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Abstract: The use of bioactive molecules is a promising approach to enhance the bone healing properties of biomaterials. The 
aim of this study was to define the role of bone sialoprotein (BSP) immobilized in collagen type I in various settings. In vitro 
studies with human primary osteoblasts in mono- or in co-culture with endothelial cells demonstrated a slightly increased gene 
expression of osteogenic markers as well as an increased proliferation rate in osteoblasts after application of BSP immobilized 
in collagen type I. Two critical size bone defect models were used to analyze bone regeneration. BSP incorporated in collagen 
type I increased bone regeneration only marginally at one concentration in a calvarial defect model. To induce the mechanical 
stability, three-dimensional printing was used to produce a stable porous cylinder of polylactide. The cylinder was filled with 
collagen type I and immobilized BSP and implanted into a femoral defect of critical size in rats. This hybrid material was 
able to significantly induce bone regeneration. Our study clearly shows the osteogenic effect of BSP when combined with 
collagen type I as carrier and thereby offers various approaches and options for its use as bioactive molecule in bone substitute 
materials.
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1. Introduction
In orthopedics and trauma surgery, implants made of 
various (bio-)materials are frequently applied as bone 
substitutes. Main challenges in this area are to find an 
alternative for the gold standard of autogenous bone 
grafting and to improve implant osseointegration.

One approach to improve osseointegration of 
existing implants or biomaterials is their modification 
with extracellular matrix (ECM) components. The organic 
phase of the ECM contains collagen type I, proteoglycans, 
and non-collagenous proteins, such as bone sialoprotein 

(BSP), osteocalcin, osteonectin, thrombospondin, and 
osteopontin[1]. BSP belongs to the small integrin-binding 
ligand N-linked glycoprotein family and is expressed by 
various cells, among others by osteoblasts, osteocytes, 
and osteoclasts[2]. Besides the RGD-motif, the BSP 
structure contains tyrosine-rich regions, which affect cell 
adhesion, a collagen-binding sequence, and glutamine 
acid regions[3]. BSP binds αvß3 and αvß5 integrins, thereby 
mediating cell signaling and differentiation[4]. Lack 
of BSP (e.g., BSP-knockout) impairs bone formation 
processes, resulting in shorter as well as hypomineralized 
bones[5-8]. In BSP-knockout mice, bone formation 
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as well as resorption are impaired[9]. Moreover, BSP 
plays a major role in endochondral bone development 
and mineralization[10]. These results show that BSP is 
engaged in bone formation making it an interesting 
candidate for implant and biomaterial functionalization 
for bone regeneration, which could explain why it was 
used for functionalization of implant materials in this 
study. However, further exploration on which material 
is the best to be used as a scaffold and carrier material 
for this protein is required. Various materials have been 
modified with BSP and different effects related to gene 
expression, cell proliferation, or cell differentiation in 
vitro were observed[11-13]. For example, BSP-coated 
calcium phosphate cements (CPCs) demonstrated no 
superiority over pristine CPC concerning bone growth in 
two different in vivo models[12,14,15].

One promising candidate to be employed in tissue 
engineering and as scaffold is collagen type  I, which 
has been widely studied during the last years[16]. Like 
BSP, it is a component of the ECM[17] and demonstrates 
various positive properties, besides being inexpensive, 
biocompatible, and non-allergic and the fact that it can 
be degraded by collagenases, thereby releasing non-
toxic components. Moreover, bioactive molecules can 
be immobilized in collagen type  I[18]. Literature shows 
that collagen type I and BSP interact with each other[18,19] 
and some studies combined BSP with collagen and 
observed a positive effect on osteoblast differentiation 
and bone repair[20,21]. Consequently, the hypothesis 
that collagen might be the optimal carrier for BSP has 
been proposed first by Kruger et al.[22] and was further 
supported by the fact that a complex of BSP and collagen 
is involved in bone mineralization[23]. However, one 
problem concerning collagen type  I is its low stability 
especially when collagen is combined with osteogenic 
biomolecules, which is supposed to be used in bone 
tissue engineering.

One possible solution is to combine collagen with 
hard materials, for example, with polymer filaments such 
as polylactic acid (PLA), polycaprolactone, or polyether 
ether ketone. Besides their positive properties concerning 
biocompatibility, these materials can be used for three-
dimensional (3D) printing to fabricate mechanically stable 
structures needed for bone regeneration and implantation. 
One of the most widely used polymers for 3D printing 
is PLA. PLA demonstrates the necessary properties 
such as biocompatibility and biodegradability. It is non-
toxic and allows cell adhesion without being bioactive 
itself[24]. Its melting temperature of Ca. 175°C makes it 
an ideal candidate for 3D printing. However, due to the 
high temperature, bioactive molecules cannot be mixed 
with the material before printing, but the material can 
be combined with soft polymers[25], in which bioactive 
molecules can be immobilized.

We and others combined PLA and collagen to take 
advantage of the different properties of these materials: 
The mechanical stability of polylactide, although lower 
than bone, is still high enough to be used as bone 
substitute[26], and the soft material collagen, which can 
be modified with various bioactive molecules[18]. We 
and others printed PLA together with collagen to induce 
tissue regeneration in different bone defects[26,27]. It has 
been demonstrated that printed PLA scaffolds combined 
with collagen stimulated osteogenic properties such 
as adhesion and proliferation of osteogenic cells as 
well as alkaline phosphatase activity and osteogenesis-
related gene expression in different cell types[28,29]. The 
combination of BSP, collagen type  I, and polylactide 
seems to be a promising candidate to develop a new bone 
substitute material.

Taking into account these preliminary results, the 
aim of this study was to further analyze the effects of BSP 
immobilized in collagen type I. First, in vitro analyses with 
primary human osteoblasts (hOBs) and endothelial cells 
were performed. This 3D coculture model was chosen to 
imitate the physiological surroundings. Afterward, two 
rat models of critical size defects were used: A calvarial 
defect model and a femora defect model in combination 
with 3D-printed polylactide to provide the necessary 
mechanical stability for materials used in bone tissue 
regeneration. The goal of this study was to establish a cell-
free bone substituting biomaterial consisting of collagen 
type I with incorporated BSP that can be easily produced.

2. Materials and methods
2.1. Cell culture
Primary hOBs were isolated according to a previously 
described protocol[30]. Human bone specimens were 
obtained during hip or knee joint replacement surgeries. 
The use of residual materials was approved by the 
ethics committee of the Landesärztekammer Rheinland-
Pfalz in agreement with the university medical center 
and in accordance with the principles expressed in the 
Declaration of Helsinki and the ICH Guidelines for GCP. 
All patients provided written consent.

Human umbilical vein endothelial cells [HUVECs], 
PromoCell, Heidelberg, Germany, were cultured as 
recommended by the supplier.

2.2. Preparation of collagen gels (modified based 
on the protocol from Wenger et al.[31])
Three-dimensional collagen gels with a concentration 
of 2  mg/mL collagen type  I (rat tail, BD Biosciences, 
Heidelberg, Germany) were used and prepared with 
65% collagen solution (5  mg/mL), 10% medium 
199 (10×), 6% NaHCO3 (7.5%), 2.5 % NaOH (1 N), and 
16.5% Aquadest (all from Sigma-Aldrich, Steinheim, 
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Germany). BSP (Immundiagnostik, Bensheim, Germany) 
was added directly into the gels (1 μg/mL and 5 μg/mL 
BSP), and therefore, the amount of Aqua was adjusted. 
Cell concentrations used were 5 × 105/mL either in 
hOB monoculture or 2.5 × 105/mL of each cell type for 
coculture of HUVEC and hOB. A 1 mL of collagen gel 
with or without BSP and cells was pipetted in 24 wells 
for following experiments. Gelification took place by 
a change of temperature by incubation at 37°C in an 
incubator for 20 min.

Release of BSP was measured after immobilization 
of 100 ng or 500 ng BSP in collagen gels employing a 
BSP-ELISA (Immundiagnostik, Bensheim, Germany), 
according to the manufacturer’s instructions.

2.3. Viability assay
Cell viability of hOB mono- as well as co-cultures with 
HUVECs in prepared collagen gels (0 μg/mL, 1 μg/mL, 
and 5 μg/mL BSP) was analyzed on days 1, 2, 4, and 7 with 
the alamarBlue® assay (Life Technologies, Karlsruhe, 
Germany), according to the manufacturer’s instruction. 
Collagen gels without cells and supplements served as an 
internal control.

2.4. RNA isolation/reverse transcription/
quantitative real-Time PCR
According to the viability assay, collagen gels without and 
with BSP supplementation (1 μg/mL and 5 μg/mL) were 
prepared. Cell number was adapted to 1 × 106 cells/well 
(coculture: 5 × 105 cells/well for each cell type). After 1, 
4, and 7 days, the gels were digested using a 1 mg/mL 
collagenase I/dispase solution. The cell suspensions were 
centrifuged at 1400 rpm for 5 min and the cell pellet was 
stored at −80°C until RNA isolation. Isolation of RNA 
was conducted with the PeqGold Total RNA Micro Kit, 
according to manufacturer’s instruction. Total RNA (1 μg) 
was reverse transcribed into cDNA using dNTPs (4you4 
dNTPs Mix [10 mM], BIORON GmbH, Ludwigshafen), 
Random Primers (Promega, Madison, WI, USA), and 
MuLV RT (M-MuLV Reverse Transcriptase, M0253S 
New England Biolabs, Ipswich, MA, USA), according 
to the manufacturer’s instructions. For gene expression 
analyses, cDNA template underwent PCR amplification 
(40 cycles) using the SYBR Green (PowerUp™ SYBR® 
Green Master Mix, Applied Biosystems, Foster City, CA, 
USA) and sequence specific primers (Primer sequences 
listed in Table S1). GAPDH was used to normalize 
gene expression. Results were calculated using the well-
established 2−ΔΔCt method[32].

2.5. In vivo models
This study was approved by the local regional welfare 
committee (Landesuntersuchungsamt Rheinland-Pfalz 

AZ 23  177-07/G 17-1-055 – calvarial model and AZ 
23177-07/G17-1-032 for the femur defect model). All 
animal experiments complied with the Animal Research: 
Reporting of In vivo Experiments guidelines and were 
carried out in accordance with the EU Directive 2010/63/
EU for animal experiments.

Two animals were housed per cage with a 12 h dark-
light rhythm. Anesthesia was initiated with isoflurane-
oxygen per inhalation. Rats were anesthetized with an 
intraperitoneal injection of midazolam (0.15  mg/kg), 
medetomidine (2  mg/kg), and fentanyl (0.005  mg/kg). 
As a pain prophylaxis, drinking water was supplied with 
tramadol (1 mg/mL) from 3 days before until 7 days after 
surgery.

2.5.1. Calvarial model

Forty-eight 10-week-old Wistar rats (Janvier, France) 
were acclimatized for 3 days before they were subdivided 
into four groups according to Table S2. Anesthesia was 
performed as described above and the parietal bone was 
uncovered by anatomical tweezers. Two bone defects 
were carefully set with a hollow drill (ø 5  mm) with 
parallel saline washing. The bone disks were removed, 
and the condition of the dura mater was checked. The 
rats were assigned into groups as follows: No treatment 
(Group  1) or differently loaded collagen gels were 
implanted (Group  2: Collagen gel alone, Group  3: 
Collagen gel + 0.5 µg BSP, and Group 4: Collagen gel + 
5 µg BSP, Table  S2).

Collagen gels were prepared as described in Section 
2.2. A 500 µL of gels were used for the experiments and 
supplemented with 0, 0.5, or 5  µg BSP. The prepared 
collagen gels were implanted in the borehole defects and 
the wound was sutured with a simple interrupted stitch 
and disinfected. After 3 and 8 weeks, rats were killed by 
CO2 intoxication and bleeding. The decapitated head was 
fixed with 4.5% formaldehyde solution for a minimum 
of 3 days.

Bone formation was evaluated using a high-
resolution microcomputed tomography (µCT) 
scanner (CT 40, SCANCO Medical AG, Brüttisellen, 
Switzerland). µCT analyses were performed with 70 kV 
and 114 μAmp, the voxel size was set to 30 μm. µCT data 
were analyzed with ImageJ[33] and the BoneJ Plugin[34] 
was used for calculating the bone volume/total volume 
(BV/TV) fraction.

2.5.2. Femur defect model

A hollow cylinder with macropores of PLA filament 
(Ultimaker silver metallic PLA, iGo3D, Hannover, 
Germany) with a diameter of 4  mm and a height of 
7 mm was printed with the Ultimaker 2+ as described 
before[26]. The collagen solution was prepared 
separately as described in 2.2. In total, 100 μL of this 
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solution was supplemented with 0.5 µg and 5 µg BSP 
or 2  µg BMP-7, respectively, and pipetted manually 
into the 3D-printed PLA cylinder and polymerized at 
room temperature for 30  min. Figure  1A shows the 
printed cylinder filled with collagen corresponding to 
an excised piece of rat femur. For release kinetics, the 
cylinder loaded with BSP was placed in 500 µL PBS. 
Complete supernatants were collected and replaced 
by fresh PBS after 1, 2, 4, 24, 48, and 72  h and the 
BSP content was measured using a specific ELISA 
(Immundiagnostik, Bensheim, Germany) as described 
by the manufacturer. The release was calculated as 
percentage in relation to the loaded amount of BSP, 
which was set to 100%.

Fifty-two 10-week-old Wistar rats (Janvier, 
France) were acclimatized for 3 days before they were 
subdivided into four groups according to Table S3 (as 
negative controls an empty defect [n = 6] and PLA alone 
[n = 6], as test groups PLA + collagen alone [n = 10] 
or loaded with two different BSP concentrations and 
as positive control loaded with BMP-7 [each n = 10]). 
Anesthesia was performed as described above. To create 
the desired femoral osteotomy of 6  mm in length, we 
used the rat fix system (RISystem, Davos, Switzerland) 
as described before[26]. The PLA cylinder was set in the 
defect without further fixation (Figure 1B, arrow). The 
wound was closed with resorbable Vicryl sutures 4-0 
(Ethilon, Ethicon, Norderstedt, Germany). X-rays were 
performed directly after surgery (Figure  1C, the PLA 
cylinder is not visible in the X-ray, but its position is 
marked with the arrow) and after 2, 4, and 8 weeks. The 
rats were sacrificed 4 (n = 26) and 8  weeks (n = 26) 
after surgery by exposure to CO2. Femora were placed 
in 4.5% paraformaldehyde solution for µCT and 
histological analyses.

Bone formation was evaluated using a high-
resolution microcomputed tomography (µCT) scanner 
(CT 40, SCANCO Medical AG, Brüttisellen, Switzerland) 
and analyzed as described before[26]. For generation 
of 3D graphics, the software Osirix (aycan, Würzburg, 
Germany) was used.

2.6. Histology
2.6.1. Calvaria model

After radiologic analysis, the skulls were decalcified 
using a 10% EDTA solution for at least 8  weeks, with 
the solution exchanged every 2nd  day during the first 
2 weeks and then weekly. The skulls were dehydrated by 
the Sakura VIP E150 Tissue Processor (Sakura Finetek 
GmbH, Rüsselsheim, Germany) and then embedded 
in paraffin wax. The resulting blocks were cut in 5 µm 
slices, deparaffinized, and then stained with hematoxylin 
and eosin (HE).

2.6.2. Femora model

Femora were sent to LLS Rowiak (Hannover, Germany) 
for laser-based dissection and histology (HE and Masson-
Goldner trichrome staining). Quantification of bone 
area was performed with ImageJ and the plugin color 
deconvolution 2.

2.7. Masson-Goldner Trichrome Staining
Nuclei were stained for 5 min with hematoxylin according 
to Weigert, washed with 1% acetic acid followed 
by Ponceau-S staining (Sigma-Aldrich, Darmstadt, 
Germany) for 10  min. After another washing step with 
acetic acid (1%), samples were placed in acid orange G 
solution (Carl Roth, Karlsruhe, Germany) for 10  min. 
After rinsing in 1% acetic acid, samples were stained 
with light green (Merck Chemicals GmbH, Darmstadt, 
Germany) for 10 min, then rinsed again in 1% acetic acid 
for 30 s.

2.8. Elastica van Gieson staining
Nuclei were stained for 5 min with hematoxylin according 
to Weigert then rinsed with distilled water for 10  min. 
After staining with resorcinol-fuchsine solution (Waldeck 
GmbH and Co. KG, Münster, Germany), samples were 
again rinsed with distilled water for 10 min. Then, samples 
were incubated with van Gieson solution (fuchsin-picric 
acid; Waldeck GmbH & Co. KG, Münster, Germany) for 
5 min, dehydrated in alcohols, cleared, and mounted.

2.9. Statistical analyses
Statistical analyses were performed using the SPSS 
software (IBM, Version 23) or GraphPad Prism software. 
The results are presented as medians and quartiles or as 
means ± standard deviation. Measurements were carried 
out in triplicates, except for ELISA measurements 
(duplicate). Cell-based experiments were independently 
repeated 3 times with osteoblasts from different donors. 
Normally distributed data were analyzed by one-way 
ANOVA. Depending on Levene’s test for equality of 
variances, pairwise comparisons were conducted either 

Figure 1. (A) 3D-printed PLA cylinder filled with collagen type I 
corresponding to an excised piece of rat femur. (B) PLA cylinder 
press-fit set in the created defect and (C) X-ray directly after 
surgery. The position of the not visible PLA cylinder (appearing as 
a hole and marked with an arrow).

CBA
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by a Tukey-HSD or Games-Howell post hoc test. In 
contrast, non-normally distributed data were evaluated 
with the Kruskal–Wallis test. For pairwise comparisons, 
the Mann–Whitney U-test was used. P  < 0.05 was 
considered statistically significant (*P < 0.05, **P < 0.01, 
and ***P < 0.001). Due to multiple testing, the P-values 
were adjusted through Bonferroni-Holm method.

3. Results and discussion
3.1. BSP immobilized in collagen type I enhances 
proliferation of hOB in mono and in coculture
The first step to characterize the effect of BSP immobilized 
in collagen type I were in vitro assays. hOBs were seeded 
in collagen type I gels with and without BSP (Figure  S1) 
and proliferation was analyzed using the alamarBlue 
assay (Figure S2A). Next proliferation in a coculture 
model with endothelial cells was analyzed as it has been 
demonstrated that this system is effective in regulating 
cell proliferation and osteoblastic differentiation 
(Figure  S2B). Figure S2 demonstrates that BSP applied 
in low concentrations enhanced proliferation of primary 
hOBs in mono- and in co-culture with endothelial cells. 
The most significant effect was observed after 4 days.

Regarding morphology of hOBs, no differences 
were observed whether they were seeded in mono-  or 
in co-culture with HUVECs (Figure S1). One varying 
aspect in co-culture is the ratio of hOB and HUVECs. In 
our experiments, we used a ratio of 1:1; ratios ranging up 
to 1:10 have been described depending on the endothelial 
cell type used[35,36]. However, in our setting, the ratio of 
1:1 has shown to be best[30].

Comparing the effects of BSP coated materials on 
different cells, varying effects were observed. Moreover, 
the materials used as well as the conditions employed 
varied making comparisons difficult. When human 
primary osteoblasts were seeded on titanium implants, 
a rather suppressive effect of BSP on proliferation was 
detected[11]. Regarding cell proliferation on calcium 
phosphate scaffolds, a low concentration of BSP could 
enhance proliferation of human primary osteoblasts 
to a small extent 3  days after seeding[12]. Other studies 
demonstrated that BSP coating showed no positive 
influence on cell proliferation[37]. However, this effect 
could also be an indication for increased osteogenicity 
as several studies have demonstrated that an increase 
in osteogenic activity is correlated to a decrease in cell 
proliferation[6,38,39].

An increase in proliferation can also be observed 
when cells are cultured in coculture. As described 
by several authors, endothelial cells and osteoblasts 
influence proliferation and differentiation of each other 
due to growth factor release[40]. Another remarkable point 
is the BSP concentration applied. In our experiments, the 

lower BSP concentration demonstrated a better effect on 
proliferation than the 5 times higher concentration speaking 
for a concentration dependency, also demonstrated in 
another study with BSP on titanium[11]. It might be that 
BSP in higher concentration effects other cells engaged 
in bone remodeling, for example, osteoclasts[8], however, 
this has to be addressed in follow-up experiments using 
other cells as well as wider concentrations ranges.

In summary, BSP was able to induce proliferation 
of hOB in mono- as well as in co-culture speaking for a 
positive effect, when BSP is applied in combination with 
collagen type I.

3.2. Effect of BSP encapsulation in collagen gels 
on gene expression in hOB monoculture
To further understand the effect of BSP encapsulated 
in collagen type  I, gene expression analyses were 
performed. The ALP expression of hOBs was significantly 
downregulated in collagen gels containing 5 μg/mL BSP 
after 1  day as well as in gels with 1 μg/mL BSP after 
4 days. However, expression increased after 7 days with 
the lower BSP concentration of 1 µg/mL (Figure  2A). 
Gene expression analyses of hOB monocultures 
revealed a decreased expression of OPN after BSP 
addition (Figure  2B). After 4  days, two key factors of 
osteoblastic differentiation were upregulated (SP7 in all 
BSP groups and RUNX2 in high concentrated BSP gels 
(Figure 2C  and D).

3.3. Effect of BSP encapsulation in collagen 
gels on gene expression in hOB and HUVEC 
coculture
To imitate the physiological surroundings, cocultures of 
hOB and HUVEC were analyzed to detect intercellular 
influences. In cocultures, the trend in gene expression 
of osteogenic markers was similar to those of hOB 
monocultures. Significant changes occurred merely after 
4 days of culture. OPN (1 and 5 μg/mL BSP; Figure 2F) 
as well as RUNX2 (5 μg/mL BSP, Figure 2G) expression 
increased. In coculture examinations, the SP7 expression 
was not affected by BSP supplementation (Figure  2H) 
in contrast to a significant upregulation by both BSP 
concentrations in hOB monocultures.

Enhancement of the transcription factors RUNX2 
and SP7 gene expression caused by BSP employing 
various coating or expression methods as well as different 
materials (titanium, calcium-phosphate-cements, cell 
culture materials, etc.) has already been demonstrated 
in various studies[4,11,12,41]. The observation of higher 
RUNX2 and SP7 levels on day 4 compared with those on 
day 7 is consistent with the findings of Gordon et al. who 
showed that supplementation of 2 μg/mL BSP to primary 
rat calvaria osteoblasts significantly increased SP7 and 
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Figure 2. Relative alkaline phosphatase, osteopontin, Runx2, and SP7 gene expression of hOBs in mono- (A-D) and co-culture with 
endothelial cells (E-H) seeded in different modified collagen gels were compared with untreated collagen gels (gene expression = 1). Results 
are expressed as median and quartiles (n = 9). Mann–Whitney U-tests revealed significant differences (*P < 0.05, circles present outliners).
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RUNX2 gene expression after 3 and 5  days compared 
with those in untreated osteoblast cultures[4]. In addition, 
enhanced relative RUNX2 and SP7 mRNA expression was 
detected in human MSCs seeded onto titanium surfaces 
functionalized with BSP by Im et al.[11,41]. In monoculture, 
expression of OPN was decreased after addition of BSP. 
As these two molecules have been described as molecules 
that can overtake the function of each other and influence 
their reciprocal expression, this is not surprising[6].

Moreover, Gordon et al. as well as Im et al. 
boosted cell differentiation by adding supplements 
such as ascorbic acid, β-glycerol phosphate, and 
dexamethasone[4,41]. Effects, depending on different 
concentrations, were observed for physisorbed BSP on 
titanium only on day 4[11]. Coating with a 280 μg/mL 
BSP solution displayed higher gene expression rates of 
ALP, Col1, SPARC, RUNX2, and SP7 compared with 
those of the lower concentration of 50  µg BSP/mL. 
However, no tendencies were observed after 7  days. 
Modification through covalent coupling showed on day 
4 a tendency for increased expression by the lower BSP 
concentration (particularly for ALP, RUNX2, and SP7 
mRNA expression). This is in contrast with the findings 
on day 7, which indicate a higher effect by coating with 
280 μg/mL BSP (RUNX2, SP7, and SPARC). On CPC 
scaffolds, BSP concentrations of 50  µg/mL decreased 
gene expression of ALP and SPARC, whereas 200 µg/
mL did not change marker expression[12]. Coating of 
BSP on ceramic and synthetic polymer materials with 
concentrations of 1 μg/mL and 10 μg/mL BSP showed 
no influence on hMSC differentiation in vitro as well as 
in vivo[42].

Taking into account, the described effects in 
literature and comparing them with our results, one can 
conclude that rather low concentrations of BSP influence 
osteogenic marker gene expression. However, it seems 
that the effect varies depending on the analyzed cell 
type and depending on the material employed as carrier 
material. We hypothesized that the best impact is obtained 
when BSP is immobilized in collagen, a component of the 
ECM. This hypothesis is supported by the fact that BSP 
contains a highly conserved collagen-binding domain, 
which explains why a binding and thereby immobilization 
of the molecule in a collagen type  I gel is possible[19]. 
The characterization of the interaction between type  I 
collagen and BSP has been described before. Very 
early works from Fujisawa et al. showed that BSP was 
absorbed to the collagen fibrils and preferentially bound 
to the α 2 chain[43]. Tye et al. showed that the binding of 
BSP to collagen type I is hydrophobic[19]and Baht et  al. 
demonstrated higher affinities for helical domains[44], 
which are also present in the collagen used in this study. 
They also demonstrated a concentration dependent 
binding curve, with a saturation at a concentration 

of 200 nM approximately corresponding to the used 
concentration of 5 µg in this study.

3.4. Calvaria defect model
To test the effect of immobilized BSP in collagen 

type I in vivo, we performed an in vivo model to analyze 
fracture healing in a critical size defect model in the 
calvaria of rats. Various small animal models exist to 
characterize bone regeneration. We chose rats as model 
as they are the standard model to test new biomaterials 
for studies on bone regeneration and physiology as their 
bone biology is similar to humans. For the first study, a 
critical size defect in the calvaria was employed, which 
is a standard model for testing new materials. We chose 
the standard size for critical size defects in calvarial rat 
models of 5 mm[45]. BMP-7 was used as a positive control 
as its effects on bone formation have been described 
before. Nevertheless, as BMPs demonstrate negative 
side effects, alternatives, for example, BSP, are urgently 
required.

We used three groups (empty defect, collagen gel 
alone [CG], and collagen gel + BMP-7 [CG + BMP-7]) 
as controls and two test groups (CG + 0.5 µg BSP and 
CG + 5 µg BSP) with two BSP concentrations. Figure 2 
demonstrates that the created defect represents a critical 
size defect as even after 8 weeks. No bone regeneration 
was observed in the group without any implanted material. 
In the BMP-7 group, the defect is already closed after 
3 weeks and the bone thickness increases after 8 weeks. In 
the CG group, a slight bone formation could be observed 
after 3  weeks, which has further grown after 8  weeks; 
a small positive effect of collagen type I alone on bone 
regeneration has already been described by others[46]. The 
group with immobilized 0.5 µg BSP showed a similar 
bone growth like the CG-group, whereas the higher BSP 
concentration showed an increased bone formation with 
an almost closed defect after 8 weeks (Figure 3A and B).

To further analyze these results, the ratio of BV/
TV was calculated using ImageJ. As expected, all groups 
demonstrated significantly enhanced BV/TV ratios 
compared to the empty defect group. From the collagen 
groups, only the positive control with immobilized BMP-
7 showed significant differences compared to the CG 
group. BSP at both concentrations showed no significant 
differences compared to CG alone although a positive 
tendency could be observed in the CG group with the 
higher BSP concentration (Figure 3C).

To confirm the results, HE and Masson-Goldner 
trichrome histological stainings were performed. In the 
empty defect (Figure 4), the two holes are clearly visible, 
only filled with connective tissue (light rose) and residual 
bone in the middle (dark pink). Staining of the other 
groups confirmed the radiological and quantitative results 
with the highest bone formation seen in the area of the set 
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defects in the CG, BMP-7, and BSP groups (Figure 3, 
arrows). The right column shows the Masson-Goldner 
trichrome staining, where the turquoise stain stands for 
mineralized bone and corresponds to the HE staining. 
Interestingly, in the BMP-7 and especially in the 5 µg 
BSP group, an intense orange staining can be observed 
representing osteoid tissue.

Comparing our results using collagen with other in 
vivo models employing implant materials coated with 

BSP, we observe a better bone regeneration. In a calvarial 
defect model with calcium phosphate scaffolds coated 
with BSP, no statistical significances were observed 
between the groups regarding bone thickness and bone 
fraction[14]. No positive effect on bone regeneration was 
observed with the same scaffolds used in a femoral condyle 
defect model coated with BSP[15]. Considering our results 
in relation to the literature lead to the hypothesis that the 
material used as a scaffold plays an important role for the 

Figure 3. µCt images 3 weeks (A) and 8 weeks (B) after surgery. (C and D) Quantification of results after 3 and 8 weeks. *P < 0.05, 
**P < 0.01, ***P < 0.005; ****P < 0.001 (n = 5).
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efficiency of BSP. Gomes et al. showed that BSP bound 
to silk proteins also induces cell viability, and tricalcium 
phosphate nucleation in osteoblasts in vitro[13]. This 
confirms our theory that the carrier is important for BSP 
effects. Regarding collagen gels and polymer scaffolds, it 
can also be postulated that the surface composition plays 
an important role for adhesion and growth of osteoblasts. 
As collagen represents the natural matrix and BSP contains 
specific binding sites for collagen supporting interaction 
between these molecules, we hypothesized that collagen 
type I as an ECM protein is an optimal carrier for BSP 
and helps to induce the positive effects of BSP.

3.5. Femoral defect model
Although collagen type  I has been used in medical 
applications as carrier material for a long time, one critical 
aspect particularly concerning bone tissue engineering 
is its low mechanical stability[47]. To circumvent this 
problem, we established a combination of polylactide and 
collagen type I to take advantage of the positive properties 
of both materials: PLA as mechanically stable material 

and collagen type  I as biodegradable polymer material, 
which can easily be modified[26,27]. In vitro analyses of 
this material were performed and demonstrated a good 
biocompatibility[27]. As described in the method section, 
we printed a 3D cylinder of polylactide which was 
filled manually with collagen type  I and two different 
concentrations of BSP. Binding between BSP and collagen 
type I is provided by the collagen type I binding site of 
BSP, which has been described in several studies[18,19,22].

BSP release was measured as described in materials 
and methods and is shown in Figure S3. We observed a 
steady release of BSP over a time period of 72 h. After 
this time, approximately 60% of the immobilized protein 
was released, which complies with former studies[26,27]. 
The dose of 100 ng/ml has been used in various studies. 
Furthermore, the slow release has been described and 
is likely to be beneficial for osteogenic regeneration[48]. 
Our hypothesis is that the missing 40% still remain in the 
gel and are released in a slow manner, however, further 
studies with longer time points and determination of 
the residue dosage have to be performed to confirm this 
theory.

PLA cylinders were modified with collagen, BSP, 
or BMP-7 and implanted into a femoral defect of rats. 
X-rays performed every 2nd  week demonstrated the 
course of bone healing. Figure 5A (exemplary images) 
shows that in the groups with growth factors, either BSP 
in two concentrations or with BMP-7, the bone defect 
is almost closed 8  weeks after surgery. Concerning the 
course of bone growth, it can be observed that BMP-7 
shows an earlier begin of bone regeneration than BSP, 
particularly a directed growth through the cylinder can 
already be observed 4 weeks after surgery. This effect is 
even better demonstrated in µCt images processed with 
the software Osirix (Figure 5B).

Figures  5C shows the quantitative analyses of 
the BV/TV ratio. After 4  weeks, significant differences 
regarding bone regeneration can be observed in the group 
with BMP-7 compared to all other groups except to the 
group with the high BSP concentration. This fact speaks 
for a fast induction of bone growth in the BMP-7 group, 
which has already been described in other studies in vitro 
as well as in vivo[26,49]. After 8 weeks, the bone volume 
in all groups increased. Especially bone formation in 
both BSP groups increased significantly compared to 
the groups without BSP. The BMP-7 group showed 
the highest BV/TV ratio with significant differences to 
the groups without growth factors, but the differences 
compared to the BSP groups were not significant.

Figure 6 displays HE and Masson-Goldner staining 
of the groups  PLA-coll, PLA-coll-BSP high and PLA-
coll-BMP-7 as well as the quantitative analyses. Both 
histological staining confirm the results obtained by 
X-ray, µCt, and quantitative analyses. In the group without 

Figure 4. HE and Masson-Goldner trichrome staining 8 weeks 
after surgery. Arrows indicate newly formed bone.
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Figure 5. (A) X-ray images every 2 weeks after surgery of the different groups. (B) µCt images processed with Osirix 4 and 8 weeks after 
surgery and quantitative analyses (BV/TV) 4 and 8 weeks after surgery. (C) After 4 weeks, the BV/TV ratio was highest when PLA cylinders 
were modified with BMP-7 (**P < 0.01). After 8 weeks, the BV/TV ratio was peaking for PLA cylinders modified with BSP or BMP-7 in 
comparison to empty defects, empty PLA cylinders, and PLA cylinders modified with collagen only (***P < 0.005; ****P < 0.001).
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growth factors, large areas of collagen and connective 
tissue were observed (light pink and beige areas; white 
arrows), whereas only small areas with defined bone 
were visible (dark pink and green/turquoise areas; gray 
arrows). The areas representing newly formed bone 

growing along and inside the PLA cylinder increase in the 
groups with both growth factors. In the group with BSP, 
most bone areas are detected around the cylinder and only 
marginally growing into the cylinder, in the group with 
BMP-7 growth inside the cylinder was detected and only 
marginal growth outside the cylinder. These observations 
are confirmed by quantitative analyses where significant 
differences are determined regarding area of new formed 
bone between the control group with collagen alone 
and the groups with high BSP and BMP7. Interestingly, 
no significant differences are observed between the 
groups BSP and BMP-7.

BMP-7 has been used as control as its effects 
on bone formation have been described in detail[50]. 
However, administration of BMPs (either BMP-2 or 
BMP-7) can result in many side effects such as excessive 
bone formation[51], heterotopic ossification[52], bone 
with atypical structure or low mechanical stability[53], 
inflammatory complications or massive soft-tissue 
swelling, or tumor formation[54].

By reflecting former results regarding BSP 
immobilized on titanium or CPC[11,12,14,15] and comparing 
them with the results of the presented study, we confirmed 
our hypothesis that the best effects of BSP are achieved 
when BSP is coupled to collagen type I. It is known that 
BSP contains a collagen-binding site[19] and several effects 
regarding the interaction between collagen and BSP have 
been described. Choi et al. showed that the collagen 
interaction promoted hydroxyapatite nucleation and that 
a collagen-binding peptide derived from BSP increased 
osteogenic differentiation in muscle-derived stem cells 
and induced expression of osteoblastic marker genes 
and proteins without affecting proliferation[55]. Last but 
not least, Choi et al. showed coating of hydroxyapatite 
scaffolds with the collagen-binding peptide-induced bone 
formation in a craniotomy defect in rabbits[56]. Similar 
effects were observed in a rat calvarial model[20,21], where 
they found induced calcification. Comparing their studies 
with ours, they used higher concentrations than we did 
(20 µg/implant). Moreover, they did not show any data 
on bone regeneration by X-rays or µCt analyses, but 
only histological pictures after 30 days, which makes an 
interpretation and comparison to our results difficult. In 
our study, two different BSP concentrations were used, 
both resulting in statistically significant differences in 
bone growth when compared to the groups without BSP. 
Moreover, compared to the positive control with BMP-7, 
no statistically significant differences were observed after 
8 weeks, speaking for a very positive effect of BSP on 
bone regeneration when combined with collagen type I.

The interactions between BSP and collagen have 
been reviewed by Kruger et al., 2013,[22] and other studies 
describing various effects of BSP in combination with 
collagen. Chou et al. described a positive effect of BSP 

Figure 6. HE and Masson-Goldner trichrome staining 8 weeks 
after surgery. (A) Areas of collagen and connective tissue show 
in light pink and beige areas (white arrows), whereas areas with 
defined bone are dark pink and green/turquoise (gray arrows). 
The defect edges are marked with a white line and remnants from 
the PLA cylinder (light areas) are indicated by black arrows. 
(B)  Quantification of results after 8 weeks. **P < 0.01; n = 5.
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on the interconnection of tendon and bone[57] and Wang 
found that BSP collagen in subcutaneous pouches did not 
induce calcification. These results are confirmed by our 
data.

Most in vivo studies describing a positive effect of 
BSP in regard to bone regeneration were performed in a 
cranial model, where no mechanical stability of the implant 
is needed. In our femora model, we combined PLA with 
collagen type I and BSP to receive a mechanically stable 
osteoinductive implant, whose mechanical stability has 
been demonstrated in a former study[26]. The combination 
of collagen type I with 3D-printed polylactide structures 
has been used before. However, most studies describe 
osteogenic effects when 3D-printed PLA scaffolds were 
surface coated with collagen type I and/or other bioactive 
molecules[58,59] and not when bioactive molecules were 
incorporated into a polylactide scaffold. Our study is 
the first to demonstrate the positive effect of BSP when 
incorporated into collagen type I.

4. Conclusion
In our study, we could show that BSP incorporated into 
collagen type I enhances osteogenic effects in vitro as well 
as in vivo. Especially the combination with 3D-printed 
polylactide demonstrated positive results regarding 
bridging of a critical size bone defect in a femora rat 
model. This 3D-biofabricated cell-free biomaterial 
consisting of PLA and collagen type I with incorporated 
BSP can be easily produced and is a promising biomaterial 
to be further analyzed for its application as bone substitute 
material.
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