
HAL Id: hal-03264528
https://hal.science/hal-03264528

Submitted on 13 Jun 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

Osteoformation potential of an allogenic partially
demineralized bone matrix in critical-size defects in the

rat calvarium
Ahmad Moustapha Diallo, Ahmad Moustapha Diallo, Solène Rota, Michel
Boissière, Raphaël Bardonnet, Emmanuel Pauthe, Hervé Petite, Henri M

Benoist, Morad Bensidhoum, Fani Anagnostou

To cite this version:
Ahmad Moustapha Diallo, Ahmad Moustapha Diallo, Solène Rota, Michel Boissière, Raphaël Bar-
donnet, et al.. Osteoformation potential of an allogenic partially demineralized bone matrix in
critical-size defects in the rat calvarium. Materials Science and Engineering: C, 2021, 127, pp.112207.
�10.1016/j.msec.2021.112207�. �hal-03264528�

https://hal.science/hal-03264528
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


 1

Osteoformation potential of an allogenic partially demineralized bone matrix in critical-1 

size defects in the rat calvarium 2 

 3 

Running Title: Injectable allograft promotes calvarial-defects bone regeneration 4 

 5 

Ahmad Moustapha Dialloa,b, Solène Rotac,d, Michel Boissièrec, Raphaël Bardonnetd, 6 

Emmanuel Pauthec, Hervé Petitea, Henri M. Benoistb, Morad Bensidhouma, Fani 7 

Anagnostoua,e* 8 

 9 

a. CNRS UMR 7052 - INSERM U1271, Laboratory of Osteoarticular Biology, 10 

Bioengineering and Bioimaging, Universiy of Paris, 10 Avenue de Verdun, 75010 11 

Paris, France. 12 

b. Service of Periodontology, Institute of Odontology and Stomatology (IOS); Faculty of 13 

Medecine, Pharmacy and Odonto-Stomatology; University Cheikh Anta Diop (UCAD) 14 

BP 5005 Dakar-Fann, Sénégal. 15 

c. ERRMECe, Research Team on Extracellular Matrix-Cellular Relationships (EA1391), 16 

Biomaterials for Health Research Group, Institute of Materials I-MAT  (FD4122), CY 17 

Tech, CY University Cergy Paris, International House of Research (MIR), rue 18 

Descartes, 95001 Neuville sur Oise cedex, France. 19 

d. Biobank, 3 rue Georges Charpak 77127 Lieusaint, France, 20 

e. Service of Odontology, Hôpital Pitié-Salpêtrière APHP, U.F.R. of Odontology 21 

University of Paris, 47-83 Boulevard de l’Hôpital, 75013 Paris, France 22 

 23 

* Corresponding author: fani.anagnostou@univ-paris-diderot.fr; Tel.: +33-(0)1-57-27-24 

85-70 25 

© 2021 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0928493121003477
Manuscript_29873fe397ca150b337d09825c1347f3

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0928493121003477
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0928493121003477


 2

ABSTRACT 26 

Allogenic demineralized bone matrix has been developed as a reliable alternative to the 27 

autologous bone graft. In the present study, we assessed the osteoformation potential of a 28 

partially demineralized bone matrix (PDBM) in a paste form obtained without an added carrier. 29 

This formulation included the preparation of cancelous bone from femoral heads after 30 

decellularision, delipidation, demineralization in  HCl and autoclaving at 121°C. Structural 31 

and biochemical characteristics of PDBM were determined using FTIR (Fourier transform 32 

infrared spectroscopy), hydroxyproline, DNA content assays, and optical ellipsometry. The 33 

osteoformation potential was evaluated in 8-, 6-, and 4-mm-diameter rat-calvarial bone defects 34 

by in vivo micro-CT analysis, performed immediately after surgery on days 0, 15, 30, 45, and 35 

60. Moreover, histological and histomorphometric analyses were done on day 60. PDBM was 36 

compared to cancelous bone powder (BP) before its partial demineralization. The expression 37 

levels of selected inflammation-, angiogenesis-, and bone-related genes were also investigated 38 

by RT-PCR, 3, 7, and 14 days after surgery.Compared to the control group, the PDBM group 39 

exhibited a significant increase (p<0.05) in radiopacity in 8-mm- and 6-mm-diameter defects 40 

at all time points tested. On day 60, the amount of newly-formed bone was greater (16 and 1.6 41 

folds; p<0.001; respectively) compared to that in control defects. No bone formation was 42 

observed in defects filled with BP regardeless of the size. In 8-mm-diameter defect, PDBM 43 

was effective enough to induce the upregulation of genes pertinent to inflammation (i.e., 44 

TNFα, IL-6, and IL-8), angiogenesis (i.e., VEGF, VWF), and osteogenesis (ALP, RUNX2, 45 

BGLAP, SP7) by day 3 after surgery.This study showed that the tested PDBM deeply 46 

influences the early critical events involved in bone regeneration and exhibits efficient 47 

osteoformation capacity, making it an attractive graft option for treating defects in periodontal 48 

and maxillofacial areas.  49 
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1. INTRODUCTION 52 

Restoration of defects arising from periodontal disease, infections, trauma, and tumor exeresis 53 

remains a major challenge in craniofacial surgery. In such clinical cases, autograft is the 54 

“gold-standard” treatment, however the morbidity and the limited availability of bone tissue 55 

constrain their use. Allografts have been developed as alternatives to autografts  [1]. Collected 56 

from human donors, machined allografts are customized to precise dimensions and are 57 

available in variable forms, including highly processed decellularized bone derivatives such as 58 

mineralized and demineralized bone matrix (DBM), demineralized freeze-dried bone allograft 59 

(DFDBA), and freeze-driedbone allograft (FDBA) [2,3]. 60 

Decellularised bone derivatives processed from human bone are widely used as bone 61 

substitutes. Allogenic bone substitutes obtained after removing the cells, debris, and 62 

extracellular matrix proteins retain their porous structure and osteoconductivity, but not  63 

osteogenicity and osteoinductivity [4]. Moreover, in bone powder/ particles (BP) formed, 64 

these “fully” mineralised substitutes are not easily handled as they are dispersed by irrigation 65 

and blood flow during surgery. On the other hand, DBM contains small amounts of calcium-66 

based solids, inorganic phosphates, some traces of cell debris, and proteinaceous components 67 

issued from the bone extracellular matrix (i.e., collagen, non-collagenous proteins, and growth 68 

factors including BMPs) [5,6], giving it a bone-forming potential. Allogenic DBM exhibits 69 

minimal risk of immunogenic reactions [7] and its efficiency is well documented by several 70 

preclinical [8-10-9] and clinical studies [11-13]. However, DBM has varying bone-forming 71 

efficiencies [14] depending on its harvesting and processing conditions, sterilization methods 72 

and storage [15,5,7], carrier use and preparation form [16,14]. DBM is available in powder, 73 

particle, sheet, and putty/ paste forms. The latter form is easy to handle and therefore is the 74 
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most commonly used. However, conversion of DBM powder to paste by mixing it with a 75 

viscous carrier such as hyaluronic acid, carboxymethyl cellulose, poloxamer, calcium sulfate, 76 

and so on [17,5,3] has been reported to have several adverse effects, as well as compromising 77 

DBM bone-forming efficiency [14]. Therefore, there is an increasing demand for DBM 78 

products in paste form, entirely developed from natural bone.  79 

Allogenic bone efficiency also varies depending on the extent of demineralization 80 

[18,19].Specifically DBM products to deliver “good” biological performance they have 81 

insufficient mechanical stability and, altered ultra-micro-structural  properties [19] while the 82 

“fully” mineralized bone matrix lacks appropriate osteogenic  potential and degradability. 83 

Considering these,  a partially DBM may be a promising strategy for promoting bone 84 

regeneration. Taking these needs into consideration, an allogeneic PDBM has been developed 85 

(BioBank®). It is composed of human bone particles which preserve a part of the mineral in 86 

the core after demineralization and are included in collagen-rich gelatin, formed by the organic 87 

bone phase without added carriers.  It is obtained from a cancelous bone of femoral head after 88 

decellularision, delipidation, demineralization in  HCl and autoclaving at 121°C. It should be 89 

noticed that in the paste form, it may be directly injected at the implantation site without prior 90 

hydration.  91 

The objective of the present study was to evaluate the osteoformation potential of the  new 92 

PDBM  in rat calvarial defects. It was compared with that of BP before its partial 93 

demineralization which was used as a non-demineralized and non-cohesive bone allogenic 94 

reference. It is worth noting that rat is a relevant preclinical model to evaluate bone graft 95 

substitutes for the repair of craniomaxillofacial defects [20]. Regarding the controversy 96 

surrounding the rationale on the use of critical- or subcritical-size defects [21,22], the 97 

biological performance of PDBM was evaluated in calvarial size defects. Moreover, the 98 
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present study sought to determine whether or not and how the PDBM impacts the early bone 99 

healing process in the calvarial defects.  100 

 101 

2. MATERIALS AND METHODS 102 

2.1. Partially Demineralized Bone Matrix  paste  103 

PDBM and all the other formulations used in the present study were produced and provided by 104 

BioBank®. These bone substitutes were derived from discarded femoral heads obtained from 105 

healthy living donors, selected according to the clinical and serological criteria. Briefly, 106 

collected femoral heads first underwent a supercritical CO2 patented process (EP3134138B1; 107 

BioBank®) that leads to the production of delipidated and viro-inactivated, clinically approved 108 

and commercially authorized, bone allografts.   109 

Materials called BP were directly obtained from fractures of cancelous bone issued from the 110 

supercrit-treated femoral head after smashing into granules and/or powder particles (0.3 to 1 111 

mm in diameter). BP was used as a non-demineralized and non-cohesive bone allograft 112 

reference.  113 

PDBM referred to the material obtained from BP after a specific two-step treatment. This 114 

PDBM -the innovative material of interest in this study- was obtained following a process 115 

recently patented (EP3134138B1; BIOBank®).  116 

The first step consisted of a partial demineralization of the BP following a liquid HCl 117 

treatment (4.5 mmol/g) at room temperature during 90 min. Then, the bone-treated acidic 118 

solution was dried under hot air flux in order to generate a partially demineralized bone 119 

powder (PDBP). The second step consisted of the  hydratation of the PDBP (bone/water, 120 

45/55, w/w) and immediate autoclaving (121°C, 30 min) in certified ISO 13485 conditions 121 
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(BIO-STERIL, Saint Germain-Nuelles, 69210 France). The autoclaving step of the PDBM 122 

mixed with water ensured both the sterilization and the transformation of the outer 123 

demineralized organic phase to gelatin. This high temperature and under-pressure treatment 124 

led consequently to a spontaneous organization of the matter to a stable and conformable paste 125 

form and assured its sterilization. This new bone material (i.e., PDBM) was then packaged 126 

under sterile conditions in a specially designed syringe for direct injection to the implantation 127 

site. The main advantages of this formulation process are: i) the preparation method that leads, 128 

in one single step, to a sterile material formulated in an interesting paste form, and ii) the 129 

clinical potential for the surgeons to use this material directly in clinic without a need for prior 130 

(re)hydratation and/or reformulation.  131 

BP, PDBP, and PDBM characteristics were analyzed, compared to each other, and compared 132 

to that of totally calcinated BP (BP after heat treatment at 600°C for 8 h) and totally 133 

demineralized BP (BP after HCl treatment at 4.5 mmol HCl/g of bone for 3 h), respectively. 134 

Gelatin was provided from Sigma Aldrich (gelatin from porcine skin type A, CAS: 900-70-8). 135 

2.2. Physical and biochemical characterization of the PDBM  136 

2.2.1. Microscopy:  137 

The surfaces of materials were assessed before implantation using digital microscopy 138 

(KAYENCE® / VHX-2000F) and environmental scanning electron microscopy (eSEM) 139 

(Philips eSEM FEG/XL-30). ESEM examinations were carried out at 15 kV and in a humid 140 

atmosphere (approximately from 3 to 5 Torr). 141 

2.2.2. Fourrier transform infrared (FTIR) spectroscopy:  142 

FTIR spectra were obtained using a Brüker-Tensor spectrometer, which is piloted by OPUS 143 

software equipped with an MCT (mercury cadmium) detector. The acquisitions were made in 144 
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absorbance mode on a scale of 500 to 4000 cm−1 with a resolution of 2 cm−1. Potassium 145 

bromide (KBr) pellets were obtained under vacuum using 1 mg of the samples to test and 200 146 

mg of IR grade KBr (0.5%) samples.  147 

2.2.3. Determination of collagen content by hydroxyproline assay: 148 

Collagen content was obtained using a hydroxyproline assay. Lyophilized samples 149 

(Msamples) were incubated in 0.1 M acetic acid at 37°C for 48 h, and hydrolyzed by 6 N 150 

hydrochloric acid (VWR Chemicals) overnight at 106°C to release hydroxyproline residues. 151 

After drying under vacuum, the solid residue was soaked in 1 mL of demineralized water 152 

(Vsamples). A different diluted (diluted with a different Factor F) solution of hydroxyproline 153 

was oxidized by chloramine T, and was stopped by 3.15 M perchloric acid (Sigma-Aldrich) 154 

after 20 min. The addition of dimethylamino-4-benzaldehyde (DMBA) generates a complex 155 

which is detected by spectrophotometry. This reaction was carried out at 60°C for 20 min, and 156 

was stopped by immersing the tubes in cool water (4°C). The optical density of the aliquots 157 

was read using a spectrophotometer at a wavelength of 557 nm and compared with a standard 158 

range of trans-4-hydroxy-L-proline (Sigma Aldrich) to determine the concentration of 159 

hydroxyproline (Chyp). The following equation determines the collagen concentration of the 160 

solutions (Ccoll): Ccoll = Chyp * 7.7*Vsample*F / Msample.  Where factor 7.7 represents the 161 

converted percentage of hydroxyproline per collagen molecule (13%); F corresponds to 162 

dilution factor. 163 

2.2.4. Polarimetry: Optical rotation:  164 

Data were collected using a P-1010 Jasco polarimeter, fitted with a 435 nm filter (this is the 165 

usual reference for collagen) and a 1 cm cylinder thermostat (tank-stat). Temperature control 166 

was achieved by a Julabo FS18 bath. The optical path was also controlled by Spectra Manager 167 

software. Measurements were taken at 27°C. The lyophilized PDBM was solubilized at 20 168 
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mg/mL (1.5 mg/mL in collagen according to hydroxyproline assay) with 18 mM acetic acid 169 

maintained at 27°C for 2 h before the measurement. The device allows the direct measurement 170 

of the angle of optical rotation αλ expressed in degrees. The amount of helix (X) is derived 171 

from the specific optical rotation. And X is derived from [23]: 172 

Χ = [α]λHelix - [α]λCoil/ ([α]λCollagen -[α]λCoil) 173 

where λ is the wavelength (λ = 435 nm); [α]λ = αλ/lc is the specific optical rotation of the 174 

protein in solution; c is the concentration (g/cm3); l is the optical path (0.1 dm); [α]λcollagen is 175 

the specific optical rotation of native soluble collagen (Χ = 1), which contains only triple 176 

helices; and [α]λCollagen coil is the specific optical rotation of the coils (χ = 0) ([α]436nm
Collagen = -177 

800 deg.cm3.g-1.dm-1 at 27 °C, [α]436nm
Collagen coil =-274 deg. cm3.g-1.dm-1 at pH = 7.4 and 40 178 

°C). 179 

2.2.5. Quantification of DNA content:  180 

DNA isolation was done by classical phenol-chloroform from three different types of samples: 181 

(i) frozen human femur head (HFH) samples which were crushed, milled, weighed, and 182 

lyophilized (n=3), (ii) PDBM which was weighed and lyophilized (n=3), and (iii) bone powder 183 

(BP) which was only weighed (n=3). All samples were lysed using proteinase K at 56°C 184 

overnight within lysis buffer containing 0.25 M NaCl, 1% SDS, 50 mM Tris, and 5 mM 185 

EDTA [24]. The concentration of each extracted DNA sample was determined using the 186 

Quant-iTTM PicoGreen dsDNA assay kit (Invitrogen) following the manufacturer’s 187 

instructions and assessed fluorometrically. Samples of known DNA concentration (in the 188 

range 0 to 1 ng /µL) were used to generate the standard curve. When needed, extracted DNA 189 

was diluted to ensure that the respective absorbance was within the standard curve range. The 190 

DNA quantity was normalized to the initial dry weight of the samples. 191 

2.3.Experimental design and animal model 192 
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2.3.1. Animals:  193 

Sixty male, Wistar rats (12 weeks old, 320 to 410 g with mean body weight of 365 g), 194 

provided by Janvier Lab, France,  were used in this study. The animals were housed at room 195 

temperature (20–22°C) and humidity (55%), and were exposed to a 12-hour light/dark cycle 196 

(to maintain a normal day/night biological rhythm). They were fed on an ad libitum basis with 197 

standard laboratory food, and were handled according to the European Guidelines for Care and 198 

Use of Laboratory Animals (Directive 2010/63/EU, the European Convention ETS 123, and 199 

ARRIVE guidelines). The present animal study was approved by the Ethics Committee 200 

2015072718426555 1'2  (APAFIS#1333). 201 

2.3.2. Experimental design:  202 

To do the radiological and histological evaluations, thirty-six animals randomly distributed 203 

(n=6 per group) underwent calvarial defect procedures. In Group I, 8-mm defects on each 204 

calvarium were left empty; in Group II, 4- and 6-mm calvarium defects were left empty; in 205 

Group III, 8-mm calvarium defects were filled with PDBM paste; in Group IV 8-mm 206 

calvarium defects were filled with BP; in Group V, 4- and 6-mm calvarium defects were filled 207 

with PDBM bone paste; and in Group VI, 4- and 6-mm calvarium defects were filled with BP.  208 

Other thirty-six animals randomly distributed (n=6 per group; a total of 12 per time period, 209 

i.e., 3, 7, and 14 days after surgery) were assessed in terms of the expression of target genes. 210 

2.3.3. Animal surgery 211 

2.3.3.1. Anesthesia:  212 

Before the surgery, each rat was first anesthetized by the inhalation of 2% isoflurane and 213 

oxygen and then subcutaneously injected with a mixture of Ketamine (IMALGENE®: 40-80 214 

mg/kg weight) and Medetomidine (DOMITOR®: 0.5-1 mg/kg animal weight). As pre-emptive 215 
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analgesia, each animal received an intraperitoneal injection of buprenorphine (0.05 mg/kg 216 

animal weight). 217 

 218 

2.3.3.2. Surgical procedure:  219 

In preparation for surgery, each rat was transferred onto a heating pad, maintained at 37°C on 220 

the operating field. Each calvarium was shaved and disinfected using Betadine®. Then, an L-221 

shaped incision was made; the skin and the periosteum consisting two successive layers were 222 

elevated and the parietal and frontal calvarium bones were exposed. Afterward, circular 223 

bicortical defects were made using trephines (under constant irrigation with physiological 224 

saline) and taking care to avoid perforation of the dura mater. The 8-mm-diameter defect was 225 

centered on the intersection of the sagittal and coronal sutures. The two 4-mm diameter defects 226 

were placed on each parietal bone, whilst the 6-mm defect was located on the frontal bone. 227 

Thereafter, each defect site was rinsed with sterile saline and was either left empty or filled 228 

with 100 mg of PDBM paste using a specifically designed syringe and applying light pressure 229 

or with BP rehydrated with 0.9 NaCl (0.6mL/cc) for 10 min. Finally, the periosteum and skin 230 

of the animals were closed with absorbable sutures. 231 

2.3.3.3. Post-surgical animal care:  232 

After surgery, all animals were given the following subcutaneous injections: (i) 233 

Buprenorphine, to relieve the pain during the post-operative period; (ii) 5% Baytril®, as 234 

prophylactic antibacterial treatment; and (iii) Antisedan® (5 mg/mL), to accelerate awakening. 235 

Rats were kept onto the heating pad until awakening. During the postoperative 24 hours, each 236 

rat was kept in a separate cage under observation by the animal care personnel. The animals 237 

were sacrificed at the determined time points using an overdose of pentobarbital 238 

(DOLETHAL®). The calvarial bone was then excised, defleshed, and prepared for analysis.  239 

2.4. In vivo micro-CT analysis 240 
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For each animal, a longitudinal analysis of the radiopacity of the calvarial defects, either left 241 

empty or filled with PDBM paste, or BP was performed immediately after surgery on days 0, 242 

15, 30, 45, and 60 using a high-resolution, non-invasive, in vivo micro-scanner (micro-CT, 243 

Skyscan 1176, Brucker, Aartselaar, Belgium). To do this analysis, the rats were anesthetized 244 

using inhaled isoflurane. Images were acquired at the following settings: 50 kV voltage, 476 245 

mA current, exposure time of 40 ms, and a rotation step of 0.7° through a 0.5-mm-thick 246 

aluminum filter. The image acquisition time per rat was 6 min. Each three-dimensional (3D) 247 

image was reconstructed using a 35-micron average voxel size and using the manufacturer’s 248 

reconstruction software (NRecon Skyscan 1176, Brucker, Aartselaar, Belgium). 3D 249 

visualization was performed with CTVox software (Skyscan 1176, Brucker, Aartselaar, 250 

Belgium). Quantitative analysis of the radiopacity volume was also done by DataViewer and 251 

CTAn software packages (Skyscan 1176, Brucker, Aartselaar, Belgium). For each rat and each 252 

defect of interest in the present study, a cylindrical region of interest (ROI) was fixed at day 0 253 

of the study, corresponding to the diameter of each defect, specifically 4, 6, and 8 mm with a 254 

height of 5 mm, and subsequently used as a reference for respective data obtained on days 0, 255 

15, 30, 45, and 60. post-surgery. These ROI dimensions were chosen to take into account all 256 

newly formed bone tissues in all cases and time points tested during the healing process. The 257 

gray levels corresponding to bone tissue and the PDBM paste and BP were similar; 258 

consequently, for the defects that had been left empty, the measured radiopacity presented 259 

only the newly formed bone tissue/volume (BV). In the case of defects filled with the PDBM 260 

paste, the measured radiopacity presented the sum of both the radiopacity of the biomaterial 261 

and that of the newly formed bone tissue. 262 

2.5. Histology  and Histomorphometry 263 

The excised calvarial specimens were prepared for non-demineralized histological analysis. 264 

Each bone specimen was fixed in 10% neutral-buffered formalin, rinsed with water, 265 
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dehydrated using a series of increasing concentrations of ethanol solutions, cleared with 266 

xylene, and then embedded in methyl methacrylate. After polymerization, the calvarial bone 267 

blocks were oriented to radiography to obtain cross-sections cut parallel to the sagittal plane. 268 

Each such section was ground down to a thickness of 300 μm using the exact grinding system 269 

(Exakt Apparatebau GmbH Norderstedt, Germany), and polished down to 100 μm. Each 270 

section was stained with Stevenel’s blue and Van Gienson's picro fuschin before visualization 271 

using standard light microscopy. 272 

Images of histological sections were obtained using a light microscope (Olympus Bx 4500) 273 

connected to a digital camera (Nikon Coolpix 4500) equipped with a video and image analysis 274 

system (NIS Elements BR 2.3, Nikon France S.A.S., France). The images that corresponded to 275 

the three successive cross-sections of each defect center were analyzed. To overcome the 276 

problem arising from the similarity of bone and material pixels on the digitized and calibrated 277 

images, the newly formed bone area and residual particles were delineated manually. The total 278 

area of newly formed bone was calculated by adding the areas measured and reported in mm2. 279 

2.6. Gene expression analyses 280 

Three, 7, and 14 days after surgery, the rats were sacrificed and the calvarial specimens were 281 

harvested. The mRNA expression of selected genes was determined quantitatively using RT-282 

PCR as previously described [25]. The tissue inside the 8-mm-diameter defects was retrieved, 283 

homogenized, and total RNA was extracted using the TRIzol® Reagent according to the 284 

manufacturer’s protocol (Invitrogen, France). A NanoDrop spectrophotometer (NanoDrop 285 

1000, Labtech, Palaiseau, France) was used to determine the RNA concentration and purity. 286 

After RNA isolation, 500 ng of total RNA was reverse-transcribed into cDNA using the 287 

superscript II transcriptase kit (Invitrogen), in which random hexamers were used as primers. 288 

Correspondingly, for each time-point of interest, 20 µL of RNA from each sample in the 289 

empty calvarium defect group was pooled and reverse transcribed into cDNA to serve as a 290 
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reference control. Each RT-PCR analysis was performed in triplicate using 12.5 ng cDNA 291 

(RNA equivalent) on the CFX 96 Real-time system (BIORAD Laboratories). 292 

Amplification of the cDNA, using TaqMan® gene expression assays of genes encoding for 293 

TNFα (Tumor necrosis factor), IL-1ββ 294 

E295 

GF (Vascular endothelial growth factor), ANG (Angiogenin), CDH5 (Cadherin 5), PECAM1 296 

(Platelet endothelial cell adhesion molecule), VWF (Von Willebrand factor), ALP (Alkaline 297 

phosphatase), RUNX2 (Runt-related transcription factor 2), COLlA1 (alpha-1 type I collagen), 298 

BGLAP (Bone gamma-carboxyglutamate protein), SP7 (Sp7 transcription factor), MMP13 299 

(Matrix metalloproteinase 13), OPG 300 

(301 

302 

n cysteine), and TaqMan Universal PCR 303 

Master Mix (Applied Biosystems Inc.) was performed by an iCycler thermocycling apparatus 304 

(MyiQTM Single-Color Real-Time PCR; Bio-RadLaboratories). All reagents were supplied 305 

from Applied Biosystems Inc.: 18s (Hs 99999901_s1), TNFα (Rn 01525859_g1), IL-1β (Rn 306 

00580432_m1), IL-6 (Rn 01410330_m1), IL-8 [cxcl1] (Rn 005578225_m1), VEGF 307 

(Rn00582935_m1), ANG (Rn 02349499_g1), CDH5 (Rn 01536708_m1), PECAM1 (Rn 308 

01467262_m1), VWF (Rn 01492158_m1), ALP (Rn 00689814_m1), RUNX2 (Rn 309 

01512298_m1), COL1A1 (Rn 01463848_m1), BGLAP (Rn 01455285_g1), SP7 (Rn 310 

01761789_m1), MMP13 (Rn 01448194_m1), OPG (Rn 00563499_m1), RANKL (Rn 311 

00589289_m1), and SPARC (Rn 00561955_m1). For gene expression measurements, 18s 312 

RNA endogenous control (house-keeping gene with a constant expression level) was used as 313 

an internal control. Additionally, relative gene expression was calculated using the ΔΔCt 314 
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method by normalizing the Ct value of each gene at each time-point to the Ct value of the 315 

corresponding pooled sample.  316 

2.7. Statistical analyses 317 

Numerical values of the volume of regenerated bone within the defects, as well as the RT-PCR 318 

results of interest in the present study are reported as mean value ± standard deviation (SD). 319 

Statistical analysis was performed using the Student’s unpaired t-test. Furthermore, differences 320 

with P-value < 0.05 were considered statistically significant. 321 

3. RESULTS 322 

3.1. PDBM characterization 323 

In digital microscopy, the partially demineralized bone matrix (PDBM) paste and the bone 324 

powder (BP) showed different forms (Figure 1A and 1D). In escanning electron microscope 325 

(eSEM), the PDBM showed an amorphous structure devoid of collagen fibers (Figure 1B-C) 326 

while BP exhibited small particles consisting collagen bundles with different orientations 327 

(Figure 1E and 1F). The efficiency of the decellularization was evaluated by the quantification 328 

of residual DNA in human femoral heads (HFH), BP, and PDBM. DNA level was 329 

significantly (p< 0.05) reduced in PDBM (2.22 ± 0.33 ng /mg) and in BP (0.55 ± 0.03 ng/mg) 330 

compared to the pertinent results obtained from HFH (296.9 ± 74.33 ng/mg) (Figure 1G). The 331 

DNA level was considerably (p< 0.05) lower than the 50 ng/mg threshold [26] in both PDBM 332 

and BP. 333 

PDBM paste was further analyzed with Fourier transform infrared (FTIR) and compared with 334 

that of the BP, fully calcinated or totally demineralized. The absorption bands located at 1655 335 

and 1565 cm−1 corresponded to the amide I and amide II, respectively. The peak around 1450 336 

cm-1 was attributed to the carbonate. While the peak at 1000 and the double peaks at 657 and 337 

577 cm−1 were attributed to the phosphate contents v1 and v4, respectively (Figure 1H). As 338 

expected, in the calcinated BP, amide I and amide II bands were totally eliminated. In the 339 
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completely demineralized form of the BP, the two organic bands were the unique compounds 340 

preserved. In contrast with both bands in the BP, as in the PDBM paste, the two organic and 341 

the four inorganic components were present. However, it is worth to note that in the PDBM 342 

paste, the bands present in the spectrum were similar though the intensity was different. The 343 

proportion of amide peaks to inorganic compounds was more attenuated in the PDBM paste 344 

compared to the BP. This result confirms the loss of part of the inorganic phase and 345 

subsequently the increase of the relative contribution of the organic phase in the PDBM paste 346 

in comparison with the BP.  347 

The organic phase of PDBM was analyzed by hydroxyproline content, and collagen type I was 348 

further characterized by optical ellipsometry. The quantity of “collagenic phase” extractible 349 

from the BP and the PDBP (the partially demineralized form of BP) was 0.005 mg/mg product 350 

and 0.009 mg/mg product, respectively. In the PDBM paste, the relative quantity of accessible 351 

collagenic phase was still weak (0.073 mg/mg product) though significantly higher (Figure 352 

1I). It was compatible to compare these experimentally observed values with the collagen 353 

amount expected from theoretical calculations; 0.3 mg/mg, 0.23 mg/mg, and 0.46 mg/mg for 354 

BP, PDBP, and the PDBM paste, respectively. Interestingly, the percentage of accessible 355 

collagenic fraction on BP and PDBP was less than 2% (0.005/0.3 = 1.66%; 0.009/0.46 = 356 

1.96% for BP and PDBP, respectively), whereas this amount reached more than 30% in the 357 

PDBM paste (0.073/0.23 = 31.7%). This result demonstrated that the organic phase accessible 358 

from the PDBM matrix was 15 times higher than that in the powder form of the material. In 359 

conclusion, the biochemical analysis suggested that the thermic process increased the 360 

“accessibility” of the organic phase. The organic phase extracted from PDBM was 361 

characterized in polarimetry via measuring the optical rotation. The values of the optical 362 

rotation measured by polarimetry at 435 nm compared to native collagen in the same 363 

conditions allowed to estimate the amount of helix alpha in the biochemical structure of 364 
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PDBM paste (Table 1). The quantity found (only 13%) suggested that the organic phase of 365 

PDBM was mainly constituted by collagen fragments like gelatin. Moreover, ellipsometry 366 

measurements in various temperature conditions showed that the rotary power of PDBM 367 

(reflecting the presence of helix alpha within collagen) was similar to that observed in gelatin, 368 

suggesting that the organic phase of PDBM was mainly constituted by collagen fragments. 369 

3.2. Clinical observation 370 

All animals regained their ambulatory capabilities within 2-3 hours after surgery. All surgical 371 

wounds healed uneventfully. Moreover, there were no changes in the animal body weight, 372 

behavior, and in the overall animal health during the 8-weeks post-surgery period. 373 

3.3. Bone repair kinetics  374 

To study the bone healing as a function of the size of calvarial defect, critical 8-mm-diameter 375 

and subcritical, specifically, 6-, 4-mm-diameter defects on the same rat in a multi-defect 376 

calvarial model was used. In vivo micro-CT scans of the defects either filled or not filled with 377 

BP or PDBM paste was immediately made after surgery at day 0 (D0) and during the 2nd, 4th, 378 

6th, and 8th weeks post-surgery. In the empty 8-mm-diameter defects, only small areas of 379 

radiopacity were observed mainly along the borders during the entire healing period (Figure 380 

2A1). In the BP-filled defects, radiopacity area decreased from D0 to D15 (Figure 2A2). while 381 

in the PDBM-filled defects, radiopacity areas were present as early as the 2nd week after 382 

surgery (Figure 2A3). In the PDBM-filled defects, compared to D0, the radiopacity volume 383 

(evidence for the residual implanted material and the new formed bone volume) was 384 

significantly (p<0.05) increased by 2 folds at the 2nd week and reached a plateau at the 4th 385 

week post-surgery (Figure 2B). Compared to the empty defects and the BP-filled defects, the 386 

radiopacity in the PDBM paste-filled defects was significantly (p<0.05) increased,  for 387 

exemple by 3.5 folds (16.64 ± 6.9 mm3 and 22.2 ± 6.4 mm3 vs. 4.87 ± 3.72 mm3, and 6.27 ± 388 

5.09 mm3 for the PDBM paste-filled and empty defects, respectively, at the 4th and 8th weeks 389 
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post-surgery) (Figure 2B). These results provided evidence that PDBM notably promoted new 390 

bone formation. 391 

The radiopacity areas increased along with the healing time in 6-mm-diameter defects left 392 

empty and in PDBM paste-filled defects; while in the BP-filled defects, the radiopacity 393 

decreased from D0 to D15 (Figure 3A). New bone formation, especially in the frontal area of 394 

the empty defects, was present at the 2nd post-surgery week, which improved thereafter and 395 

attained a plateau at the 4th week (Figure 3A1). The animal group which had received the 396 

PDBM paste exhibited significant improvement (p<0.05) in every defect at all time-points 397 

tested (6.23 mm3 ± 1.17 vs 22.15 mm3 ± 3.45 at D0 and D60, respectively; Figure 3B). At 398 

D60, compared to the empty- and BP-filled defects, the defects filled with PDBM paste 399 

exhibited a significant increase (p<0.05) in radiopacity volume (almost 3-folds; Figure 3B). In 400 

vivo micro-CT scans, monitoring the subcritical-size defects, revealed that the 6-mm- and 4-401 

mm-diameter empty calvarial defects exhibited a different time course of the bone healing 402 

process (Figure 3A). In the case of 4-mm diameter defects, the radiopacity volume also 403 

increased over the time course of healing process in both animal groups tested (Figure 3A). 404 

Two 4-mm-diameter calvarial defects were created bilaterally in both animal groups tested 405 

(specifically the controls and those filled with BP or PDBM paste). Comparison of the results 406 

from the two empty defects located in the same rat revealed differences related to the incision 407 

location and the flap: in defects away from the flap incision, increased bone formation was 408 

systematically observed over the time period of the present study in all defects in contrast to 409 

the defects close to the lateral flap incision (Figure 3A). The radiopacity volume increased in 410 

the empty defects of the rats in the control group over time and was similar to that observed 411 

for the defects filled with BP or PDBM paste in the treated rat group (Figure 3C). 412 

3.4. New bone formation  413 
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After 8 weeks of implantation, in the empty and BP-filled 8-mm-diameter defects, newly 414 

formed bone was observed mainly at the edge of the defects (Figure 4A and 4B). On the 415 

contrary, new bone formation in the defects filled with the PDBM paste was localized both at 416 

the edges and in the center of the defects around remnants of PDBM paste (identified as 417 

varying-size particles of bone with cell-free lacunas) (Figure 4C and 4D). Quantitative 418 

analysis confirmed radiological findings in that a considerable amount of bone was formed. In 419 

other words, bone area was significantly increased (p<0.05) specifically by 16.34 times and 420 

2.16 times, compared to that observed in the defects that had remained empty or filled with BP 421 

(specifically, 1.02 ± 0.32 mm2 vs 0.06 ± 0.05 mm2 and 0.47 ± 0.5 mm2 respectively) (Figure 422 

4E). In the case of the 6mm-diameter-PDBM-filled defects, a newlyformed bone was observed 423 

throughout the filled defects. The newly formed bone was either surrounding or bridging the 424 

particles from the edge to the central area of the defect, while it was mainly located at the 425 

periphery of the empty and the BP-filled defects (Figure 5A, 5B and 5C). Lacuna containing 426 

osteocytelike and some lining cells, as well as blood vessels and bone marrow were observed 427 

in the newly formed bone (Figure 5D). The area of the newly formed bone was significantly 428 

(p<0.05) greater (by about 1.6 times and 2.58 times) in the defects filled with the PDBM paste 429 

than those in the defects left empty or filled with BP (specifically, 1.96 ± 0.81 mm2 vs 1.24 ± 430 

0.75 mm2  and 0.76 ± 0.52 mm2 respectively) (Figure 5E). In the case of the 4-mm-diameter 431 

defects, the new bone formed in the empty defects (located away from the flap incision) had 432 

almost filled entirely these defects (Figure 6A, 6B and. 6C). Quantitative analysis showed that 433 

the amount of newly formed bone was similar in the empty, BP and PDBM-paste-filled 434 

defects (Figure 6D). None of the defects exhibited inflammation or foreign body reaction. 435 

3.5. Expression of selected inflammation-, angiogenesis- and bone-related genes 436 

To determine whether and how PDBM affects the early stages of intramembranous bone 437 

regeneration, the expression of selected genes in 8-mm-diameter-PDBM-filled defects was 438 
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compared to those expressed in empty same-diameter ones at 3, 7, and 14 days after 439 

implantation.  440 

Gene expression of inflammatory markers: The time course of TNFα, IL-1β, IL-6, and IL-8 441 

mRNA expression in both empty- and PDBM-filled defects increased from D3 to D7 exhibited 442 

a peak at D7 and decreased thereafter (for up to 14 days) (Figure 7A, B). Compared to the 443 

respective results obtained from the empty defects, the PDBM-filled ones exhibited significant 444 

upregulated expression (by 2.5 and 6.8 folds; p=0.003 and p=0.01, respectively) of the TNFα 445 

gene at D3 and D7 (Figure 7A). IL-6 and IL-8 genes were also upregulated (by 4.7 and 4 446 

folds; p= 0.046 and 0.036, respectively) only at D3 post-surgery (Figure 7B). On the contrary, 447 

IL-6 expression was significantly down-regulated at D7 (p= 0.02; Figure 7B). Non-significant 448 

difference was observed in the expression level of IL-1β gene in both groups tested; that is, the 449 

expression was similar at all time-points checked (Figure 7A). 450 

Gene expression of angiogenesis markers: Expression of angiogenesis markers showed a 451 

similar temporal trend to that of inflammatory markers in both empty and PDBM-filled defects 452 

(Figure 7C, D). Expression of VEGF, ANG, CDH5, PECAM1, and VWF genes exhibited a 453 

peak level at D7 post-surgery. Moreover, the expression of all aforementioned genes was 454 

increased from D3 to D7 and decreased thereafter. Compared to the empty defects, the 455 

expression levels of VEGF and VWF in the PDBM-filled defects were significantly increased 456 

at D3 (p=0.019 and p=0.014, respectively; Figure 7D). Expression of the ANG gene increased 457 

at D7 (p=0.036), while that of CDH5 was downregulated at D14 (p= 0.007; Figure7C). 458 

Moreover, the expression levels of all angiogenesis markers selected for the empty and 459 

PDBM-filled defects were similar for all other time-points tested. 460 

Expression of genes pertinent to bone formation and remodeling: RUNX2, MMP13, 461 

RANKL, and SPARC genes were upregulated in the empty defects, from D3 to D7 post-462 

surgery (Figure 8B, C). The presence of PDBM affected these outcomes.  Compared to the 463 



 20

results obtained from the empty defects, expression of the ALP, BGLAP, SP7, and RUNX2 464 

genes in the PDBM-filled defects was significantly higher at D3 (p= 0.004,  0.02, 0.015, and 465 

0.008, respectively; Figure 8A and B). From D3 to D7, only the expression of ALP, BGLAP, 466 

SP7, RUNX2, COL1A1, and RANKL genes was decreased (Figure 8A, B, and C); while  the 467 

expression of other genes tested was similar during those days. From D7 to D14, only the 468 

expression of RANKL gene was significantly increased (p= 0.001; Figure 8C). The presence 469 

of PDBM in the defects differently affected the expression of aforementioned genes over time. 470 

Specifically, the expression of the genes ALP (D3), RUNX2 (D3), BGLAP (D3), SP7 (D3), 471 

and RANKL (D14) was significantly up-regulated (p= 0.004, 0.02, 0.015, and 0.016, 472 

respectively) by the presence of PDBM in the calvarium defects tested. In contrast, the 473 

expression of ALP (D7 and D14), BGLAP (D14), SP7 (D14), COL1A1(D7), OPG (D7), and 474 

SPARC (D7) was significantly down-regulated (p= 0.04, 0.03, 0.012, 0.016, 0.013, 0.011 and 475 

0.001, respectively; Figure 8A, B, and C). 476 

4. DISCUSSION 477 

Allogenic demineralized bone matrix (DBM) is regarded as a viable alternative option for 478 

autografts ([5,3]. Its use is increasing and different formulations are constantly 479 

emerging;however, at the present time, conditions under which DBM exhibits optimal 480 

osteoforming activity remain elusive. The present study investigated for the first to our 481 

knowledge the in vivo response of a new formulation of allogenic partially DBM (PDBM).  It 482 

was prepared from cancelous bone of femoral heads after decellularision, delipidation, and  483 

demineralizion in HCl, as well as autoclaving at 121°C. It consisted of partially demineralized 484 

bone particles (PDBP), in a collagen-rich gelatin, formed by the organic bone phase without 485 

added carriers. The biological performance of PDBM paste was studied in healing the bone 486 

defect in the rat calvarium model, in critical- and subcritical-size calvarial defects, in 487 

comparison  to that of the BP before its partial demineralization, which was used as a non-488 
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demineralized and non-cohesive bone allograft reference. Results obtained showed that the 489 

new PDBM paste had an enchanced clinical use (ready-to-use, easy-to-handle, moldable, and 490 

cohesive), influenced the early critical events involved in bone regeneration, and exhibited 491 

efficient bone forming capacity in critical-size calvarial defects.  492 

 493 

In contrast to BP,  PDBM paste promoted bone healing in 6- and 8- mm-diameter calvarial 494 

bone defects, both considered critical-sized [21,22]. As expected, the extent of new bone 495 

formation was decreased by increasing the size of the defect. However, PDBM paste presence 496 

showed to be crucial for the repair of the 8-mm defects, as the amount of newly formed bone 497 

in defects filled with PDBM was increased by about 16.5 folds compared to that of defects left 498 

empty at 8 weeks post-implantation. Bone healing was accelerated in 6-mm defects left empty, 499 

and after PDBM addition the new bone formation augmented only 1.6 folds. While, in the 4-500 

mm defects, the closure was observed regardless of the PDBM presence, showing that the use 501 

of PDBM was not clinically effective in regenerating small defects. It is interesting to note that 502 

no new bone formation  in contact to or around the BP was observed regardeless of the size of 503 

the bone defect. Moreover, in the critical-size PDBM-filled defects, the bone formation was 504 

enhanced as the radiopacity volume was significantly increased (p<0.05) already at the 2nd 
505 

week post-surgery, suggesting that PDBM may be also clinically effective in shortening the 506 

time required for bone healing after surgery. Some studies have investigated the potential of 507 

allogenic DBM in the same animal model and reported contradictory results. For instance, in 508 

the 8-mm-diameter defects, DBM showed significant bone-forming capacity [18,8,10] while 509 

others showed limited capability [27-29]. Direct comparison between the results of this study 510 

and the aforementioned published reports is thus not possible due to differences in the DBM 511 

formulations, as well as the outcome measures.   512 
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The bone-forming potential of PDBM paste may be attributed to several factors including 513 

enhanced clinical use. It displays improved surgical handling properties, adaptation to the 514 

uneven walls of the bone defects and cohesive between the particles properties without 515 

drawbacks of added carriers. Paste form was obtained entirely from bone and showed  a 516 

significant bone-forming advantage over human BP. Carriers (e.g., hyaluronic acid, 517 

carboxymethylcellulose, glycerol, calcium sulfate, gelatin, etc.) used to turn DBM powder to 518 

paste or putty forms [30,3] have been reported to compromise DBM clinical performance by 519 

decreasing the amount of the active DBM components [16,14] and/or by adverse effects such 520 

as inflammation [31,32].  521 

In histology, the PDBM paste showed typical osteoconductive phenomena, including newly-522 

formed bone at the defect edges and around the PDBM remnants (Figure 5C), probably due to 523 

both the partially demineralized bone particles and the collagen-rich gelatin.. DBM 524 

osteoconductivity has been reported as the primary mechanism for supporting the DBM-525 

associated bone formation [5,10], and gelatin derived from the collagen hydrolysis has been 526 

shown to be highly biocompatible and biodegradable [33] and plays a role in promoting cell 527 

adhesion. Moreover, PDBM has been displayed better applicability than un-demineralized or 528 

full DBM [19], and in contrast to full DBM, PDBM particles could act in a more bone-like 529 

manner, providing immediate structural support to unstable osseous defects.  530 

Bone forming capacity of DBM is also attributed to its osteoinductivity [5,34]. In the present 531 

study, the bone formation in the center of the PDBM-filled critical-sized defects could suggest 532 

a slight osteoinductive potential though further confirmatory evaluation with heterotopic 533 

implantation is required. Moreover, in the PDBM-filled defects, the expression of RUNX2, 534 

ALP, SP7, and BGLAP genes was upregulated 3 days after surgery. These genes are closely 535 

related to osteogenesis [35,36] and their upregulated expression under the effect of PDBM in 536 

the bone defect could signify the recruitment and/or enhanced differentiation of 537 
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osteoprogenitor cells.  However, osteoinduction implication in the cellular behavior is unlikely 538 

as PDBM paste was obtained with autoclaving the PDBP, a process that denaturates growth 539 

factors, including BMPs, which are released during demineralization and therefore abolishes 540 

their “osteoinduction” properties.  541 

Indeed, autoclaving is a key and puzzling point for the mechanisms underlying the 542 

osteoformation capacity of the PDBM paste observed in the present study. Autoclaved 543 

autografts or allografts have been used to reconstruct bone with interesting results [37,38] 544 

while it has been reported  that in addition to the denaturation of bone organic matrix, 545 

autoclaving also alters its mechanical and structural properties [39,40]. Consequently, in the 546 

present study autoclaving the PDBP, in addition to transforming the outer demineralized 547 

organic phase in a collagen-rich gelatin probably modifies the structural and biomechanical 548 

properties of the mineral part preserved in the core, thereby influencing the cell behavior in a 549 

multifacet manner. For instance, it has been reported that pepsin-digested and solubilized 550 

DBM hydrogel allows osteoprogenitors proliferation [41] and denaturated collagen promotes  551 

fibroblast survival [42] while partially demineralized displays better osteoprogenitor adhesion 552 

and proliferation than those completely demineralized [19]. It is logical therefore to consider 553 

that in the osteoformation capacity of the PDBM is involved an overall effect of the material, 554 

paste structure, mechanical properties, and constitutive molecules. Further comparison of the 555 

potential of PDBM paste with those of the PDBP before autoclaving and fully DBP in vivo 556 

and the comparison of the osteoprogenitor behavior towards such subsitutes is necessary to 557 

decipher umechanisms involved in the osteoconduction/ osteoinduction process. 558 

Besides the osteogenesis -related genes, another main finding of the present study that pointed 559 

out the PDBM influence in the early critical events involved in bone regeneration was that 560 

PDBM differently modulated the expression of genes pertinent to inflammation and 561 

angiogenesis at days 3 and 7 post-surgery. Proinflammatory cytokines such as TNFα, IL-1, IL-562 
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6, and IL-8, which mainly contribute to the initiation of the healing process by recruiting 563 

macrophages and osteoprogenitor cells from their local niches [43-45], were highly expressed 564 

in empty-left defects, reflecting inflammation during the early wound healing [46]. In the 565 

PDBM-filled defects, the overall increase of the aforementioned gene expression levels clearly 566 

indicated that the PDBM promoted immuno-inflammatory mechanisms at least at gene level 567 

and might be involved in the early recruitment of mesenchymal stem cells and osteoprogenitor 568 

cells. Moreover, we observed that the angiogenesis-related genes exhibited a temporal trend 569 

similar to that of inflammation, that is,  a trend towards higher expression at D7 and a 570 

reduction at D14, which corresponds with the gradual process of maturation from the 571 

granulation tissue to woven bone formation taking place between days 7 and 14 [46]. PDBM 572 

significantly upregulated the expression level of VEGF and VWF at D3 and that of ANG at 573 

D7. Above all, VEGF is a signaling protein that is induced during the inflammation phase 574 

within the surrounding bone cells or recruited inflammatory cells [47,48], initiates 575 

macrophage-related angiogenic responses [49], and is a crucial factor in angiogenesis-576 

osteogenesis coupling during intramembranous ossification-mediated bone healing [50]. 577 

The present study showed for the first time the PDBM–associated modifications of the 578 

transcriptional profile pertinent to bone repair ; however, it suffers some limitations. Firstly, 579 

the gene expression profile has to be associated with histology and immunohistochemistry to 580 

further understand the PDBM impact on the early healing. Secondly, the harvested tissue 581 

comprised various cell types, making difficult to localize the source of the gene expression 582 

within the defects. Lastly, the identification of genes in later time points should also be 583 

analyzed.  584 

5. CONCLUSION  585 

Results of the present study indicated the characterization and the biological performance of  a 586 

new PDBM paste. PDBM consists of PDBP in a collagen-rich gelatin, formed by the organic 587 
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bone phase without added carriers. This formulation included the preparation of the cancelous 588 

bone from femoral head after decellularision, delipidation, and demineralization in HCl, as 589 

well as autoclaving at 121°C, a process that ensures both the sterilization and transformation 590 

of the outer organic phase of the PDBP to gelatin. It exhibits  many advantages for the 591 

clinicians, that is providing a ready-to-use, easy-to-handle, moldable, and cohesive paste, 592 

which can be packed into bone defects and resists against irrigation and bleeding during 593 

surgery. Implanted in critical-size calvarial defects, it also exhibits a bone-forming capacity in 594 

contrast to BP which before demineralization failed to show any new bone formation capacity 595 

in both critical- and subcritical-size calvarial defects. The comparison of the transcriptional 596 

profile of genes in 8-mm-diameter-PDBM-filled defects to that of genes in empty defects 597 

showed that PDBM deeply influences the early critical events involved in bone regeneration. 598 

The PDBM efficient bone formation capacity makes it an attractive graft option for treating 599 

the defects in periodontal and maxillofacial areas. 600 

 601 
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TABLE 809 

Table 1: Specific optical rotation value of collagenic fraction extracted from PDBM compared 810 

to previous values obtained from collagen coil and collagen helix 811 
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 814 

  815 

 
Collagen coil 

at 40°C 

(2mg/mL) 

Collagen Helix at 

27°C 

(2mg/mL) 

PDBM at 27°C 

(1.5mg/mL of collagen-

like) 

Specific optical 

rotation 

Deg.cm
3
.g

-1
.dm

-1
  

-274° +/- 1° -800° +/- 4° -340° +/- 2° 
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FIGURE LEGENDS  816 

Figure 1: Material characterization 817 

Representative light micrographs of the morphology of the PDBM (A) and the BP (D). 818 

Representative environmental scanning electron microscopy (eSEM) of the morphology of the 819 

PDBM (B-C) and the BP (E-F). Amount of residual DNA (G) in HFH, BP, and PDBM; 820 

significant differences are indicated by* (p<0.05) (compared to HFH) and # (p<0.05) 821 

(compared to PDBM). Fourier transform infrared spectrometry (FTIR) (H): absorption spectra 822 

of the mineral and the organic phases of BP and PDBM used in the present study. (I) 823 

Quantified  “collagenic phase” extractible from BP, PDBP, and PDBM. 824 

 825 

Figure 2. Micro-CT images of the bone healing process within 8-mm-diameter rat 826 

calvarium defects during the 8 weeks post-surgery. The calvarium defects tested were 827 

either left empty or filled with BP or PDBM paste and were scanned using micro-CT 828 

immediately (D0) and 15, 30, 45, and 60 days post-surgery. (A) Representative 2D images 829 

illustrating a significant increase (evidenced as radiopacity) in the PDBM paste-filled defects 830 

(A3) compared to the BP-filled defects (A2) and the defects left empty (A1). (B) Significant 831 

(p< 0.01) greater radiopacity volume was present in the PDBM-filled defects compared to the 832 

respective results obtained from the BP-filled defects and the defects left empty. Numerical 833 

data are shown as means ± SD of 6 samples per animal group. Significant differences are 834 

indicated by * p˂ 0.05, and ** p˂ 0.01. 835 

 836 

Figure 3. Micro-CT follow-up of bone healing within the 4-mm- and 6-mm-diameter rat 837 

calvarium defects during the 8 weeks post-surgery. The calvarium defects were either left 838 

empty or filled with BP or  PDBM paste and were scanned immediately (D0) and 15, 30, 45, 839 

and 60 days post-surgery. (A) Representative 2D images illustrating new bone formation in 840 
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both the 6-mm- and 4-mm-diameter defects left empty (A1) or filled with BP (A2) or PDBM 841 

paste (A3). (B) Radiopacity volume (evidenced as radiopacity) was significantly (p< 0.01) 842 

greater in the 6-mm PDBM paste-filled defects compared to pertinent results obtained from 843 

the BP-filled defects and the defects left empty. (C) Radiopacity volume was similar in the 4-844 

mm-diameter defects that were left empty or filled with the BP and the PDBM paste. 845 

Numerical data are shown as means ± SD of 6 samples per animal group. Significant 846 

differences are indicated by * p˂ 0.05, and ** p˂ 0.01. 847 

 848 

Figure 4. Histology and histomorphometric analyses of new bone formation in the 8-mm-849 

diameter rat calvarium defects at the 8th week post-surgery. (A) and (B) New bone 850 

formation (*) in the defects left empty and the BP-filled defects was located at the periphery of 851 

the defect. (C) In the PDBM- filled defects, it was present between and around the PDBM 852 

particles (p) and in the center of the defect. (D) Magnified light micrograph of the framed 853 

section in Figure 4C illustrates new bone formation (*) in contact with PDBM particles (p), 854 

osteoblasts (white arrow), and osteocyte lacunas (blue arrow). (E) The area of the new bone 855 

formation in the defects filled with the PDBM paste was significantly higher (p˂ 0.001) than 856 

those obtained from the BP-filled defects and the defects left empty. Stains: Stevenel’s blue 857 

and Van Gieson picro fuschin were used for the visualization of cell nuclei and bone tissue, 858 

respectively. Significant difference (p˂ 0.01) is indicated by **. 859 

 860 

Figure 5. Histology and histomorphometric analyses of new bone formation in 6-mm-861 

diameter rat calvarium defects at the 8th week post-surgery. (A) and (B) New bone 862 

formation (*) in the 6-mm-diameter defects left empty or filled with the BP was located at the 863 

edge and inside the defects. (C) Bone formation (*) in the defects filled with the PDBM paste 864 

was present between and around the PDBM paste particles (p) and in the center of the defects. 865 
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(D) Magnified light micrograph of the framed section in Figure 5C illustrates histology details 866 

such as woven bone in contact with the residual PDBM particles. Osteocyte-like and some 867 

lining cells, as well as blood vessels were observed in the bone marrow spaces. * = newly-868 

formed bone; P = PDBM paste; MO = bone marrow; Dotted line = edge of the defect; Arrow 869 

points to an osteocyte lacuna; Ob = osteoblast.(E) Quantitative analysis showed significantly a 870 

wider area of new bone formation in the defects filled with PDBM compared to those that had 871 

been left empty or filled with the BP. Significant difference (p˂ 0.05) is indicated by *. 872 

 873 

Figure 6. Histology and histomorphometric analyses of new bone formation in 4-mm-874 

diameter rat calvarium defects at the 8th week post-surgery. An important new bone 875 

formation (*) was observed in the 4-mm-diameter defects which had been left empty (A) or 876 

filled with BP (B). In the defects filled with PDBM paste (C), bone formation (*) was 877 

observed between and around the PDBM particles (p) and in the center of the defect. (D) The 878 

new bone formation was similar in the empty defects and in the BP- or PDBM paste-filled 879 

defects. 880 

 881 

Figure 7. Time course of selected inflammation- and angiogenesis-related genes’ 882 

expression levels in the 8-mm-diameter bone defects on days 3, 7, and 14 post-surgery. 883 

The defects had been left empty (white columns) or filled with PDBM (black columns). The 884 

basis of comparison for the observed significant differences (p< 0.05) are the following lower 885 

case letters: a = significant difference from pertinent results obtained for empty defect group; b 886 

= significant difference compared to the results obtained from PDBM group; c = significant 887 

difference compared to the results obtained for the same gene in the same group on D3; d = 888 

significant difference compared to the results obtained for the same gene in the same group on 889 

D14. TNFα = Tumor necrosis factor; IL-1β = Interleukin 1β; IL-6 = Interleukin 6; IL-8 = 890 
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Interleukin 8; VEGF = Vascular endothelial growth factor; ANG = Angiogenin; CDH5 = 891 

Cadherin 5; PECAM1 = Platelet endothelial cell adhesion molecule; VWF= Von Willebrand 892 

factor. 893 

Figure 8: Time course of expression of selected genes related to bone formation and 894 

remodeling in the 8-mm-diameter bone defects on days 3, 7, and 14 post-surgery. The 895 

defects had been either left empty (white columns) or filled with PDBM (black columns). 896 

Statistically significant differences (p< 0.05) are indicated by the following lower case letters: 897 

a = significant difference from pertinent results obtained for empty defect group; b = 898 

significant difference compared to the results obtained from PDBM group; c = significant 899 

difference compared to the results obtained for the same gene in the same group on D3; d = 900 

significant difference compared to the results obtained for the same gene in the same group on 901 

D14. ALP = Alkaline phosphatase; RUNX2 = Runt-related transcription factor 2; COL1A1 = 902 

alpha-1 type I Collagen; BGLAP (Osteocalcin) = Bone gamma-carboxyglutamate protein; SP7 903 

= Transcription factor Sp7 or Osterix (Osx); MMP13 = Matrix metalloproteinase 13; OPG = 904 

Osteoprotegerin; RANKL = Receptor activator of nuclear factor kappa-B ligand; SPARC 905 

(Osteonectin) = Secreted protein acidic and rich in cysteine. 906 

 907 



Collagen coil at 40°C
(2mg/ml)

Collagen Helix at 27°C
(2mg/ml)

PDBM at 27°C
(1,5mg/ml of collagen-like)

Specific optical
rotation

Deg.cm3.g-1.dm-1
-274° +/- 1° -800° +/- 4° -340° +/- 2°

Table 1: specific optical rotation value of collagenic fraction extracted from PDBM compared to 
previously values observed from collagen coil and collagen helix
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Figure 2. Micro-CT images of the bone repair process within 8-mm-diameter rat calvarium defects during 8 weeks 
post-surgery.
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Figure 3. Micro-CT follow-up of bone repair within the 4-mm- and 6-mm-diameter rat calvarium defects during 8 
weeks post surgery.
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Figure 7: Gene expression analysis of pro-inflammatory and angiogenesis markers in the 8-mm diameter bone
defects after 3, 7 and 14 days of healing.
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Figure 8: Gene expression analysis of bone formation and bone resorption markers, in the 8-mm diameter bone 
defects after 3, 7 and 14 days of healing.




