA for its osteoconductive properties, we tested the
capacity of the ELP/I'YS matrices to retain 0, 1, 2 or 2.5 % w/v of HA. As observed in Figure
2C, increasing the concentration of HA did not affect the macroscopic appearance of the

matrices nor their microscopic structure visualized by Scanning Electron Microscopy (SEM).

2.3. The SNA15 peptide allows the retention and homogeneous distribution of HA

particles in the matrix

Self-organized aggregates of bone-like hydroxyapatite particles of different sizes should be well
distributed to improve the mechanical and biological performance of the material. As already
demonstrated [“®l, the calcium-binding region of the SNA15 peptide plays a central role in the
interaction with calcium ions within the microenvironment. This region is responsible for
stabilizing the growth and reaching the critical size of the calcium phosphate cluster required

for precipitation and subsequent transformation into the crystalline phase of hydroxyapatite.

To demonstrate the relevance of using the SNA15 peptide in our matrices, we manufactured

scaffolds containing or not containing this peptide. To compensate for the absence of SNA15,

we increased the concentration of the IKVAV/YIGSR peptide to maintain the final mass

concentration of peptides and ELP at 3 % (w/v), and therefore maintain the degree of

crosslinking. After the addition of HA particles and the cross-linking and freeze-drying steps,

we performed scanning electron microscopy coupled with energy-dispersive X-ray (EDX)
9
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analysis on the ELP/IY (-SNA15) and ELP/1YS (+SNA15) scaffolds to evaluate their surface
elemental composition, with a specific focus on calcium distribution (Figure 3A).

\ 0% HA | 1% HA || 2% HA || 25%HA |B % Atomic Ca

\ >

ELP/IY

| ELPAYS ||

Figure 3. SNA15 influences the distribution of calcium within the matrix.

A. Scanning electron microscopy coupled with EDX analysis on ELP/I'Y matrix containing or not the
SNAIS5 peptide. The ELP/I'Y and ELP/I'YS matrices containing 0, 1, 2 and 2.5 % HA were lyophilized
and cut in half. The interior of the cut matrices was analyzed. The signal in the form of white dots
corresponds to the calcium particles constituting the hydroxyapatite. Scale bars: 2 mm. B. Atomic
percentage of calcium in matrices containing the SNA15 peptide (blue) or not (black) (ns denotes not
significant, *** denotes p< 0.001).

As expected, no signal was detected for matrices not containing hydroxyapatite (HA). In the
absence of the SNA15 peptide (ELP/I'Y matrix), addition of increasing amounts of HA resulted
in only a slight increase in calcium content in the matrix. Conversely, when the SNA15 peptide
was incorporated (ELP/I'YS matrix), we observed a substantial increase in calcium content
which was directly proportional to the amount of HA used. Quantification of calcium atomic
percentage revealed that matrices containing the SNA15 peptide had 6-9 times higher calcium
content (Figure 3B). It is important to note that our ELP/I'YS/HA matrix contains a relatively
lower concentration of HA compared to other polymer composite matrices reported in the
literature, which can reach up to 30 % w/v HA B%%71 However, based on thermogravimetric
analysis (TGA), we demonstrated that our scaffolds can only effectively retain a maximum of
2.5 % w/v HA, even though the initial HA concentration used for matrix assembly was much

higher.

The homogenous distribution of HA particles within the ELP/I'YS/HA matrices is another
crucial parameter for osteoconductive properties 8. Figure 3A shows that HA particles were

uniformly distributed in the matrices containing the SNA15 peptide.

In conclusion, these results highlighted the crucial role of the SNA15 peptide in facilitating the

incorporation and distribution of calcium in the matrix.

10
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2.4. Porosity of composite matrices

Previous studies 5% established that the incorporation of a mineral phase such as HA particles
into composite materials can improve their mechanical strength and stability. However, this
incorporation can also result in a decrease in porosity.

To evaluate the external and internal porosity, we visualized the structure of hydrated
ELP/I'YS/HA using cryo-scanning electron microscopy (cryo-SEM) (Figure 4A). The matrix
structure appears as stacked sheets, which is particularly evident in matrices containing little
(1% wi/v) or no HA. However, the structure of the matrix underwent changes as larger amounts
of HA were introduced. As shown in Figure 4B the diameter of the pores was 194+/-62 um for
the scaffolds lacking HA particles, and 90+/-70 um, 58+/-34 um and 60+/-10 um for the gels
containing 1 %, 2 % and 2.5 % HA, respectively. These results indicate an inverse relationship
between HA amounts and pores size when HA constitutes between 0 and 2 % of the matrix
mass. Beyond this percentage, the pore size no longer shows a notable reduction. A plausible
explanation is that the presence of HA could increase the rigidity of the material, thus
preventing pore swelling during the freeze-drying/rehydration steps. Nevertheless, it is crucial
to emphasize that pore sizes ranging from 60-200 um are sufficient to facilitate cell migration

and blood vessel invasion into the matrix, as demonstrated by Marrella et al. (28],

To assess the interconnection between pores, the matrices were immersed in a solution of FITC-
Dextran, and diffusion of the fluorescent dye was observed (Figure 4A). FITC-dextran diffused
throughout all matrices, indicating that interconnected pores were present regardless of HA
concentration, thereby providing a three-dimensional environment that could facilitate
diffusion of nutrients and oxygen. Quantitative analysis (Figure 4C) confirmed the pore size

that was previously measured by cryo-SEM analysis.

11
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Figure 4. Characterization of the ELP/IYS porosity.

A. Cryo-SEM images of the hydrated scaffolds containing different concentrations of HA (top).
Fluorescence of scaffolds incubated for 15 min in the presence of 1 uM of FITC-Dextran 70 kDa solution
(bottom). Confocal microscope acquisitions were performed every 5 um over a total height of 500 um.
The 3D images correspond to the superposition of all 2D acquisitions. The matrices were produced in
the absence of HA, or with 1, 2 and 2.5 % of HA. Scale bars: 100 um. B. Graph illustrating pore size
measured with ImageJ software on Cryo-SEM images. Data are represented as mean = SD (ns denotes
not significant, *** denotes p< 0.001). C. Graph illustrating pore size measured with ImageJ software
on 2D FITC images. Data are represented as mean £ SD (ns denotes not significant, *** denotes p<
0.001).

2.5. ELP/1YS and ELP/S matrices sustain the culture of primary ECs, SNs and MSCs

After the production of the matrices, we evaluated their ability to enable 3D culture of ECs,
SNs and MSCs from rats. These cells have been specifically selected for their crucial role in

bone repair and regeneration 6061,
2.5.1. ECs

Using the Alamar Blue assay, we evaluated the adhesion and metabolic activity of rat-derived
ECs cultured on matrices of different compositions. They differed in their HA content and in
the absence or presence of the peptide containing the IKVAV/YIGSR sequences (Figure 5A,
5B). As a control, cells were also cultured on plastic plates (2D condition).

Regardless of the composition of the matrices, we observed a four- to five-fold increase in
metabolic activity during the first week of culture. This increase was similar to that measured
when cells were grown on plastic plates.

In the absence of IKVAV/YIGSR, the HA content does not drastically modify the metabolic
activity of endothelial cells, except after 7 days of culture for 1 % and 2 % of HA.

12
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The presence of the IKVAV/YIGSR peptide appears to delay the metabolic activity of the ECs
after 4 days (D4) of culture compared to cells seeded in matrices lacking this peptide. However,
after one week of culture (D7) the metabolic activity reached comparable values in the two
groups (- and + IKVAV/YIGSR, Figure S2).

13
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Figure 5. Influence of IKVAV and YIGSR peptides on metabolic activity of ECs, SNs, neurite
outgrowth, and MSCs viability in composite matrices.

A and B. Proliferation of endothelial cells seeded on matrices containing different concentrations of HA
particles (0 %, 1 %, 2 %, 2.5 %), and lacking or not of IKVAV and YIGSR peptides. The analysis was
performed after 1, 4 and 7 days of culture (n= 6 - 8). A statistical analysis of variance with an Anova
test followed by a Bonferroni post-test was performed. Data are represented as mean + SD (ns denotes
not significant, ** and *** denotes p<0.01 and p< 0.001, respectively). C. Sensory neurons after 7 days
of culture on the different matrices. Sensory neurons purified from rat DRGs were cultured for 7 days
with ELPs matrices containing (+) or not (-) IKVAV/YIGSR peptide, and 0 %, 1 %, 2 % and 2.5 % of
HA particles. Immunolabeling of B III tubulin was performed to visualize the sensory neurons and
neurite outgrowth. Confocal microscope acquisitions were taken with a 20 X objective. Scale bars: 100
um. D. Length of neurites of sensory neurons after 7 days of culture on the different ELP/S and ELP/I'YS
matrices. The results are presented as the average of length of neurites quantified over 3 acquisitions per
matrix with 3<n<6 per condition. A Mann-Whitney statistical test was performed with Prism software.
Data are represented as mean £ SD (ns = not significant and * denotes p< 0.05). E. Live/Dead staining
for MSCs seeded on matrices after 7 days of culture. Scale bars: 200 pum.

2.5.2. SNs

SNs were seeded on the matrices and cultured for 7 days. Neurite growth was visualized by 3
I11 tubulin immunostaining (Figure 5C and Figure S2). As expected, for matrices lacking the
IKVAV/YIGSR peptide, we observed no neurite elongation after 7 days of culture. The SNs
remained isolated from each other, and their extensions were wrapped around their cell bodies.
Conversely, when the cells were cultured for 7 days on the ELP/I'YS matrices, we observed the
elongation of neurites as well as their interconnexion with those of adjacent cells. The HA

content did not influence neurite outgrowth when it was less or equal to 2 %.

Quantitative analysis of neurite length is shown in Figure 5D. In the absence of the peptide
IKVAV/YIGSR, neurite length was 12 +/- 8 um, 15 +/- 2 um, 10 +/- 5 um and 10 +/- 3 um for
scaffolds containing 0 %, 1 %, 2 % and 2.5 % HA, respectively. For matrices containing the
IKVAV/YIGSR peptide, neurite length was 4 to 6 times higher: 65 +/- 21 um, 64 +/- 10 pm,
62 +/- 9 um and 46 +/- 7 um for the matrices containing 0 %, 1 %, 2 % and 2.5 % HA,
respectively.

We can therefore conclude that the presence of the IKVAV/YIGSR peptide in the matrix
significantly improves neurite outgrowth. This confirms previous results reported by others
[5362] as well as those already published by our team 31, However, in the present study we
cannot definitively conclude on the positive effect of the IKVAV motif alone, the YIGSR
sequence present in the same peptide possibly exerting a synergistic effect via neurovascular
coupling and the production of neurotransmitters 2!, and neuronal and vascular guidance
growth factors 031,
15
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2.5.3. MSCs

MSCs viability was evaluated by a Live/Dead assay after culture on the composite matrices
(Figure 5E). MSCs quickly adhere to matrices after seeding and exhibited an elongated
morphology after 7 days of culture. Only a few dead cells were detected in the samples
regardless of the composition of the matrices. Quantitative analysis did not reveal significant
differences between groups (-/+ IKVAV/YIGSR), regardless of HA particle content (data not
shown). We can conclude that the presence of laminin-derived peptides, SNA15 peptide and
HA, did not affect MSCs viability.

2.6. Subcutaneous evaluation in a mice model

We then proceeded with the subcutaneous implantation of the matrices in mice to evaluate their

biocompatibility and their ability to promote mineralization, vascularization, and innervation.

2.6.1. Formation of mineralized tissue

The mineralization of the ELP/I'YS matrices containing different amounts of HA was monitored
by micro-computed tomography (micro-CT) just after their implantation (Day 0), then after 2
and 4 weeks (Figure 6A). On day 0, no mineral component was detected in the implants, except
in the matrix containing 2.5% HA whose mineral composition gave a weak signal.

After 2 and 4 weeks of implantation, no significant mineralization was detected in the matrices
lacking HA. In contrast, an increase in signal over time is visible for the ELP/I'YS/HA matrices,
which confirms the importance of mineral particles to initiate the mineralization process in vivo.
Quantitative analysis showed that after 4 weeks of implantation the mineral volume of matrices
containing 1 % HA, 2 % HA and 2.5 % HA represent respectively 21 + 10 %, 42 + 7 %, and 37
+ 5 % of the total volume (Figure 6B). These results indicate that HA particles were necessary

to initiate the mineralization process.

16


https://dx.doi.org/10.1002/adhm.202303765

Article published in Advanced Healthcare Materials 13(18) 2303764 (2024)

)]
E 0.6+
3 b = 0% HA
o
- = - ﬁ = 1% HA
3 8 0.4 - 2% HA
= . :
< ‘ 2.5% HA
E F
— § 0.2-] L
- [
=
e = 0.0 = —
% - Day 0 Week 2 Week 4
= &
0.15+ *k
8 gt ® 0%HA
; i - ® 1%HA
£ 010+ i ; & 2%HA
< = =i ;
X % BiA L ® 2.5%HA
[ = i ;
g 5005 i
o
3
L | *® "-00‘—! T T T T
Day 0 Day 3 Day 7 Week 2  Week 4
D | E

-
o
=)

B @ o
o o =1

% of neoformed osteoid tissue
n
S

@ Matrix
i @ Periphery
@
L ]
T T
Day 7 Week 4

M~ %
> . : @ Matrix
© 3 T 1 -
a] Z 0075+ — ——— @ Periphery
=
(1]
L '3 0.050 ¢ =
g ¢ 9
< 2 0.025 [] ® @
-3‘ *
a L]
] 200
; 0.000 T T T T
Day 0 Day 3 Day 7 Week 4

Figure 6. In vivo evaluation of the ELP/I'YS/HA matrices after subcutaneous implantations.
A. Micro-CT monitoring of matrix mineralization after subcutaneous implantation. 3D reconstruction
of t micro-CT images of matrices without HA or containing 1 %, 2 % and 2.5 % (m/v) of HA on the day
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of implantation (day 0), and after 2 weeks and 4 weeks. The yellow lines delimit the area occupied by
the matrices. B. Quantification of Mineral Volume / Total Volume from 3D reconstructions shown in
A. Data represent the mean £ S.D., n = 5 mice per condition. Mineral volume/total volume (MV/TV)
was measured from three-dimensional micro-CT images reconstructed using Microview® software. The
ANOVA statistical test was followed by the Bonferroni post hoc test (* and *** denotes p<0.05 and p<
0.001, respectively). C. Analysis of cell invasion within the matrix by DAPI staining. Cell numbers were
measured by DAPI staining on matrix sections at the indicated times after implantation. Data are
represented as mean = SD (ns denotes not significant, **, *** and **** denotes p<0.01, p>0.001 and
p< 0.0001, respectively). n = x,y where x indicates the number of mice and y the number of sections
analyzed for each condition. Day 0: 0% HA =3,12; 1 % HA =3,8;2% HA=4,23;25% HA =421
-Day3: 0% HA=410;1% HA=413;2% HA=4,15;25% HA=3;12-Day 7: 0% HA =4,12 ;
1%HA=415;2%HA=39;25%HA=4,12-Week2:0% HA=411;1% HA=4,11;2 % HA
=4,14;25% HA=4,12-Week4: 0% HA=3,22; 1% HA =422 ;2% HA=4,15;25% HA =
4,11. D. Masson’s Trichrome staining of the matrix sections on the day of implantation (day 0), then
after 2 weeks and 4 weeks. The yellow lines delimit the edges of the matrices. Scale bars: 50 um E.
Quantitative analysis of newly formed osteoid tissues (15 < n < 23 per sample) using a Kruskal-Wallis
multiple comparison test with p ** < 0.01 and p *** < 0.001 for the different matrices. F.
Immunolabelling of markers CD11b (white) and CD45 (red) on histological sections of matrices after 0
(4 hours of implantation), 3, 7, and 30 days of implantation. Sections representing the entirety of the 2
% HA matrices implanted (left), and a zoom on the peripheral zone (right) which corresponds to the
yellow dotted box on the images on the left. Cell nuclei were labeled with DAPI (blue). The white lines
delimit the area occupied by the matrices. Scale bars: 300/400 pm, 100 pum in insets. G. Graph showing
the number of CD11b+ cells in the matrices and at their periphery. Data represent the mean + SEM.
Mixed-effect analysis tests. Data are presented as mean = SD (**, *** and **** denotes p<0.01, p>0.001
and p< 0.0001, respectively). n = x,y where X indicates the number of mice and y the number of sections
analyzed for each condition. Day 0 = 2,12; Day 3 = 4,16; Day 7 = 4,8; Week 4 = 4,14. H. Graph showing
the number of CD45+ cells in the matrices and at their periphery Data represent the mean = SEM.
Mixed-effect analysis tests. (*, ** and **** denotes p<0.05, p>0.001 and p< 0.0001, respectively). n =
X,y where x indicates the number of mice and y the number of sections analyzed for each condition. Day
0=2,12; Day 3 =4,16; Day 7 = 4,8; Week 4 = 4,14.

Various mechanisms have been proposed to explain ectopic mineralization 624, In addition to
the physico-chemical aspects of the matrices (topography, microporosity...), the polar and
charged amino acids present in the ELP/I'YS/HA scaffold and other non-collagenous proteins
produced ectopically, could be involved in the mineralization of the matrix %1, The nucleation
of HA crystals [®®! and their growth can also be attributed to the acidic amino acids (D and E)
present in the SNA15 peptide and the basic amino acids (K and R) present in the
IKVAV/YIGSR peptide.

2.6.2. Cellular invasion

Cell colonization of the matrices was visualized by DAPI labelling of cell nuclei. As observed
in Figure 6C, quantification shows that matrix colonization occurred rapidly and significantly
between day 0 to day 7 and then reached a plateau at Week 4. In Figure 6D, DAPI staining
showed that cells were already found inside the matrix at the third day after implantation. After
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2 weeks, colonization of the matrices was complete. This confirm that the porosity of our ELP-
based biomaterial is sufficient to allow invasion by host cells.

2.6.3. ELP/IYS/HA matrices promote the formation of osteoid tissue

Masson's trichrome staining on day O confirmed the absence of collagen tissue in the matrices
(Figure 6D). Subsequent analysis showed cellular infiltration at day 3, with the presence of
collagen tissue inside the matrices until day 7 (Figure S3A, S3B). Additionally, dark purple
crystals were observed in HA-containing matrices at weeks 2 and 4, confirming the
mineralization process (see Figure 6D). Only thin fibrous tissue was detected at the periphery
of the implanted ELP/I'YS/HA matrices (Figure S3A), and its amount did not increase with
time. The absence of a fibrous capsule should be noted because it confirms the biocompatibility
of the matrices [¢7]. Quantitative analysis of the images showed that one month after
implantation, the amount of newly formed osteoid tissue had increased proportionally to the
amount of HA initially present in the matrices, when this was between 1 and 2%, but was
slightly reduced in matrices containing 2.5% HA (Figure 6E).

2.6.4 ELP/1YS/HA matrices inflammatory profile following subcutaneous implantation

To assess inflammation levels, immunostaining of CD11b* and CD45" immune cell populations
was performed (Figure 6F). On day 0 (4 hours after implantation) we found CD11b* and CD45*
immune cells at the periphery of the implant, but not inside the matrix. The number of peripheral
CD11b+ cell significantly doubled after 3 days and then gradually decreased to baseline values
after 4 weeks (Figure 6G).

On the other hand, the number of CD45" cells did not increase significantly in the periphery
but increased significantly within the matrix with implantation time (Figure 6H). The same
experiments were conducted on matrices implanted for 3 and 6 months (Figure S3C), in which
CD11b* and CD45" cells were only detected inside the matrix and not at the periphery (Figure
S3D). We hypothesize that these cells could be macrophages involved in matrix degradation.
These results show that our matrices are biocompatible and non-inflammatory, which is
consistent with previous in vivo studies that showed that ELP-based scaffolds exhibited
excellent biocompatibility 23],
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2.6.5 ELP/IYS/HA matrices promote the formation of blood vessels and nerve structures

To study the integration of our biomaterial with in vivo environment, we used the iDisco+
technique (8], The objective was to visualize in 3D the neurovascular network present in the
matrix and in the surrounding tissues. The development of a vascular network, revealed by
immunodetection labeling of endomucin, was observed inside all ELP/I'YS/HA matrices after
4 weeks (Figure 7A). Interestingly, the nerve fibers, revealed by immunodetection of beta-3
tubulin, were closely associated with the network of blood vessels (Video 1).

Histological sections of the different matrices were examined after 0, 3, 7 days, 2 and 4 weeks
of implantation to quantify blood vessels and nerve structures (Figure 7B, Figure S4).

Blood vessels were detected at the periphery of the matrices as early as the third day after
implantation. After 2 weeks, a vascular network was revealed inside the matrices.

Quantitative analysis revealed a significant 2-fold increase in blood vessels for ELP/I'YS/HA
matrices containing 2 % of HA (Figure 7C). Then, after 4 weeks, these values return to baseline.
However, for matrices containing 0 or 1 % HA, blood vessels area did not increase at any time
points. These results highlight the positive effect of the ELP/I'YS/HA matrix, containing a
concentration of at least 2 % HA, on the formation of blood vessels and consequently on the
development of an environment promoting the regeneration of bone tissue. In addition, the
vascularization of the matrices seems to be correlated with the HA concentration, which is itself
correlated with the level of mineralization of the matrix (Figure 6A, 6B). Similar results were
previously published by He and collaborators %% who showed a positive correlation between
HA particle size and blood vessel formation, ultimately leading to the development of more

new bone tissue.
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Figure 7. Presence of blood vessels (BV) and nerve structures in ELP/I'YS/HA matrices after
subcutaneous implantations.

A. 3D reconstructions of light-sheet microscopy images of composite matrices after 4 weeks of
subcutaneous implantation. In red the staining of B-I1I tubulin to evidence the neural network. In cyan
the marking of endomucin, podocalyxin and Meca32 to reveal the vascular network (cyan). The matrix
is presented in a 3D ventral view of the skin explant. Scale bars: 1 cm. B. Immunostaining of B-I11
tubulin (red) and endomucin (white) to highlight respectively neural network and vascular network, in
composite matrices containing 2 % HA after 0 (4 hours of implantation), 3, 7, 15 and 30 days of
implantation. Cell nuclei were labeled with DAPI (blue). Sections representing the entire matrices are
shown on the left, where the white lines delimit the area occupied by the matrices, and yellow squares
represent the enlarged areas on the right. The central images are a magnification of the peripheral areas.
The images on the right correspond to the center of the matrices. Scale bars: 300 wum, 50 um in insets.
C. Graph representing the ratio of the blood vessels area over the matrix area (in percentage). Data are
represented as mean = SD (*** denotes p>0.001). D. Graph representing the ratio of the nerve area over
the total area (in percentage). Data are represented as mean = SD (* and *** denotes p<0.05 and
p>0.001, respectively).
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Regarding innervation, the results showed that whatever the percentage of HA within the
matrices and the times studied, the nerve fibers were mainly located at the periphery of the
implants, often in association with blood vessels (Figure 7B). This close spatial relationship
between neuronal and vascular networks suggests reciprocal modulation, as reviewed
previously 9,

To quantify the nervous structures, the ratio between the surface occupied by the nerve fibers
in the periphery and the total surface of the matrices was calculated (Figure 7D). The amount
of nerve fibers did not increase drastically over implantation time. More precisely, in the early
stages of implantation (DO, 4 hours after implantation) only a significant increase in nerve fibers
was observed for matrices containing 2 % HA, but this was not found after Day 3, Day 7 and
Week 2. After 4 weeks, matrices containing 1% HA had a significantly higher number of nerve

fibers compared to other matrices.

In summary, our results obtained in vivo after implantation in an ectopic site showed the
capacity of ELP/I'YS/HA matrices to stimulate mineralization, the formation of osteoid tissue
and the development of the neurovascular network. The close association between nerve fibers
and blood vessels, as well as the kinetics of development of the neurovascular network,
illustrates the potential of these matrices to promote vascularization and innervation.
Considering the compromise between mineralization on the one hand, and vascularization and
innervation on the other hand, we selected the composite matrix containing 2 % HA for

implantation in bone sites.

2.7. Implantation of the matrix in a bone defect of the rat femoral condyle

ELP/I'YS/HA scaffolds were implanted into a 3 mm diameter condylar defect in rats and the
results were compared to those obtained after implantation of the commercial material
Collapat® which is widely used in clinic for bone defects repair. Collapat® consists of a
collagen structure in which hydroxyapatite ceramic granules are dispersed, the whole showing

osteoconductive properties Y. As negative controls, unfilled bone defects were used.
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2.7.1. Bone mineralization

The micro-CT technique was used to assess bone reconstruction over time in each animal
(Figure 8A). The volume of mineralized tissue relative to the total volume of the initial lesion
(Mineral Volume/Total Volume, MV/TV) was measured (Figure 8B).

In the case of unfilled defects, mineralization increased over time but is only observed at the
periphery of the lesion. After 8 weeks, the center of the defect is still not mineralized. In
addition, the appearance of additional fractures in the cortical bone is observed. Quantitative
analyses showed that the MV/TV at the periphery of the defect is 0.09 £+ 0.05 on day 7 post-
implantation, and increase 4-fold at 0.38 + 0.03 after 8 weeks.

After Collapat® implantation, we observed a homogeneous distribution of the signal within the
bone defects from day 7, due to the presence of a higher concentration of HA particles in this
biomaterial. Mineral Volume/Total Volume (0.40 + 0.09 at Day 7) did not increase significantly
after 2, 4 and 8 weeks of implantation (Figure 8A).

On the other hand, following the implantation of the ELP/I'YS/HA matrices, we observed a
progressive mineralization of the defect. Mineralization began at the inner edges of the lesion
before gradually extending towards its center. After 8 weeks, we observed that the cortical bone
was closed, which was not the case for either the unfilled defect or the positive control
Collapat® (Figure 8A). Quantitative analyzes show that for the ELP/I'YS/HA matrix, the
MV/TV gradually increases over time from 0.08 + 0.04 on day 7, 0.16 + 0.07 at 2 weeks, 0.29
+ 0.14 at 4 weeks, finally reaching 0.56 + 0.07 at 8 weeks. Thus, between day 7 and week 8,
we observed an approximately 7-fold increase in mineralized volume, showing that the
ELP/I'YS/HA matrix promotes de novo mineralization. These findings validate the hypothesis
of HA nucleation observed in ectopic sites. This incorporation provides nucleation sites for the
formation of new HA at the origin of mineralization and allows the creation of cell adhesion

sites, thus facilitating integration with the surrounding bone tissue [/,
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Figure 8. Implantation of the ELP/I'YS/HA (2 % HA) matrix in a rat femoral condylar defect.

A. Representative 3D reconstruction of micro-CT images 1 week, 2 weeks, 4 weeks and 8 weeks after
implantation. Mineralization was monitored in the 3 groups: lesion left empty, lesion filled with ELPs
matrices containing 2% HA, and lesion filled with the commercial product Collapat®. B. Quantification
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of the Mineral Volume / Total Volume ratio from the 3D reconstructions of the micro-CT images
presented in A. The measurements were carried out using Microview® software for the three groups
(empty, ELPs matrix and Collapat®) and for all implantation times (D7, W2, W4 and W8). A Kruskal-
Wallis multiple comparison test was performed. Data are represented as mean + SD (ns means not
significant, ** and *** denotes p<0.01 and p>0.001, respectively), n = 24 rats. C. Representative images
of Masson’s Trichrome staining on femoral condyle sections, after 7 days, 2 weeks, 4 weeks and 8 weeks
of implantation, for the 3 groups: lesion left empty, lesion filled with ELPs matrices containing 2% HA,
and lesion filled with Collapat®. The black lines delimit the area of the lesion. The bottom row is an
enlargement of the 8-week images shown above. Scale bars: 1 mm, 100 um at higher magnifications.
D. Graph representing the percentage of newly formed osteoid tissue in the empty, ELP/I'YS/2% HA
and Collapat® groups. Data are represented as mean + SD, (ns indicates not significant, *** indicates
p>0.001).

2.7.2. Formation of osteoid tissue and bone.

Osteoid tissue formation is an important indicator of bone growth and repair, reflecting
osteoblasts activity and new bone formation [3]. After explantation of the matrices, histological
sections were made and stained with Masson's Trichrome to evaluate the formation of osteoid
tissue (Figure 8C).

In the negative control, the defect is gradually filled by fibrous collagen tissue. The presence of
osteoid tissue is limited to the edge of the bone defect, confirming the micro-CT analysis
(Figure 8A). Quantitative analysis of osteoid tissue (Figure 8D) shows a significant 10-fold
increase after 4 weeks of implantation.

In contrast, for ELP/I'YS/HA and Collapat® matrices, we observed the formation of osteoid
tissue gradually extending over time from the edge of the lesion towards the interior of the
defect (Figure 8C, Figure S5). Quantitative data revealed for both groups (ELP/I'YS/HA and
Collapat® matrices) a significant increase in osteoid tissue formation after 4 weeks of
implantation, before returning to initial values at week 8 (Figure 8D). The presence of organized
bone structures and osteocytes within this newly formed tissue after 8 weeks suggests bone
remodeling %], which could explain the transient peak of osteoid tissue observed.

The presence of bone cells in the newly formed tissue was confirmed by osteopontin (OPN)
immunostaining (Figure 9A). OPN has been shown to be abundantly deposited by osteoblasts
during bone formation " but is also expressed by other bone cell types, including osteoclasts
and osteocytes [®81. After implantation of both types of matrices (ELP/I'YS/HA and Collapat®),
OPN was detected at all times studied confirming the presence of osteoblastic cells in the newly
formed tissue. The expression profile was similar for both matrices at all time points (Figure
9B).
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Figure 9. Immunostaining of bone cells on histological sections of femoral condyle

A. Immunostaining of the bone marker osteopontin (green) and cell nuclei DAPI (blue) on histological
sections of newly formed tissue in bone lesions filled with ELP/I'YS/HA (2 % HA) or Collapat®. Results
after 7, 15, 30 and 60 days of implantation. Scale bars: 400 um and 100 um. B. Graph representing the
ratio of the osteopontin area over the matrix area (in percentage). n = X,y where x indicates the number
of mice and y the number of sections analyzed for each condition. Day 7: ELP/I'YS/HA = 4,6; Collapat®
=4,8-Week 2: ELP/IYS/HA = 4,7 ; Collapat® = 4,8 - Week 4 : ELP/IYS/HA = 4,8 ; Collapat® = 4,8
- Week 8 : ELP/IYS/HA = 4,8 ; Collapat® = 3,6.

2.7.4. Neurovascular network development

To study the vascularization and innervation of the matrices during the stages of condylar defect
repair , we used a technique previously developed to analyze the cerebral vascular system [76),
The results are shown in Figure 10. A vascular network originating from peripheral host tissue
developed in the unfilled lesions (Figure 10, Video 2). After week 4, blood vessels were
detected in the injured area, but histological analysis revealed disorganized, collagen-rich soft
tissue.

For lesions filled with the ELP/1'YS/HA matrix (Figure 10, Video 3), a network of blood vessels
was revealed throughout the matrix from week 2. On the other hand, for bone defects filled with
Collapat®, vascularization is only present at the external periphery of the defect, and it is only
visible after week 4. Nerve fibers were detected inside the unfilled lesions and in lesions filled
with ELP/I'YS/HA matrix (Figure 10, Video 3), whereas no fibers were detected in the defects
filled with the commercial control Collapat® (Figure 10, Video 4).
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Figure 10. Immunostaining for blood vessels and nerve structures on histological sections of
ELP/IYS/HA, Collapat® or empty groups after femoral condyle implantation.

Immunostaining for B-111 Tubulin (red) to evidence the neural network, and Endomucin, Podocalyxin
and Meca32 (cyan) for the vascular network, in the sections of bone lesions left empty, filled with the
ELP/IYS/HA (2 % HA) or with Collapat®. Immunostaining was performed week 2 and 4 after
implantation. The white lines delimit the area of the lesion. The arrows indicate the detected nerve
structures. Scale bars: 300 pm, 400 pum.

In summary, our results obtained in vivo after implantation in bone defects highlighted the
presence of an important vasculature in ELP/I'YS/HA matrices which can serve as an easily
mobilized osteoblastic resource for bone formation and repair. As mentioned previously, the
presence of this neurovascular network favored by the ELP/I'YS/HA matrix remains crucial for
the bone remodeling processes [,

The fact that we detected a less dense structure by micro-CT analysis in the ELP/I'YS/HA
materials, encompassing both trabecular and cortical bone, can be explained by the presence of
a significant vascular network in the overall material compared to what was observed with
Collapat®. The low concentration of HA particles within the ELP/I'YS/HA matrix, undetectable

by micro-CT early post-implantation unlike what we observed with Collapat®, can also
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contribute to the cellular penetration of endothelial cells and their migration in the scaffold, thus
facilitating the formation of blood vessel.

3. Conclusion

In our study, we successfully developed an all-natural polymer matrix composed of ELPM80-
alkene, biomimetic peptides containing the adhesion peptides IKVAV and YIGSR, nucleation
peptide SNA15, and HA particles. The resulting matrices exhibited a porous structure with
interconnected pores. Incorporating of SNA15 into the matrix improved HA retention and
distribution, allowing the use of lower concentrations while still achieving the desirable results.
In vitro biological evaluations demonstrated the ability of the matrices to support the culture of
MSCs, ECs and SNs. Additionally, the IKVAV/YIGSR peptide played a crucial role in
promoting neurite development from SNs.

Our in vivo evaluation in ectopic and orthotopic site highlighted the essential role of HA
particles in the mineralization process and their significant contribution to the formation of
osteoid tissue. Importantly, the matrices induced negligible inflammation and were not rejected
by the host immune system. Furthermore, the ELP/IYS/HA matrix actively stimulated the
formation of blood vessels and neural structures in both ectopic and bone sites.

Our composite matrix containing the combination of ELPM80-alkene, biomimetic peptides,
SNA15, and HA mineral showed its potential as an innovative candidate to enable efficient
regeneration of vascularized and innervated bone tissue.

Indeed, our global approach represents a significant technological advance in the field of bone
tissue engineering, breaking with conventional strategies focused solely on the function of
osteogenic and endothelial cells.

This study provides valuable insights into the development of scaffolds with promising
potential applications in regenerative medicine and bone tissue engineering. By incorporating
multiple key components that support cell growth, mineralization, and tissue integration, our
biomaterial provides a holistic and versatile solution to improve bone regeneration. These
findings pave the way for further research and advancements in the field, bringing us closer to

achieving more efficient and effective strategies for tissue repair and regeneration.

4. Experimental Section/Methods

4.1. Production of ELP-based composite matrices
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4.1.1. Synthesis of HA

Hydroxyapatite was prepared by wet chemical precipitation U1, Briefly, phosphoric acid (85%,
Sigma® #W290017) was added to a previously prepared calcium hydroxide solution (96%,
Sigma® #31219-1kg). The reaction was carried out at 40 °C. The pH was maintained above 9
with ammonia (28% v/v, VWR® #21 190.292). After 10 hours the supernatant was removed.
3 washes with milliQ water (centrifugation 4000 rpm 20°C, 4 min) were performed, followed
by freezing at -80°C for 1 hour and freeze-drying. The resulting block was broken with a mortar

and sieved to 200 um to obtain HA powder.

4.1.2. ELP-based matrices production.

The recombinant ELP with the sequence MW[VPGVG-VPGMG-(VPGVG):2]20 was produced
in Escherichia coli and purified by inverse transition cycling as described previously 8. The
methionine residues were then chemoselectively and quantitatively thioalkylated with 1-
allyloxy-2,3-epoxypropane for subsequent thiol-ene photo-crosslinking reactions %,

Two linear peptides containing cysteine residues at their N- and C-termini were obtained from
GenScript® (USA). The first peptide of sequence CBA-IKVAV-GGG-PVGLIG-GGG-
YIGSR-BAC is composed of the two cell adhesion sequences IKVAV and YIGSR, derived
from laminin, and the sequence PVGLIG which is a cleavage site for enzymes MMP2. The
second peptide, SNA15 8l with the sequence CBA-DDDEEKFLRRIGRFG-BAC is a calcium

phosphate nucleating peptide derived from the salivary protein statherin [/°1,

4.1.3. Photo crosslinking of ELP-based matrices.

ELPs, peptides and HA peptides were placed in cylindrical polydimethylsiloxane (PDMS)
molds (Sylgard® 184, Sigma-Aldrich cat. n°® 761,036) of varying diameters depending on the
application, and frozen at -20 °C for 24 h. Chemical cross-linking of the matrices was carried
out using Irgacure® 2959 photoinitiator (#410896, CAS Number: 106797-53-9, Sigma-
Aldrich) (0.05% wi/v) under 8 min of exposure to UV light (A = 305 nm). The matrices were
then hydrated for 24 h before being freeze-dried.

4.1.4. Characterization by proton nuclear magnetic resonance (*H NMR).

The *H NMR experiments were carried out in D20 (99.90 % D, Eurisotop ®) at 298 K with an
ELP concentration of 8 mg/mL with a Bruker AVANCE 111 HD 400 equipped with a direct
multinuclear Bruker probe of 5 mm operating at 400.2 MHz. All *H NMR spectra were recorded
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with an acquisition time of 4 sec, a relaxation time of 2 sec and 128 scans. The H20 signal in
D20 was used as the reference signal (d = 4.79 ppm). Bruker Topspin® software was used for
data processing.

4.2. Matrices characterization

4.2.1. Scanning electron microscopy (SEM) coupled with energy dispersive X-ray
microanalysis (EDX)

The samples were metalized with gold and palladium for 45 sec using Quorum® metallizer and
then imaged by SEM (HITACHI TM3030, Japan). The matrices were observed using SEI and
LEI detectors operating at an accelerating voltage of 15 kV, with a working distance of
approximately 15 mm. The calcium element was identified by EDX (FEI Quanta 250, Japan).

The pores were quantified from the SEM images using ImageJ software.

4.2.2. Cryo-Scanning Electron Microscopy (cryo-SEM)

Briefly, the matrices were prehydrated for 24 h in ultrapure water. They were then mounted on
a sample holder, immersed in pasty nitrogen and transferred to a pre-chamber of the Gatan Alto
2500 (Pleasanton, CA, USA) cooled to -100 °C under vacuum. The samples were then cut with
a scalpel and the water was sublimated at -40 °C for 5 min. The samples were then sputtered
with gold-palladium for 120 sec. The morphology was characterized by SEM (JEOL JSM-
6700F) using SEI and LEI detectors operating at an accelerating voltage of 5 and 15 kV, with
a working distance of approximately 8 mm. Images of at least three different regions of each

matrix were recorded. ImageJ software was used to quantify the pore size.

4.2.3. Pore interconnectivity

Pores interconnectivity was assessed by hydrating the matrices overnight in 0.1 M PBS at
pH7.4, then incubated for 10 min in a solution containing 1 UM FITC-Dextran 70 kDa
(Sigma®). Fluorescence diffusion in the matrix was evaluated using a confocal microscope
(Leica TCS SPE 5 Confocal Laser Scanning Microscope), taking total acquisitions of 500 pm

in z.

4.3. Cell isolation and culture

4.3.1. Rat bone marrow mesenchymal stem cells (MSCs)
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Bone marrow mesenchymal stem cells (MSCs) were isolated from 4-8-week-old Wistar rats.
The femur and tibia bones were then centrifuged at 1500 rpm for 30 sec to flush the bone
marrow. The resulting pellet was resuspended in Dulbecco's modified Eagle's medium
(DMEM) containing 1 g/L glucose, 1% (v/v) penicillin/streptomycin, and 10% (v/v) fetal
bovine serum (FBS). The cells were separated by 4-6 passages through 16 G and 21 G needles,
then were seeded in a 75 cm? flask and placed in a humidified incubator at 37 °C and 5 % COs.
The culture medium was changed twice a week to remove non-adherent cells. Adherent cells
were grown until reaching 90 % confluence before being amplified. These cells were amplified
to passage three (P3) and then seeded into the matrices. 200,000 MSCs were seeded on the
composite matrix previously placed in a 24-well plate. Their differentiation towards the
osteoblastic lineage was initiated using the Stem Cell Differentiation Kit® (Gibco # A10072-
01). The plates were then placed in an incubator at 37 °C with 5 % COz, and the medium was

changed every 3 to 4 days.

4.3.2. Endothelial cells (ECs)

Rat bone marrow-derived endothelial cells (ECs) were obtained from Cell Biologics®
(Reference RA-6221). ECs were cultured in endothelial cell growth medium-2 (EGM-2,
Clonetics® LONZA®) and incubated at 37 °C in a humidified atmosphere with 5 % CO.. Cells
were grown to 90 % confluence before trypsinization. P3 and P4 cells were infected with a
lentivirus containing the red fluorescent protein (RFP)-Vectalys gene. ECs were grown until

passage 7 and then seeded at a cell density of 200,000 cells per matrix.

4.3.3. Sensory neurons (SNs) from rat dorsal root ganglia (DRG)

Primary sensory neurons were obtained from the dorsal root ganglia (DRG) of 6-weeks old
Wistar rats 8%, After sacrifice, the spine was removed and placed in 10 mL of Hank's Balanced
Salt Solution or HbSS (Gibco®) containing 1 % (v/v) penicillin/streptomycin. Lymph nodes
were harvested individually and placed in DMEM 1 g/L glucose medium. The Cell bodies were
then separated from neurites and DRG explants were digested in DMEM 1 g/L glucose medium
(Gibco®) with 2,800 U/mL type 1V collagenase (Gibco®) for 1 h at 37 °C. The solution was
mixed after half an hour of incubation and then washed twice by centrifugation with DMEM 1
g/L glucose.

Isolated SNs were seeded at a density of 2,000 SNs per matrix and cultured in DMEM
containing 4.5 g/L glucose (Gibco®) supplemented with 2 % (v/v) B-27 Serum-Free

31


https://dx.doi.org/10.1002/adhm.202303765

Article published in Advanced Healthcare Materials 13(18) 2303764 (2024)

Supplement® (B-27 Gibco®), 1 % (v/v) PS (Gibco®) and 1 % (v/v) FBS (PANTM Biotech®).
Cultures were maintained for 7 days.

4.4. Metabolic activity

The metabolic activity of MSCs and ECs cells cultured in the matrices (n= 6-8) was measured
by the Alamar Blue assay. Briefly, cells were seeded in the matrices at a density of 200,000
cells per matrix. The culture medium was removed and replaced with medium supplemented
with 10 pg/mL Alamar Blue (Sigma-Aldrich®). After 2 h of incubation at 37 °C, the medium
was removed for absorbance reading at 550 nm using a plate reader (Victor X3 2030 Perkin

Elmer).

4.5. Cell viability and cytotoxicity assay

The cell viability of MSCs was assessed by a Live/Dead™ Viability/Cytotoxicity kit assay
(Invitrogen® #1.3224) after 1 day and 7 days of seeding. The Live/Dead® solution was
prepared according to manufacturer's recommendations. Activation of the Live/Dead® solution
was carried out at 37 °C for 15 min in the dark. Matrices seeded with cells were incubated with
the Live/Dead® solution for 15 min at 37 °C. Images acquisitions were carried out using a
confocal microscope (Leica TCS SPE 5 DMI 4000B).

4.6. In vivo implantations

4.6.1. Subcutaneous implantation of matrices

ELP-based scaffolds were implanted subcutaneously in 8-week-old female Balb/c mice
(Janvier Labs®). Before the surgical procedure, the animals were anaesthetized (isoflurane).
Next, a 1 cm incision was made, and then a pocket was created with scissors between the skin
and muscle layers. Two matrices of different composition were implanted on either side of the
spine. The mice were housed in the conventional animal facility of the University of Bordeaux.
They were subject to a day-night circadian rhythm and fed on demand. The animal experiment
protocol was approved by the local ethics committee (protocol #4375-2016030408537165).

4.6.2. Implantations of 2 % HA matrices into femoral condyle bone defects
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Implantations in bone defects were performed in 12-week-old female Wistar rats (Janvier
Labs®, model RjHan:WI). 30 animals were used in a femoral injury model. The animals were
first anaesthetized with isoflurane in an induction chamber, and subsequently anesthesia was
maintained using a mask. Buprenorphine was injected subcutaneously before surgery and for
the next 2 days. A bone lesion measuring 3 mm in diameter was made with a surgical burr in
the distal part of the femoral condyles, according to protocol #32504-2021072111152646. Two
bone lesions were made per rat, one in each femoral condyle. Three conditions were studied:
lesion left empty (negative control); lesion filled with Collapat® (SYMATESE® biomaterial,
France) or filled with the ELP/I'YS/HA matrix.

4.7. X-ray microtomography (micro-CT) an analysis

The micro-CT scan used in this study was a Quantum FX Caliper (Life Sciences®, Perkin
Elmer, Waltham, MA). The X-ray source was set at 80 kV and 200 pA. Raw 3D data were
obtained by rotating both the X-ray source and detector 360° around the animals with a rotation
step of 0.6°. Animals were maintained under general anesthesia with 2 % isofluorane during
image acquisition. The projected images were automatically reconstructed (RigakuSW®
software, Caliper) in a Dicom stack. For three-dimensional reconstruction, eXplore
MicroView® software (General Electric Healthcare, Milwaukee, WI) was used. The region of
interest (ROI) was determined as the volume of the initial bone defect, allowing quantification
of the mineralized volume to the total volume of the samples (mineralized volume/total volume
= MV/TV).

4.8. Histological analyses of the implanted composite matrices

Mice and rats were sacrificed in a CO2 chamber. The matrices and surrounding tissue were
collected and fixed with 4 % paraformaldehyde (PFA, Antigenfix®, DIAPATH) for 24 h at RT.
The matrices implanted in bone sites underwent an additional step of decalcification with a
Microdec® solution (DIAPATH, France) for at least 1 month, with a change of solution every
week. All samples were dehydrated and embedded in paraffin. Sections of 7 pm were obtained
using a microtome (Erpedia® model HM 340E).

Histological sections were stained with Masson's trichrome (MT) according to conventional
protocols. The slides were stained with 3 successive solutions: a solution of Hemalun (VWR #
1.09249.2500), a mixture of Fushin - Ponceau 1 % (m/v) (VWR/RAL # 313200-0025 and
RAL#316150-0025), and Light Green 1 % (m/v) (Merck # 1.15941.0025). Image acquisitions
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were carried out with a scanning microscope coupled to a 3-CCD TDI camera, and using
Nanozoomer Digital Pathology® software (Hamamatsu Photonics, Japan).

4.9. Immunohistological analysis

Unmasking of the antigenic sites of the samples was performed by incubation in citrate buffer
(Target Retrieval Solution, Low pH -Dako Omnis®) at 95 °C for 20 min. Tissue sections were
then incubated in permeabilization buffer (0.5 % Triton X-100 in PBS 1X pH 7.4) for 30 min
at room temperature, followed by saturation buffer (0.1 % Triton X-100, 10 % sheep serum in
PBS 1X pH 7.4) for 1.5 h at room temperature. Then, sections were incubated with primary
antibodies diluted in saturation buffer overnight at 4 °C, using the following concentrations:
anti-p III tubulin (Abcam®, ab18207) 1:1000, anti-Endomucin (Santa Cruz®, sc65495) 1:100,
Cd11b, (Invitrogen® PA5-79532) 1:1000, CD45 (Invitrogen® 13-0451-82 1:1000, and anti-
osteocalcin (R&D Systems®, MAB1419) 1:200. Next, sections were incubated for 1.5 h at RT
with a fluorescent secondary antibody diluted in 1X PBS pH 7.4 (see Table 2). All sections
were also incubated with DAPI (Thermo Scientific™, Germany) (1 : 1000) for 20 min at RT to
stain cell nuclei. Samples were mounted using AquaPolymount (Polysciences®, VWR) and
imaged using a confocal laser scanning microscope (SP8, Leica Microsystems) with a 20X
objective.

4.10. Tissue clearing

4.10.1. Whole-mount immunostaining

Whole-mount immunolabelling was performed as previously described 3. Mice and rats were
perfused intracardially with 4 % PFA solution. Then, tissues were dissected and immersed in
the same fixation solution (4 % PFA) for 24 h at 4 °C. For bone tissue, an additional
decalcification step was carried out by incubation in Microdec® (EDTA) for 2 weeks at RT
with stirring. Samples were then dehydrated with increasing solutions of methanol (20 %, 40 %,
60 %, 80 % and 100 %) for one hour at RT. Samples were bleached overnight at 4 °C with a
solution containing 6 % H202 in methanol. Samples were rehydrated in decreasing solutions of
100 to 20 % methanol for one hour and then washed twice with PBSGSTT (0.2 % (w:v) gelatin,
0.1 % (w:v) saponin, 0.5 % (v:v) Triton X-100 and 0.01 % (v:v) Thimerosal in PBS 1X pH 7.4
(Gibco®) blocking solution. The tissues were then incubated for two days in the blocking

solution at 37°C. Primary antibodies were diluted in PBSGSTT solution and incubated for one
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to two weeks at 37°C. Dilutions used were: anti-f I1I tubulin (Abcam®, ab18207) 1:1000, anti-
Endomucin (Santa Cruz®, sc65495) 1:100, anti-Meca 32 (BP Pharmingen®, 550563) 1:10 and
anti-Podocalyxin (R&D Systems®, MAB1556) 1:1,000. Then, samples were washed in
PBSGSTT at RT. Secondary antibodies were incubated in the same buffer for three to six days
at 37 °C, followed by washes in PBSGSTT at RT.

4.10.2. Clearing

Tissue clearing was performed according to the iDISCO+ protocol [®8l. Briefly, tissues were
dehydrated in increasing solutions of methanol (20 %, 40 %, 60 %, 80 % and 100 %) for 1h,
then delipidated by incubation in dichloromethane/methanol (1:3) for 3h at RT. Finally, the
tissues were cleared by immersion in dibenzyl ether (Sigma® Cat#108014) overnight at RT.

Table 2. Antibodies used for immunostaining of tissue sections.

Primary antibodies Host Dilution  Source Identifier
a- BII-tubulin Rabbit 1:1000 Abcam ab18207

a- Endomucin Rat 1:100 Santa Cruz sc-65495
a- Podocalyxin Rat 1:1000 R&D Systems MAB1556
a- Meca32 Rat 1:10 BD Pharmingen 550563
a-Osteopontin Goat 1:100 R&D Systems AF808

a- Osteocalcin Mouse 1:200 R&D Systems MAB1419
a- CD11b Rabbit 1:1000 Invitrogen PA5-79532
a- CD45 Rat 1:1000 Invitrogen 13-0451-82
Secondary antibodies IHF Host Dilution  Source Identifier
Alexa Fluor™ 488 conjugated Donkey  1:500 Abcam ab150133
anti-goat 1gG (H+L)

Alexa Fluor™ 488 conjugated Goat 1:500 Invitrogen A-11008
anti-rabbit 1IgG (H+L)

Alexa Fluor™ 488 conjugated Chicken  1:500 Abcam ab150173
anti-goat IgY (H+L)

Alexa Fluor™ 488 Goat 1:500 Invitrogen A-11001
conjugated anti-mouse 1gG

(H+L)

Alexa Fluor™ 568 conjugated Donkey  1:500 Invitrogen A-10042

anti-rabbit 1gG (H+L)
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Alexa Fluor™ 568 conjugated Goat 1:500 Invitrogen A-11036
anti-rabbit 1gG (H+L)

Alexa Fluor™ 568 conjugated Donkey  1:500 Invitrogen A-10037
anti-mouse 1gG (H+L)

Alexa Fluor™ 647 conjugated Donkey  1:500 Invitrogen A-21447
anti-goat 1gG (H+L)

Alexa Fluor™ 647 conjugated Donkey  1:500 Abcam ab150155

anti-rat 1IgG (H+L)

4.11. Image acquisition and processing

Cell cultures and histological sections were all imaged using a confocal laser scanning
microscope (SP8, Leica® Microsystems). Imaging of the immuno-stained whole-mount
samples was performed using a light-sheet fluorescence ultramicroscope (LaVision BioTec
Ultramicroscope I1) and ImspectorPro® software.

All volumes were determined based on tissue autofluorescence, and created manually with the
Imaris® "Surface" tool. Quantification of neurite length, blood vessels and osteocalcin surface
area was performed with Imaris® software, using the Surface plugin. The number of DAPI,
CD11b and CD45 positive cells was measured with Imaris® software, using the Spots plugin.
For the 3D reconstructions of the blood vessels network, the Imaris® software was used, with
the Filament plugin.

Colorimetric analysis of the images was done using a specially designed macro on ImageJ. A
region of interest (ROI) was selected to determine the area corresponding to the lesion. The
areas colored in dark red corresponding to osteoid tissue and those in green corresponding to
collagen tissue were detected semi-automatically. The results of the Masson’s Trichrome
quantification were expressed as a percentage of newly formed bone surface area relative to the
total surface area. They are presented as mean * standard deviation. For matrices implanted in
the subcutaneous site, the number of samples varied from 14 to 24 depending on the post-
implantation time. For matrices implanted in the condylar defect, the number of samples

(sections) varied from 18 to 28.

4.12. Statistical analyses
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All statistical analyses were performed using Graphpad Prism® software. Assessment of
statistical significance of differences was carried out using a nonparametric analysis of variance
(ANOVA) test. For multiple comparisons, appropriate post-hoc tests were used. Results are

presented as mean and standard deviation.
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Figure S1. Characterization of the ELP M80

A. Chemical structure of the recombinant ELP [M1V3-80], called ELP M80 in this study.

B. ESI-MS spectrum of ELP M80. The experimental molecular mass [M + H*] of 33,739 Da is
closed to the theoretical mass (33,736 Da).
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Figure S2. Influence of IKVAV/YIGSR, SNA15 peptides and HA content on the metabolic
activity of ECs and SNs, and on neurite outgrowth.

A. Cell viability and distribution of endothelial cells, labeled with the RFP protein (Red
Fluorescent Protein) in ELP scaffolds containing 0 %, 1 %, 2 % and 2.5 % HA particles,
supplemented or not with the IKVAV/YIGSR peptide (1Y) and SNA15 peptide (S) after 1 and
7 days of culture. Scale bars: 500 um

B. Immunostaining of B III tubulin of sensory neurons purified from rat DRGs cultured in ELP
scaffolds containing 0%, 1%, 2% and 2.5% HA particles, and supplemented or not with the
IKVAV/YIGSR peptide (1Y) and SNAL5 peptide (S) after 1 day of culture. Confocal

microscope acquisitions were carried out with a 20X objective. Scale bars: 70 pm.
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Figure S3. In vivo evaluation of the ELP/IYS/HA matrices after subcutaneous
implantation.

A. Masson's Trichrome staining of matrices containing 0%, 1%, 2% and 2.5% HA particles
after 0 (4 hours of implantation), 3 days, 7 days, 2 weeks and 4 weeks of implantation. Scale
bars: 200 pm.

B. High magnification of representative images of Masson's trichrome staining of a matrix
containing 0%, 1%, 2% and 2.5% HA particles, 3 days and 7 days after implantation. Scale
bars: 50 pm.

C. Immunostaining of markers CD11b (white) and CD45 (red) on histological sections of
ELP/I'YS/HA containing 2% HA after 3 months and 6 months of implantation. Representative
sections showing all of the implanted matrices (left) as well as magnification at the peripheral
area (right). Cell nuclei were labeled with DAPI (blue). The white lines delimit the surface
occupied by the matrices. Scale bars: 300 um, 100 pm in insets.

D. Graph showing the ratio between the number of CD11b+ and CD45+ cells in ELP/I'YS/HA
matrices containing 2% HA after 3 and 6 months of implantation. Data represent mean + SEM.
Mann-Whitney tests. n = X,y where x indicates the number of mice and y the number of sections

analyzed for each condition. 3 months = 3,10 ; 6 months = 4,12,
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Figure S4. Immunostaining of blood vessels and nerve structures in subcutaneously
implanted ELP/I'YS/HA matrices.

A. Immunostaining of -1l tubulin (red) and endomucin (white) to highlight the neuronal
network and the vascular network in ELP/I'YS/HA matrices containing 0%, 1% and 2.5% of
HA after 0, 3, 7, 15 and 30 days of implantation. Cell nuclei were labeled with DAPI (blue).
Scaffold autofluorescence appears green. Scale bars: 300 um.

B. High magnification of the peripheral area of images shown in A Scale bars: 50 pum.

C. Graph representing the ratio between the surface area of the blood vessels and the surface
area of the matrix for the different matrix compositions (ELP/I'YS/HA matrices containing 0%,
1% and 2.5% HA), at each time point studied. Each color represents an animal, and each point
a quantified image.

D. Graph representing the ratio between the surface area of the nerves and the surface area of
the matrix for the different matrix compositions (ELP/I'YS/HA matrices containing 0%, 1% and
2.5% HA), at each time point studied. Each color represents an animal, and each point a
quantified image.
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Masson’s Trichrome

Figure S5. Masson's Trichrome staining in the femoral condyle injury model.

Representative images of Masson's Trichrome staining on femoral condyle sections, after 7
days, 2 weeks, and 4 weeks of implantation, for the 3 groups: lesion left empty, lesion filled
with ELP/I'YS/HA containing 2% of HA, and lesion filled with Collapat®.Scale bars: 100 um
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