
Contents lists available at ScienceDirect 

Bone 

journal homepage: www.elsevier.com/locate/bone 

Full Length Article 

Autologous bone graft substitute containing rhBMP6 within autologous 
blood coagulum and synthetic ceramics of different particle size determines 
the quantity and structural pattern of bone formed in a rat subcutaneous 
assay 
Nikola Stokovica,b,1, Natalia Ivanjkoa,b,1, Igor Erjaveca,b, Milan Milosevicc,  
Hermann Oppermannd, Larry Shimpe, Kuber T. Sampathf, Slobodan Vukicevica,b,⁎ 

a Laboratory for Mineralized Tissues, School of Medicine, University of Zagreb, Zagreb, Croatia 
b Scientific Center of Excellence for Reproductive and Regenerative Medicine, Croatia 
c Department for Environmental Health, Occupational and Sports Medicine, Andrija Štampar School of Public Health, School of Medicine, University of Zagreb, Zagreb, 
Croatia 
d Genera Research, Kalinovica, Sveta Nedelja, Croatia 
e CaP Biomaterials, East Troy, WI, USA 
f perForm Biologics Inc, Holliston, MA, USA   

A R T I C L E  I N F O   

Keywords: 
Bone morphogenetic proteins 
BMP 
BMP carrier 
Bone regeneration 
Tissue engineering 
TCP 
HA 

A B S T R A C T   

Bone morphogenetic proteins (BMPs) are potent osteoinductive agents for bone tissue engineering. In order to 
define optimal properties of a novel autologous bone graft substitute (ABGS) containing rhBMP6 within the 
autologous blood coagulum (ABC) and ceramic particles as a compression resistant matrix (CRM), we explored 
the influence of their amount, chemical composition and particle size on the quantity and quality of bone 
formation in the rat subcutaneous assay. Tested ceramic particles included tricalcium phosphate (TCP), hy-
droxyapatite (HA) and biphasic calcium phosphate ceramic (BCP), containing TCP and HA in 80/20 ratio of 
different particle sizes (small 74–420 μm, medium 500–1700 μm and large 1000–4000 μm). RhBMP6 was either 
mixed with ABC or lyophilized on CRM prior to use with ABC. The experiments were terminated on day 21 and 
implants were analysed by microCT, histology and histomorphometry. Addition of CRM to ABGS containing 
rhBMP6 in ABC significantly increased the amount of newly formed bone and the optimal CRM/ABC ratio was 
found to be around 100 mg/500 μL. MicroCT analyses revealed that all tested ABGS formulations induced an 
extensive new bone formation and there were no differences between the two methods of rhBMP6 application as 
determined by the bone volume. However, the particle size played a significant role in the quantity and quality 
of newly formed bone. ABGS containing small particles induced new bone forming a dense trabecular network, 
cortical bone at the rim, bone and bone marrow in apposition to and in between ceramic particles. ABGS 
containing medium and large particles also resulted in new bone on the surface of particles as well as inside the 
pores. Histomorphometric analysis revealed that the ceramics particle size correlated with the quality of tra-
becular pattern of newly formed bone, bone/bone marrow ratio as observed in apposition and between particles, 
and the ratio between the cortical and trabecular bone. By employing rat subcutaneous implant assay, we 
showed for the first time that the size of synthetic ceramics particles affected the osteogenesis as defined by both 
the quantity and quality of ectopic bone.   

1. Introduction 

Bone morphogenetic proteins (BMPs) are growth factors belonging to 
TGFβ superfamily. Although several BMPs (BMP2, BMP4, BMP6, BMP7 and 

BMP9) possess osteoinductive properties, only BMP2 has been widely used 
in spine surgery [1,2]. We recently demonstrated that BMP6 is more potent 
in promoting osteoblast differentiation in vitro [3] and inducing bone re-
generation in vivo as compared to BMP2 and BMP7 due to resistance of 
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BMP6 to noggin inhibition and affinity across the BMP type I receptors [4]. 
BMPs require a suitable delivery system or carrier to prevent the 

dispersion from the site of application while allowing gradual release 
resulting in osteoblastic differentiation with subsequent new bone for-
mation [3,5]. Moreover, the carrier has to be biocompatible, readily 
available, manufactured cost effectively for large scale production, re-
producible, non-immunogenic, moldable, and enable vascular and cel-
lular invasion [6,7]. BMP carriers have been commonly classified into 
three main groups (natural polymers, synthetic polymers and inorganic 
materials) and the fourth group containing composites of aforemen-
tioned materials [6,8]. In recent years, the trend shifted towards deli-
vering rhBMP using composite carriers of different origins instead of a 
single carrier material allowing optimization of carrier properties and 
overcoming some of the encountered limitations [8]. 

Autologous blood coagulum (ABC) is a novel biocompatible carrier 
for BMPs [9,10]. It suppresses foreign body response, promotes tight 
rhBMP6 binding with plasma proteins within the fibrin meshwork and 
allows a sustained in vitro release of rhBMP6 [11]. The safety and ef-
ficacy of a novel autologous bone graft substitute (ABGS) containing 
rhBMP6 in ABC have been demonstrated in preclinical models and in 
patients undergoing high tibial osteotomy (HTO) and distal radial 
fracture (DRF) therapy [9,11–13]. However, in indications including 
posterolateral spinal fusion (PLF) and segmental bone defects [9,11], it 
is preferred to add compression resistant matrix (CRM) to the ABC to 
improve the handling and biomechanical properties of the implant [9]. 

Currently, in the ongoing posterolateral lumbar interbody fusion (PLIF) 
clinical study (EudraCT number 2017-000860-14) in patients with lumbar 
back pain due to degenerative disc disease, allograft is used as a CRM. As 
the broader use of allograft has limitations in various orthopaedic indica-
tions we explored ceramics as a potential CRM. Calcium phosphate ceramics 
such as tricalcium phosphate (TCP), hydroxyapatite (HA), and biphasic 
calcium phosphate ceramic (containing both TCP and HA in various ratios) 
are well-known osteoconductive materials which have been tested in var-
ious models as BMP carriers or as a CRM combined with a BMP carrier 
[5,14–22]. Moreover, along with new bone induced by BMPs, ceramic 
particles are an important structural component of newly formed bone- 
ceramic structure (BCS). We defined BCS as vascularized, complex tissue- 
engineered construct containing newly formed bone integrated with 
ceramic particles. 

Osteoinductivity of BMPs and osteoconductivity of CRMs were 
tested in small animals (rats, mice), in orthotopic models using calvarial 
critical size defect [7,17,23–26] or in ectopic bone model using sub-
cutaneous or intramuscular implantation [5,19–22,27–35]. However, 
only few studies were focused on the influence of chemical composition 
and the particle size in promoting osteoinduction in combination with a 
rhBMP and a physiological native carrier [5,7,34]. 

A novel ABGS containing rhBMP6, ABC and ceramic particles as 
CRM is a potential therapeutic solution for various clinical indications 
including posterolateral and interbody spinal fusions, segmental defects 
and pseudoarthrosis. However, prior to continuation of preclinical 

testing in relevant models an optimal ABGS formulation should be de-
fined. Therefore, we explored the effect of CRM amount, method of 
rhBMP6 application (mixed with blood or lyophilized on CRM) as well 
as chemical composition and the size of ceramic particles on the for-
mation of new tissues comprising the ABGS properties. 

2. Material and methods 

2.1. Experimental design 

Rat subcutaneous implant assay was chosen as a method to evaluate 
osteoinductivity and osteoconductivity of various ABGS formulations con-
taining rhBMP6, ABC and ceramic particles. Three different experiments 
were performed: in the first we varied CRM amount by increasing the 
ceramic mass keeping the blood volume unchanged; in the second experi-
ment we varied the method of rhBMP6 application and the particle size, 
while in the third we varied both the chemical composition of particles and 
the particle size. All experiments were terminated on day 21 and this time 
point was chosen based on the results of our pilot time course experiment in 
which we observed peak bone formation on that time point in the rat 
subcutaneous assay. Number of implants in the first and third experiment 
was 10 per group while in the second experiment it was 6 per group. There 
were two implants per animal (in the left and right axillary region) and in 
order to minimize influence of biological variability between the animals 
different implants were placed on the left and right side. Therefore, in the 
first experiment we used 60 implants in 30 animals, in the second 36 im-
plants in 18 animals and 90 implants in 45 animals in the third experiment. 
Experimental design is presented in Table 1. 

2.2. Test items 

We used rhBMP6 produced by Genera Research (Zagreb, Croatia) 
[11] and ceramic particles produced by CaP BioMaterials (East Troy, 
Wisconsin, USA). 

The rhBMP6 manufacturing process was conducted by Genera 
Research. Genetically modified Chinese Hamster Ovary (CHO) cell line 
was used to produce rhBMP6. Purification of BMP6 from the PRO CHO 
media was done by using heparin affinity and hydrophobic interaction 
chromatography, followed by the reverse phase HPLC. It was then 
lyophilized and stored at −20 °C in vials containing 0.5mg > 99% pure 
rhBMP6. Prior to use, lyophilized rhBMP6 was dissolved in water for 
injection in volume needed to achieve concentration of 2,5 mg/mL. 

The chemical composition of ceramic particles was β-tricalcium phos-
phate (TCP), hydroxyapatite (HA), and biphasic calcium phosphate ceramic 
(BCP) containing 80% TCP and 20% HA with particle size of 74–420 μm 
(small particles), 500–1700 μm (medium particles) and 1000–4000 μm 
(large particles)(Fig. 1A). The materials were made by reacting phosphoric 
acid and calcium hydroxide to form a slurry having the proper Ca/P ratio 
for the desired material. The slurry was mixed with viscosity modifiers 
followed by hydrogen peroxide. While the peroxide containing slurry was 

Table 1 
Experimental design of the study. In the first experiment we varied amount of CRM, in the second experiment we varied method of rhBMP6 application and size of the 
particles, while in the third experiment we varied chemical composition and size of the particles.     

Experimental design 

Amount of CRM Method of rhBMP6 application and particle size Chemical composition and particle size  

ABC + BMP6 
25 mg BCP 1000–4000 μm + ABC + BMP6 
50 mg BCP 1000–4000 μm + ABC + BMP6 
75 mg BCP 1000–4000 μm + ABC + BMP6 
100 mg BCP 1000–4000 μm + ABC + BMP6 
125 mg BCP 1000–4000 μm + ABC + BMP6 

BCP 74–420 μm + ABC + BMP6 
BCP 74–420 μm + ABC + BMP6 (lyo) 
BCP 500–1700 μm + ABC + BMP6 
BCP 500–1700 μm + ABC + BMP6 (lyo) 
BCP 1000–4000 μm + ABC + BMP6 
BCP 1000–4000 μm + ABC + BMP6 (lyo) 

TCP 74–420 μm + ABC + BMP6 
HA 74–420 μm + ABC + BMP6 
BCP 74–420 μm + ABC + BMP6 
TCP 500–1700 μm + ABC + BMP6 
HA 500–1700 μm + ABC + BMP6 
BCP 500–1700 μm + ABC + BMP6 
TCP 1000–4000 μm + ABC + BMP6 
HA 1000–4000 μm + ABC + BMP6 
BCP 1000–4000 μm + ABC + BMP6 
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being dried, the peroxide decomposed causing pores to form from the lib-
erated oxygen. The resulting dry foam was sintered, then ground and sieved 
to make granulate in given size range. The total porosity of each material 
was calculated from the measured bulk density as a percentage of the 
theoretical density (Table 2). As such, it included both intra- and inter- 
granular porosity. Since the smallest particles had no significant in-
tragranular porosity, the porosity value for those particles is intergranular 

porosity, only. The average pore size of the granulate portion of each ma-
terial (Table 2) was measured with an optical imaging technique (Wild 
Photomakroscope M400 and the Leica application suite). Many of the pores 
were observed to be through pores, but the percentage of through pores was 
not calculated. 

2.3. ABGS preparation 

In the first and third experiment 20 μg of rhBMP6 was added to 
500 μL of blood, mixed with ceramics as specified in Table 1 and left to 
coagulate (Fig. 1B). In the second experiment implants were prepared 
either as described above, or rhBMP6 (20 μg) was lyophilized on the 
ceramics (see below), mixed with blood and left to coagulate. Coagu-
lation occurred in 5–15 min after mixing with ceramic particles and all 
ABGS were implanted within 1 h after preparation. Implants were 
formed in syringes and were subsequently cylindrically shaped with the 
following dimensions: diameter 8 mm and height 8 mm while the vo-
lume of the implants was approximately 0,4 mL/400 mm3. In the first 
experiment the amount of ceramics varied between the experimental 
groups (Table 1) while in the second and third experiment each implant 
contained 100 mg of ceramics based on the results of the first experi-
ment (see Fig. 2 in Results). 

Lyophilization of the rhBMP6 on ceramic was performed according to 
the following: 100 mg dry ceramic matrix was determined to soak up 90 to 

Fig. 1. (A) First three rows are showing various ceramic particles used in the study. Fourth row is showing X-ray difractogram pattern of TCP, HA and BCP in 
500–1700 μm particle size range. (B) Implant preparation scheme; steps of preparation are marked with numbers: 1 – blood was withdrawn in volume 500 μL per 
implant and was transferred to the tube with aliquoted solution of rhBMP6 and gently mixed; 2 – blood with rhBMP6 was drawn into the syringe containing CRM; 3 – 
final product (ABGS containing CRM) left on room temperature to coagulate; 4 – subcutaneous implantation in axillary region of rats. 

Table 2 
Properties of tested ceramic particles. No pores were found in the 74–420 μm 
particles because the particles were approximately the same size as the pores.      

Material Particle size Average pore 
diameter 

Total porous 
volume  

β-TCP granulate 74–420 μm NA 71%  ±  1.3 
β-TCP granulate 500–1700 μm 157 μm  ±  49 82%  ±  0.4 
β-TCP granulate 1000–4000 μm 246 μm  ±  89 86%  ±  0.4 
Biphasic granulate 

(80TCP/20HA) 
74–420 μm NA 76%  ±  0.8 

Biphasic granulate 
(80TCP/20HA) 

500–1700 μm 175 μm  ±  52 86%  ±  0.5 

Biphasic granulate 
(80TCP/20HA) 

1000–4000 μm 272 μm  ±  75 89%  ±  0.7 

HA granulate 74–420 μm NA 75%  ±  0.8 
HA granulate 500–1700 μm 386 μm  ±  115 76%  ±  0.2 
HA granulate 1000–4000 μm 379 μm  ±  130 77%  ±  0.5 

Fig. 2. (A) MicroCT images of ABGS showing an increasing mass of the similar ceramic particles in equal blood volume. Reconstructed images (RI) of ABGS showing 
newly formed bone (green) and ceramics (white). (B) Bone volume (mm3) among experimental groups (from 0 to 125 mg BCP per implant) on day 21 shown as 
median with interquartile range (IQR). Non-parametric Kruskal Wallis test was used with post hoc Mann Whitney U - test. P values (P  <  0.05) are presented in 
Table 3 in Supplement. (C) Probit regression (Dose-Response) analysis with the value defined as a satisfactory bone volume fixed at 20 mm3 as measured by microCT. 
Overall regression model fit was statistically significant (Null model −2 Log Likelihood = 60.15; Full model −2 Log Likelihood = 24.92; Chi-squared = 35.22; 
DF = 1; P  <  0.0001) with Nagelkerke R2 = 71.12%; n = 10 per group. 
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100 μL solution containing 20 μg BMP6 in glycine buffer. Eppendorf tubes 
with 100 mg ceramic matrix were sterilized by UV light in a laminar flow 
cabinet, sterile BMP solution was added, and tubes were covered with foil 
and frozen. Subsequently, the tubes, securely seated in a tight-fitting tube 
rack were placed into a GEA lyophilizer model SL2, on the shelf with the 
caps partially open. After 8 h of freeze-drying the top plate was lowered to 
close the tubes for further use. 

2.4. Experimental animals 

Male and female laboratory rats (Sprague Dawley strain, body 
weight between 200 and 330 g, 8–12 weeks old, in house bred - animal 
facility, Laboratory for mineralized tissues - School of Medicine, Zagreb 
Croatia) were used in all in vivo experiments. Rats were housed in PS 
(poly sulfonic) cages in conventional laboratory conditions at the 
temperature of 20–24 °C, relative humidity of 40–70% and noise level 
60 dB. Fluorescent lighting provided illumination 12 h per day. 
Standard GLP diet and fresh water were provided ad libitum, with 
environmental enrichment. Animal care complied with SOPs of the 
Animal facility; the European convention for the protection of verte-
brate animals used for experimental and other scientific purposes (ETS 
123). Ethical principles of the study ensured compliance with European 
Directive 010/63/E, the Law on Amendments to Animal Protection Act 
(Official Gazette 37/13), the Animal Protection Act (official Gazette 
102/17), Ordinance on the protection of animals used for scientific 
purposes (Official Gazette 55/13), FELASA recommendations and re-
commendations of the Ethics Committee at School of Medicine, 
University of Zagreb. 

2.5. Rat subcutaneous assay 

Prior to surgery rats were anesthetized by a combination of xylazine 
5 mg/kg (i.m.) and ketamine 100 mg/kg (s.c.). A vertical incision 
(1 cm) was made under sterile conditions in the skin over the thoracic 
region, and the pockets were prepared by a blunt dissection on both 
sides of the incision (Fig. 1B). The implant was inserted deep into the 
pocket, and the incision was closed with a surgical clip. The day of 
implantation was designated as day 0 of the experiment. In the post-
operative period during the first 72 h, analgesia was monitored using a 
pain scale. If the animal was in pain, an additional dose of buprenor-
phine was administered intramuscularly. Euthanasia was carried out 
without pain and suffering of animals in the CO2 chamber with the 
mixture in proportion: 70% CO2 and 30% O2. When the animal stunned 
the confirmation of death was made by cervical dislocation. Implants 
were removed on day 21 after implantation for analysis and sur-
rounding tissue was examined for the possible presence of inflammation 
and oedema. 

2.6. MicroCT scan and analysis 

To visualize and quantify new ectopic bone formation, 1076 SkyScan 
MicroCT machine was used. Implants were scanned after explantation. 
Scanning resolution was set at 18 μm spatial resolution with 0.5 mm alu-
minium filter and frame averaging set to a value of 2. The scanning width 
was set to 34 mm. Acquired images were reconstructed using NRecon 
software (SkyScan, Belgium). Further assessment and analysis of ectopic 
bone was done using CTAn software (SkyScan, Belgium) as previously de-
scribed [11,36]. To distinguish bone tissue from CRM, based on the density, 
4-level Otsu thresholding was used [37] with a concurrent use of global 
threshold for bone and CRM, respectively. 

2.7. Histology 

Following implant explantation samples were fixed in 4% formalin 
for 48 h. After fixation, samples were decalcified using 14% EDTA in 
4% formalin solution for 20 days (solution was changed every 2 days). 

Specimens were embedded in paraffin and cut at 6-μm thickness as 
described before [9] and stained by modified Goldner's stain. Selected 
samples were processed undecalcified as described before [12,38] and 
5 μm sections were stained by Von Kossa stain. Histological examina-
tion was used to assess the extent and structure of osteogenesis in the 
implant. 

2.8. Histomorphometry 

Quantitative analysis of bone architecture was conducted by histo-
morphometry to reveal the amount and the distribution of newly 
formed bone, CRM and bone marrow among the ectopic explant on day 
21. Histology sections were stained by modified Goldner's stain, 
staining the bone green/turquoise, while CRM remained white. Images 
were taken using an Olympus microscopy system - Olympus SZX10 
Stereo Microscope and Olympus BX53 Upright Microscope equipped 
with a DP27 camera (5 megapixels, 15 fps) and operated by cellSens 
Dimension software (Olympus, Japan). Goldner's stained sections were 
imaged at 1.25× (0,24 pixel/μm) and 10× (1,83 pixel/μm) magnifi-
cation. The bone area was selected automatically due to its distinct 
color (green/turquoise), while the whole histological section and the 
area of CRM particles were selected manually and masked with the 
distinctive color (black) in Photoshop software (Adobe Systems, 
California, USA) in order to be recognised by measuring software. 
Masked areas (bone, CRM, whole area) were converted to RGB stacks 
which were further thresholded and measured in Fiji ImageJ software 
(version 1.51r; NIH, Maryland, USA). Bone marrow area was calculated 
as remaining pixels – bone area and CRM area were subtracted from the 
whole area. Results were expressed as area percentages. 

With additional segmentation of the bone area, the amount of cor-
tical bone was measured among experimental groups. Distance mea-
surement between ceramic particles was conducted with cellSens 
Dimension software (Olympus, Japan) using Count & Measure tools by 
measuring the longest distance between particles. Three histology sec-
tions were measured per group and each section was measured six 
times. 

2.9. Data analysis 

Data distribution of continuous variables had been checked with 
Kolmogorov-Smirnov test and according to the results appropriate para-
metric (one-way analysis of variance - ANOVA) or non-parametric (Kruskal- 
Wallis) tests were used. Additionally, appropriate post-hoc tests were done: 
Bonferroni pairwise multiple comparisons test for ANOVA results and 
Mann-Whitney U test for Kruskal-Wallis results. Parametric data distribution 
was shown as mean with 95% confidence interval (CI), while non-para-
metric data distribution was shown as median with interquartile range 
(IQR). P values are shown on graphs and tables. All P values below 0.05 
were considered significant. Additional probit regression (Dose-Response) 
was performed in accordance with DOE approach. The probit regression 
procedure fits a probit sigmoid dose-response curve and calculates values 
(with 95% CI) of the dose variable that correspond to a series of prob-
abilities of success rate. Statistical software IBM SPSS Statistics, version 25.0 
was used in all statistical calculations. 

3. Results 

3.1. Bone quantity 

ABGS containing rhBMP6 in ABC combined with ceramic particles 
(TCP, HA and BCP), implanted subcutaneously in the axillary region of 
rats induced formation of the new bone as examined on day 21 fol-
lowing implantation. 

The ABGS formulations with higher CRM amount induced more bone 
than formulations without CRM (rhBMP6 in ABC) and low amount of CRM 
(Fig. 2A–B). The most optimal amount of CRM, for example of the large 
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particles was around 100 mg CRM per 500 μL of ABC (Fig. 2B; Table 3 in 
Supplement) and was consequently used in other experiments. We made an 
additional probit regression (Dose-Response) analysis with the value defined 
as a satisfactory bone volume fixed at 20 mm3. The Limit-of-Detection 
(CLSI, 2012) is the dose value corresponding to the probability of 95% of 
obtaining success rate which was in this experiment 58.5 mg (95% con-
fidence interval 44.3–99.1 mg) (Fig. 2C). 

In the second and third experiment the amount of new bone was ex-
tensive in all ABGS implants regardless of the particle size and chemical 
composition of CRM as well as the method of rhBMP6 application 
(Figs. 3–4). 

Regardless the particle size used, method of rhBMP6 application 
(mixed with blood or priorly lyophilized on the ceramics) did not in-
fluence the amount and structure of the newly formed bone as assessed 
by the microCT parameters (Fig. 3). 

ABGS containing pure TCP induced the highest bone volume re-
gardless of the particle size (Fig. 4A) but the differences were not sta-
tistically significant in all tested particle sizes (Table 4 in Supplement); 
thus it was not possible to prefer one material as superior to the other. 

MicroCT analyses on day 21 revealed that small and medium par-
ticles (Fig. 4; Table 4 in Supplement) supported the induction of a 
higher amount of bone than large particles. Moreover, the trabecular 

number was higher in BCS containing small particles while trabecular 
thickness was higher in BCS containing medium and large particles 
(Fig. 4; Table 4 in Supplement). Histological and histomorphometric 
analyses revealed that small, medium and large particles in the ABC 
carrier with rhBMP6 affected the structural pattern of newly formed 
BCS (see following sections). Therefore, additional data (Fig. 4B) was 
presented according to the particle size regardless of the chemical 
composition of particles. However, at later time points, chemical 
composition might indeed influence the longevity and longstanding 
outcome of the newly formed bone and the entire implant. 

3.2. Bone quality 

The quality of bone formed on day 21 was assessed by the area of 
bone and bone marrow in the zone close to ceramic particles, in the 
zone in between the particles and the area of cortical bone at the rim of 
the implants. MicroCT and histological analyses revealed that the 
structural patterns of the newly formed bone are governed by the 
particle size of ceramic used as CRM. The size of particles played a 
crucial role in determining the quality of newly formed bone in appo-
sition to residual ceramic particles with accompanying soft tissues. 
There was no significant difference in the bone quality as assessed 

Fig. 3. (A) MicroCT images of ABGS containing various particle size of BCP ceramics with different methods of rhBMP6 application – directly into the blood (B) or 
pre – lyophilized (LY). Reconstructed images (RI) of ABGS showing newly formed bone (green) and ceramics (white). (B) Bone volume (mm3), trabecular number (1/ 
mm) and trabecular thickness (mm) among experimental groups: S(B) (74–420 μm, in blood); S(LY) (74–420 μm, lyophilized); M(B) (500–1700 μm, in blood); M(LY) 
(500–1700 μm, lyophilized); L(B) (1000–4000 μm, in blood); L(LY) (1000–4000 μm, lyophilized) on day 21 shown as median with interquartile range (IQR). Non- 
parametric Kruskal Wallis test was used with post hoc Mann Whitney U - test. P values (P  <  0.05) were indicated in the Figure; n = 6 per group. 
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among different chemical composition nor methods of rhBMP6 appli-
cation within the similar ceramic particle size range. 

3.2.1. Bone-ceramic structure (BCS) containing small particles 
(74–420 μm) consisted of a dense bone network with a higher bone/bone 
marrow ratio 

Small particles had increased surface area while distances between 
the particles were shorter (198 μm; Fig. 9E). The newly formed bone 
was present on the ceramic surfaces and between ceramic particles 
forming a dense bone network (Fig. 5). However, with the CRM/ABC 
ratio used bone-ceramic structure (BCS) contained as well an area 
without ceramic particles with trabeculae, bone marrow and blood 
vessels (Fig. 5). The number of trabeculae was lower and the bone 
marrow occupied space was larger than in the part containing ceramic 
particles. The proportion of tissue components in BCS containing small 
particles was shown in Figs. 8B and 9B–C. Histomorphometry revealed 
that the area of newly formed bone was 38% and bone marrow was 
62% in the zone close to ceramic particles, while in the zone without 
ceramic particles the area of bone was around 17% and the bone 
marrow was almost 83% (Fig. 9B–C). Therefore, bone/bone marrow 

ratio in the zone close to small particles was 0.65 compared to 0.21 in 
the zone without ceramic particles (Fig. 9D). The overall bone/bone 
marrow ratio determined on the whole section was in between these 
two values (0.51) (Fig. 8C). However, the area of cortical bone at the 
rim of the implant was very discrete and in general was 27% of the total 
bone area (Fig. 8D). 

3.2.2. Bone-ceramic structure (BCS) containing medium particles 
(500–1700 μm) consisted of pronounced cortical bone outside, trabecular 
structure between particles and abundant bone marrow area 

The major geometrical property of medium particles was a rela-
tively lesser surface area and larger distances between the particles 
(1075 μm; Fig. 9E) as compared to small particles. Another important 
feature of the medium size particles was the presence of large pores. 
BCS containing medium particles consisted of the cortical bone at outer 
rim of the implants, bone in apposition covering the surfaces of ceramic 
particles, and the trabecular bone in the zone between ceramic particles 
(Fig. 6). The cortical bone was pronounced and formed around 47% of 
the total bone area (Fig. 8D). New bone on the surfaces of the ceramic 
particles was separated on the bone present outside and inside the 

Fig. 4. MicroCT analyses of ABGS containing ceramics with different particle size and chemical composition. (A) Bone volume (mm3), trabecular number (1/mm) 
and trabecular thickness (mm) among experimental groups. (B) Aforementioned bone parameters presented according to the particle size regardless of the chemical 
composition. S – small size particles (74–420 μm), M – medium size particles (500–1700 μm), L – large size particles (1000–4000 μm). Results are shown as median 
with interquartile range (IQR). Non-parametric Kruskal Wallis test was used with post hoc Mann Whitney U - test. P values for (B) are indicated in the graph, while P 
values for (A) are presented in Table 4 of the Supplement; n = 10 per group. 

N. Stokovic, et al.   Bone 141 (2020) 115654

7

Downloaded for Anonymous User (n/a) at University Hospital Centre Zagreb from ClinicalKey.com by Elsevier on November 
10, 2021. For personal use only. No other uses without permission. Copyright ©2021. Elsevier Inc. All rights reserved.



particles. The bone outside encircled the ceramic particles and con-
tinued either as a cortical bone or as trabeculae connecting adjacent 
ceramic particles. Inside the pores, newly formed bone covered the 
ceramic surfaces and encircled the pores containing bone marrow. Bone 
trabeculae and bone marrow were present both between ceramic par-
ticles and in the area between particles and the cortical bone. The 
proportion of tissue components was shown in Figs. 8B and 9B–C. 

Bone/bone marrow ratio was similar when determined in the entire 
area (0,29) and between the particles (0,20)(Figs. 8C and 9D). 

3.2.3. Bone-ceramic structure (BCS) containing large particles 
(1000–4000 μm) had similar tissue pattern as BCS containing medium 
particles with unsynchronized ossification in the pores 

Large ceramic particles in the implant had moderately lesser surface 

Fig. 5. Small size ceramic particles in range from 74 to 420 μm. (A) Whole histology section of BCS containing small particles (Von Kossa stain). (B) Reconstructed 
microCT image showing newly formed bone (green) and CRM (white). (C, D, E, F) Modified Goldner's stained histology sections of BCS containing small ceramic 
particles of various chemical composition. Red asterisks indicate ceramic particles. Yellow arrows indicate newly formed bone, while black arrows mark the bone 
marrow. Scale bars are indicated in lower right corners. 
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area than medium particles but contained more pores forming a com-
plex pore network within the particles. The distances between the large 
particles (1279 μm) were significantly higher than the distances be-
tween small particles (198 μm) (Fig. 9E). Therefore, the tissue pattern 
of BCS containing large particles (Fig. 7) was more similar to the ap-
pearance of BCS containing medium particles (Fig. 6). The new bone 
was accordingly divided into cortical bone forming BCS boundaries, 
bone at the surfaces and in the pores of particles and the bone 

trabeculae between ceramic particles. Similar to BCS containing 
medium particles, cortical bone was more pronounced and formed 
around 40% of the total bone area (Fig. 8D). On microCT and histology 
sections, newly formed bone was present in the majority of pores while 
few of them contained fibrocartilaginous tissue and remnants of ABC. 
Interestingly, in several specimens we discovered a unique tissue dif-
ferentiation pattern: namely, different large pores within the same 
section contained different stages of ossification from chondrocytes 

Fig. 6. Medium size ceramic particles in range from 500 to 1700 μm. (A) Whole histology section of BCS containing medium particles (Von Kossa stain). (B) 
Reconstructed microCT image showed newly formed bone (green) and CRM (white). (C, D, E, F) Modified Goldner's stained histology sections of BCS containing 
medium ceramic particles of a various chemical composition. Red asterisks indicate ceramic particles. Yellow arrows indicate newly formed bone, while black arrows 
mark the bone marrow. Scale bars are indicated in lower right corners. 
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resembling the histological appearance of day 7 of the rat subcutaneous 
ossification cascade towards newly formed bone and bone marrow 
(Fig. 7). The proportion of tissue components is shown in Figs. 8B and  
9B–C. Bone/bone marrow ratio was determined both on the whole 
section (0.29) and between the particles (0.19), and was comparable 
with BCS containing medium size particles (Figs. 8C and 9D). 

3.2.4. Histomorphometric analyses 
Histomorphometric analysis was conducted to analyse the propor-

tion of bone, CRM and bone marrow components in BCS, distances 
between ceramic particles and the proportion of cortical bone in the 
total bone area. Moreover, in order to describe relations between bone 
and bone marrow we introduced a bone/bone marrow index. Results of 
histomorphometry were summarized in Figs. 8 and 9. 

First, we analysed the proportions of tissue components in BCS on 
histological sections through the entire implant (Fig. 8A). Regardless of 
different sizes and the chemical composition of particles in newly 

induced tissue patterns, bone marrow was the most prevalent in all 
groups, followed by ceramic particles and then by the bone (Fig. 8B). 
The proportion of bone as well as bone/bone marrow ratio was higher 
in BCS containing small particles than medium and large particles (0,51 
compared to 0,29 and 0,29, respectively; Fig. 8C). 

Due to nonhomogeneous distribution of the small particles, we 
further analysed the proportion of bone and bone marrow between the 
particles and in the part without ceramic particles (Fig. 9A–C). In the 
part containing particles, bone/bone marrow ratio was 0,65. On the 
other hand, in the part without particles it was 0,21 which was com-
parable with bone/bone marrow ratio in BCS with medium and large 
size particles (0,20 and 0,19, respectively) (Fig. 9D). 

The inter-particle distance (Fig. 9E) was significantly higher in BCS 
containing large (1279 μm) and medium (1075 μm) size particles than 
the small particles (198 μm). 

The proportion of cortical bone in the total bone area (Fig. 8D) was 
significantly higher in BCS containing large and medium particles (40 

Fig. 7. Large size ceramic particles in range from 1000 to 4000 μm. (A) Whole histology section of BCS containing large size particles (Von Kossa stain). (B) 
Reconstructed microCT image showed newly formed bone (green) and CRM (white). (C, D, E) Modified Goldner's stained histology sections of BCS containing large 
ceramic particles of various chemical composition. Red asterisks indicate ceramic particles. Yellow arrows indicate newly formed bone, green arrows indicate 
endochondral ossification and black arrows show bone marrow. Scale bars are indicated in lower right corners. 

Fig. 8. Static histomorphometric analysis on whole histology sections (magnification 1.25×). (A) Histology section of whole BCS containing small particles stained 
by modified Goldner's stain. BCS containing small ceramic particles (74–420 μm) consisted of area with (yellow arrow) and without (blue arrow) CRM. The region of 
interest (ROI) - bone and CRM area were masked (black color) and measured. (B) Amount (%) of newly formed bone, CRM and bone marrow on the whole histology 
section (magnification 1.25×) among different experimental groups. (C) Bone/bone marrow ratio of whole histology sections. (D) Amount of cortical bone among 
implants containing small, medium and large ceramic particles. S – small size particles (74–420 μm), M – medium size particles (500–1700 μm), L – large size 
particles (1000–4000 μm). Results were shown as mean with 95% CI; one-way ANOVA with Bonferroni pairwise multiple comparisons test. 
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and 47% of total bone area, respectively) than in BCS containing small 
particles (27% of total bone area). 

4. Discussion 

In the present study, we demonstrated that synthetic ceramics serve 
as a compression resistant matrix (CRM) in promoting new bone for-
mation induced by rhBMP6 in autologous blood coagulum (ABC) in the 
rat subcutaneous assay. Evaluation of ceramics of various chemical 
composition (TCP, HA and BCP) at various particle sizes (74–420 μm, 
500–1700 μm and 1000–4000 μm) indicate that all tested ceramic 
variants are capable of promoting new bone formation with rhBMP6/ 
ABC. We also found that there was no difference in the activity of ABGS 
implants formulated either by adding rhBMP6 directly in ABC or prior 
lyophilizing onto CRM particles. However, the particle size played a 
significant role in the quantity and quality of newly formed bone. The 
dose of rhBMP6 used in ABGS containing ceramics is comparable to 
previously reported for ABGS with allograft as CRM, thus suggesting 
synthetic ceramics could substitute allograft to promote osteogenesis 
[9,11–13]. 

The amount of CRM in implant is an important feature while de-
fining osteoinductive device containing rhBMP6, ceramics and ABC. 
MicroCT analyses revealed that volume of newly formed bone sig-
nificantly increased with the increase of the amount of CRM in ABGS. A 
possible explanation of the observed trend lies in the increase in overall 
surface area following increase in the volume/number of ceramic par-
ticles. Moreover, another advantage of aforementioned CRM/ABC ratio 
is the uniform distribution of particles (> 1000 μm) in ABC and 
therefore we used it in the following experiments and it should be 

considered the preferred ratio in future testing. 
The demonstration that bone formation was comparable in ABGS/ 

ceramic implants formulated with rhBMP6 either lyophilizing onto 
various ceramic particles or adding to blood and mixed with ceramics 
suggest a possibility of an alternate equally efficient method of BMP6 
application for the future preclinical and clinical testing. Bone induc-
tion by rhBMPs lyophilized on ceramics has been previously demon-
strated [5,7,26]. 

The quantity of newly formed bone, as measured by bone volume in 
microCT analyses was increased in BCS containing small and medium 
as compared to the large particles. On the other hand, trabecular 
parameters had different pattern in BCS containing small particles 
compared to medium and large particles. Trabecular number was in-
creased in BCS containing small particles in comparison to BCS with 
medium and large particles. ABGS implants with small particle cera-
mics formed an extensive bone in apposition to ceramic particles as well 
as in inter-particle space. However, the trabecular thickness was fa-
voured better in BCS containing medium and large particles. 

As small particles had more surface area and the distances between 
particles were shorter, a dense bone network surrounding ceramic 
particles was formed. On the other hand, as medium and large particles 
had less surface area and the distance between the particles was longer, 
the relative amount of bone between the particles was lesser as com-
pared to small particles. There are only few publications focused on the 
influence of particle size on bone induction and it was unknown whe-
ther the particle size affected the osteogenesis at ectopic sites [7]. 

The quality of newly formed bone, as assessed by the trabecular 
pattern, the area occupied by bone and bone marrow and the amount of 
cortical versus trabecular bone depended on particle size of the 

Fig. 9. (A) Static histomorphometric analysis of histology sections stained by Goldner. Region of interest (bone, CRM) was masked with distinctive color (black) and 
further thresholded for measurement. (B,C) Amount (%) of newly formed bone and bone marrow seen on 10× magnification – among experimental groups: S1 – 
small size particles (74–420 μm), area with particles, S2 - small size particles (74–420 μm), area without particles, M – medium size particles (500–1700 μm), L – 
large size particles (1000–4000 μm). (D) Bone/bone marrow ratio among experimental groups. Results are shown as median with interquartile range (IQR); non- 
parametric Kruskal Wallis test was used with post hoc Mann Whitney U – test (B, C, D). (E) Distance (μm) between particles among different implants measured on 
4× magnification: S – small size particles (74–420 μm), M – medium size particles (500–1700 μm), L – large size particles (1000–4000 μm). Results were shown as 
mean with 95% CI; one-way ANOVA with Bonferroni pairwise multiple comparisons test. 
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ceramics. In BCS containing small particles, the newly formed bone in 
apposition to CRM contained more bone and less bone marrow com-
pared to the space without particles. In medium and large particle size 
ceramics, bone/bone marrow ratio between the particles was compar-
able with spaces without particles. However, the percentage of the 
cortical bone area was higher in BCS containing medium and large 
particles than in small particles. This important observation remains to 
be explored in orthotopic site for ABGS implants with various particle 
sizes where the mechanical loading may influence the rate of creeping 
substitution of the ceramic particles during remodeling. Furthermore, 
large particles contained large pores which allowed cell ingrowth and 
more pronounced endochondral ossification with still persistent chon-
drocytes on day 21. We suggest that different stages of endochondral 
ossification in the large pores depend on the pore dimension, depths, 
continuity and branching which effect vascularization, oxygen supply, 
cell division and other potential co-factors. 

Furthermore, the results showed that TCP, HA or BCP synthetic 
ceramics could serve as a CRM replacement for allograft. Although the 
amount of bone was slightly increased in BCS containing TCP, the 
differences were not significant in all cases and therefore the results 
were inconclusive regarding the superiority of a specific material. 
Tricalcium phosphate (TCP, Ca3PO4) and hydroxyapatite (HA, 
Ca10(PO4)6(OH)2) have different physicochemical properties and bio-
degradable properties as a result of dissimilarity in density and crys-
talline structure [39,40]. Time point evaluated in this study was too 
early to clearly observe the differences in TCP and HA resorbability and 
therefore it would be evaluated on later time point in the continuation 
of these experiments. Importantly, CRM resorbability might be adjusted 
by varying TCP/HA ratio in biphasic ceramics to required residual time 
depending on indications. 

We showed here for the first time that bone induction could be 
achieved in ABGS/ceramics implants at low doses comparable to ABGS 
with allograft as CRM, as demonstrated previously in the rat sub-
cutaneous implant assay and rabbit and ovine posterolateral spinal 
fusion studies [9,11,12]. Similarly to allograft, ABC may protect as well 
ceramics against inflammation and foreign body reaction due to high- 
mineral content at ectopic site. 

Bone induction is a cascade of cellular events that involves re-
cruitment, proliferation and differentiation of mesenchymal stem cells 
to form bone [41]. RhBMP6 serves as a signal and ABC serves as a 
carrier. The synthetic ceramics used here serve not only as a CRM but 
also represent the mineral component of bone thus ABGS containing 
ceramics resembles an autograft equivalent. The findings reported here 
suggest that particle size of the ceramics plays a critical role in de-
termining the quantity and quality of bone formed in the rat sub-
cutaneous assay on day 21. However, there are several limitations of 
the present study, including only one time point (day 21), one dose of 
rhBMP6/mL ABC, and experiment performed only at ectopic site. 
Therefore, it remains to be explored in functional ectopic and ortho-
topic bone sites underweight bearing and related loading conditions. 

5. Conclusions 

The purpose of this study was to evaluate factors that affect the 
quantity and quality of newly formed bone induced by ABGS and to find 
the optimal ABGS formulation. We demonstrated that addition of CRM 
significantly influenced the volume of newly formed bone as compared 
to ABGS containing only rhBMP6 in ABC. Moreover, we demonstrated 
that the amount of newly formed bone and structural properties were 
comparable in ABGS formulations with different method of rhBMP6 
application and chemical composition of CRM. Most importantly, the 
particle size of synthetic ceramics influenced the quantity and quality of 
newly formed bone by rhBMP6 in autologous blood coagulum. 
Specifically, the particle size of ceramics used as a compression re-
sistant matrix during bone induction is a prerequisite in bone tissue 
engineering in order to obtain the desired bone structure. Extensive 

bone formation observed by all tested ABGS formulation implicated 
that different formulation of ABGS containing rhBMP6, ABC and 
ceramic particles might be used to fit specific needs in various clinical 
conditions including but not limited to posterolateral and interbody 
spinal fusions, segmental defects and pseudoarthrosis. 
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