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Abstract: The aim of this study was to develop novel 
hydroxyapatite (HAP)-based bioactive bone replace-
ment materials for segmental osteotomy reconstruction. 
Customized three-dimensional (3D) bone construct was 
manufactured from nanohydroxyapatite (nHAP) with 
poly(lactide-co-glycolide) (PLGA) coating using 3D mod-
els derived from the computed tomography (CT) scanning 
of the rabbit’s ulna and gradient 3D printing of the bone 
substitute mimicking the anatomical shape of the natu-
ral bone defect. Engineered construct revealed adequate 
micro-architectural design for successful bone regen-
eration having a total porosity of 64% and an average 
pore size of 256 μm. Radiography and  micro-CT analy-
sis depicted new bone apposition through the whole 
length of the reconstructed ulna with a small area of 
non-resorbed construct in the central area of defect. 

Histological analysis revealed new bone formation with 
both endochondral and endesmal type of ossification. 
Immunohistochemistry analysis depicted the presence 
of bone formation indicators – bone morphogenetic pro-
tein (BMP), osteocalcin (OCN) and osteopontin (OPN) 
within newly formed bone. Manufactured personalized 
construct acts as a “smart” responsive biomaterial capa-
ble of modulating the functionality and potential for the 
personalized bone reconstruction on a clinically relevant 
length scale.

Keywords: 3D printing; bone reconstruction; personalized 
medicine; tissue engineering.

Introduction
Recent bone tissue engineering requires the bone sub-
stitute material to be fully integrated with the neighbor-
ing host bone. A key purpose of bone replacement is to 
provide temporary mechanical integrity at the defect site 
until the bone tissue is regenerated and normal biome-
chanical function restored [1]. The material has to possess 
desirable compressive strength and toughness, bone 
mimicking porosity (>50% porosity and >100 μm average 
pore size) and nanotopography surface features (rough-
ness and wettability) [2]. The latter allows to achieve 
good osteoconductivity (the capability of the material 
to provide the transport of nutritive agents through the 
pore system of the material), osteoinductivity (the capa-
bility to induce the formation of novel bone in contact 
with the substitute) and osteointegrativity (the capability 
of the material to incorporate into the surrounding bone 
structures) [3]. In addition, micro- and nanometer surface 
topography of the bone construct is crucial for direct-
ing cellular adhesion, cell spreading and proliferation. 
Bone substitute manufacturing should be inspired by the 
natural processes of developmental biology and promote 
tissue remodeling, rather than by simple support of 
definitive form and function [2–4]. Lastly, critical-size 
defects usually have a complex shape in different clinical 
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conditions; therefore, three-dimensional (3D) printing for 
customized bone construct manufacture is highly recom-
mended [5].

Although huge progress has been made in an attempt 
to create a bone substitute that adequately meets all the 
requirements for long-term bone repair [6–7], several 
issues still present a challenge for the researchers. 
Among them, the most important one is to reach an 
ideal balance between replacement material’s resorp-
tion and bone in-growth throughout the interconnected 
pores of the substitute. Numerous material formulations 
are introduced as bone replacements; however, each of 
them has certain drawbacks: calcium sulfate products 
have very high solubility, hydroxyapatites (HAPs) have 
low resorption rate while coral-based substitutes are too 
brittle [1]. Recently, a novel bone mimicking resorptive 
bone substitute based on nanohydroxyapatite (nHAP) 
and poly(lactide-co-glycolide) (PLGA) has been intro-
duced and showed numerous desirable characteristics 
[8]. It demonstrated adequate surface characteristics for 
cell attachment, solubility and mechanical properties. 
Complete bone repair in rabbit’s calvaria was achieved 
in 12 weeks [9–10].

Among the most recent developments in the bone 
regeneration field is the series of papers that have 
demonstrated the ability to successfully reconstruct 
large bone defects [3, 11–14]. However, a majority of 
these investigations are focused on surgical procedures 
relying on marginal bone excisions, without breaking 
long bone continuum, or on external (non-graft) means 
of fracture fixation in cases where bone continuum is 
broken. Indeed, to the authors’ best knowledge, there 
are only two studies reporting the reconstruction of 
bone osteotomy where complete bone diameter was 
removed (both proximal and distal parts of the bone 
were cut) [15, 16]. To achieve adequate bone healing, 
these researchers seeded stem cells on the construct’s 
surface before the implantation along with bone mor-
phogenetic protein (BMP2) being added to cells’ solu-
tion to act as an osteoinductor [15]. It may be speculated 
that current developments are nearing the point when 
large bone defects will be restored without using such 
stimulative biofactors.

The present study was conducted to reconstruct the 
rabbit’s large-scale bone defect (1/4 of the total bone 
length) using the construct manufactured by gradual 
3D printing from a novel bioresorbable and osteoinduc-
tive HAP bone replacement material. The ultimate goal 
was to reconstruct a load bearing bone (ulna) after seg-
mental osteotomy without using stem cells and growth 
factors.

Materials and methods
Material synthesis

HAP synthesis and PLGA coating were performed as reported previ-
ously [10]. In short, powders of calcium and (NH4)2HPO4 (Merck & CO., 
INC., Kenilworth, NJ, USA), were used for the hydrothermal synthesis 
of HAP. The precursor solutions were prepared as a combination of 
two mixtures: (i) 500 ml of a 3.02-cmol aqueous solution of Ca(OH)2 
(mixture 1) and 500 ml of a 2.32-cmol aqueous solution of (NH4)2HPO4 
(mixture 2). The next step was to make a mixture of 5 g of hydrother-
mally synthesized HAP and 1.5 g of polyethylene vinyl acetate (PEVA)/
polyethylene vinyl versatate (PEVV) for further processing in the auto-
clave at a temperature of 120°C for 2 h. The obtained particles were 
filtrated through a filter with a pore size of 200 nm. Finally, PLGA coat-
ing was obtained by pouring the PLGA solution in chloroform over the 
HAP granules, which after the solvent evaporation left a thin PLGA 
film on the surface of granules. The solubility, compressive strength, 
microindentation properties, pH value and surface characteristics of 
the nHAP granules are documented in online supplement 1.

Three-dimensional (3D) modeling and printing of the 
construct

A cone beam computed tomography (CBCT) scan of the rabbit’s 
ulna was obtained preoperatively, on anesthetized animal, using 
Scanora 3D (SOREDEX, Tuusula, Finland) scanner and the follow-
ing parameters: 13  mA, 90  kV and a voxel resolution of 0.2  mm. 
Thereafter, a stereolithography (STL) file was produced using the CT 
data by Slicer software, version 4.3.1 (Brigham and Women’s Hos-
pital, Inc., Boston, MA, USA) and Blender (Stichting Blender Foun-
dation, Amsterdam, Netherlands) software. Then, the STL file was 
imported into Autodesk 3D Max 2010 (Autodesk, Inc., San Rafael, 
CA, USA). On the total length of the rabbit’s ulna (88 mm), defect 
dimensions and borders were preplanned as a plane cut from 22 mm 
to 44 mm distally from the proximal end of the bone (perpendicular 
to the longitudinal axis of the bone). The defect length was 22 mm 
and around 7 mm in diameter, which is 1/4 of the rabbit’s ulna total 
length. Based on this surface, a 3D model of the bone construct was 
modeled layer by layer using maze forming algorithm. Details of the 
constructs’ porosity modeling are given as a supplement. In order 
to print personalized bone construct, a custom-made 3D printer 
(Albosd.o.o., Belgrade,  Serbia) was fabricated on the basis of origi-
nal Prusa I3 design (Prusa Research, Prague, Czech Republic) as a 
fused deposition modeling 3D printer. Pronterface software (open-
source software, created by Climent Yanev, licenced under General 
Public Licence (GPU), source pronterface.com) was used for 3D 
bone construct printing. Bone construct was fabricated combining 
biodegradable PLGA as a support and nHAP paste with gradually 
increased percentage of nHAP toward the central part of the con-
struct. Details of the 3D printer fabrication are provided in the online 
supplementary material.

3D microporosity testing of the printed scaffold

Engineered construct was scanned using micro-CT (Skyscan, Bruker, 
Kontich, Belgium) operated at 100  kV, 100 μA, exposure time of 
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1200 ms, aluminum copper filter, rotating 180° in 0.4 steps and 10 μm 
resolution. The obtained images were reconstructed using the NRecon 
v.1.6.9.8  software (Skyscan, Bruker) and the following parameters: 
beam hardening correction of 45%, ring artifact correction of 6%, post-
alignment of −1 and smoothing of 4. After reconstruction, 3D images of 
the construct were analyzed using the CTAn 1.16.4.1 software (Skyscan) 
with the global threshold set at 60–255 and the following outputs were 
obtained: total porosity (%), closed porosity (%), open porosity (%), 
average pore size (μm) and  connectivity density (1/mm3).

Wettability of the construct

For determining the construct’s hydrophilicity in body fluids, 2 μl 
of human plasma drops used as reference liquid was placed on the 
material surface and assessed with a contact angle analyzer (Vinca 
Institute, Belgrade, Serbia) [17]. Blood plasma was used instead of 
distilled water as it exposes superior wetting bio-mimicry due to a 
high concentration of proteins that coat microfluidic channel walls 
[18]. The pilot study has shown that for manufactured HAP it was 
not possible to measure the contact angle of the reference liquid 
placed on its surface owing to its super hydrophilic nature. There-
fore, instead of measuring the contact angles, the time required for 
the specimen to completely absorb human blood was recorded.

Cytocompatibility assays

Mitochondrial activity assay was performed following ISO standard 
10993-5. For the direct contact test, six specimens of 3D printed bone 
constructs were placed in wells of the 96-well plates, and immersed in 
100 μl growth medium for 24 h for the adjustment of pH. The next day, 
the medium was discarded, and the stem cells of the apical papilla 
(SCAP) were seeded onto constructs and in control wells, at a concen-
tration of 10,000 cells/100 μl. The plates were incubated at 37°C and 
5% CO2 for 72 h after which the cytotoxicity of the material was evalu-
ated through the (3-([4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetetrazo-
lium bromide (MTT) cell metabolic activity assay (Sigma-Aldrich). To 
quantify cell metabolic activity, growth medium was removed from 
the wells, and freshly prepared growth medium containing 5 mg/ml 
MTT was added. The cells were allowed to be incubated in the dark 
at 37°C for 4  h, after which the medium was removed and 100 μl 
dimethyl sulfoxide (DMSO) was added to the wells to extract tetra-
zolium bromide salts from the cells’ mitochondria. The absorbance 
was measured at 540 nm in an enzyme-linked immunosorbent assay 
(ELISA) microplate reader (RT-2100c, Rayto, China).

The in vitro scratch assay was used to detect cell migration. 
Investigated material extracts were obtained by immersion of the 
construct in Dulbecco’s modified Eagle’s medium (DMEM) at a con-
centration of 0.1 g/ml, at 37°C in a 95% humidified atmosphere of 
5% CO2 for 24 h (ISO 10993-12). Serial dilutions in DMEM were made 
(1:1, 1:2, 1:4, 1:8, 1:16). Single-cell suspensions were added to two well 
plates (2 × 105 cells/0.5 ml) and cultured for 3 days to a confluence of 
approximately 80%. After reaching confluence, the cells were left for 
24 h in the medium containing 2% fetal bovine serum (FBS), so pro-
liferation of SCAP could not occur during the experiment. The next 
day, the monolayer was scratched with a sterile 1.2-mm-wide rubber 
across the center of the well in a straight line to generate a wound in 
the cell monolayer. Thereafter, the wells were washed 2 times with 

PBS, new 2% FBS medium was added to the wells and material’ 
extracts to the corresponding groups, and left in the incubator (37°C, 
5% CO2). Images were taken at 1 and 24 h after the scratch, under an 
inverted microscope (BIB-100/T, BOECO, Hamburg, Germany) with 
an HDCE-90D camera (BOECO, Hamburg, Germany). Scope Image 
9.0 software was used to measure the closest area of the scratch. The 
experiment was conducted in triplicate.

The osteogenic differentiation test was performed in accordance 
with the approval of the ethics committee (Faculty of Dentistry, Uni-
versity of Belgrade number 36/8). The cell’s attachment on the fab-
ricated constructs was tested using osteoblast cell line derived from 
human apical papilla stem cells. Apical papilla tissue was obtained 
with signed informed consent from the patient (18  years of age) 
undergoing extraction of impacted third molar for orthodontic rea-
sons. The tooth tissue was transferred into Gibco Dulbecco’s modi-
fied Eagle’s F12 medium (D-MEM/F12; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA), supplemented with 20% FBS (Thermo Fisher 
Scientific, Inc.) and 1% antibiotic/antimycotic (ABAM; Thermo Fisher 
Scientific, Inc.) solution. After 30 min of extraction, tooth tissue was 
rinsed in phosphate-buffered saline (PBS; Sigma-Aldrich, St. Louis, 
MO, USA), and subjected to the outgrowth isolation method, as pre-
viously described [19]. Before seeding, the sterilized constructs were 
immersed in growth medium for 24 h, at 37°C in 5% CO2, avoiding the 
pH variation. The next day, the medium was discarded and the stem 
cells were seeded on constructs at a concentration of 20,000 cells/10 
μl. After allowing the cells to migrate into the scaffolds for 2  h, 
growth medium was added. After 3 days, freshly prepared osteogenic 
medium containing growth medium supplemented with 10 nm dexa-
methasone disodium phosphate, 1.8 mm monopotassium phosphate 
(KH2PO4), 10 mm b-glycerophosphate and 50 μg/ml vitamin C (Sigma 
Aldrich, St. Louis, MO, USA) was added [20]. The cells were further 
cultured for 7, 14 and 21 days in osteogenic and growth medium, with 
the mediums being changed every 2–3 days. The experiments were 
performed in triplicate.

Alkaline phosphatase (ALP) activity assay was performed 7 days 
following osteogenic differentiation using the pNPP Alkaline Phos-
phatase assay kit (Sigma-Aldrich). Briefly, at selected time periods 
post-induction, media was removed and the cell layers were washed 
3 times with PBS and permeabilized with 0.1% Triton X-100 overnight 
at 4°C. The next day, a total of 50 μl lysate was added to 1 M diethan-
olamine buffer (pH 9.8, with 0.5 mm MgCl2) containing 1 mg/ml pNPP 
(4-nitrophenyl phosphate disodium salt hexahydrate). One hundred 
microliters of pNPP substrate was added to each well. The plates were 
incubated at room temperature for 30 min for the development of the 
yellow water-soluble reaction product. The reaction was stopped by 
adding 3 M NaOH and measured at 405 nm in an ELISA microplate 
reader (RT-2100c, Rayto, China). ALP activity was normalized to total 
protein content of each well. The total protein concentration was 
quantified using a BioSpec-nano (Shimadzu, Kyoto, Japan).

The effect of scaffold on the formation of mineralized nodules 
was examined by alizarin red S (ARS) staining. After 21 days, cultures 
seeded in 96-well plates were fixed with 4% neutral formalin buffer 
for 15 min. and stained with 2% ARS (Sigma-Aldrich). To quantify the 
degree of mineralization, ARS bound to cultures was extracted by 
incubation with 250 μl of 1% hydrochloric acid in 70% ethanol for 
20 min. The absorbance was measured at 450 nm in an ELISA micro-
plate reader (RT-2100c, Rayto, China). The absorbance of ARS bound 
by constructs cultured under the same conditions, but without 
seeded cells, was calculated and subtracted from groups with cells 
seeded on constructs, so false-positive results would be avoided.
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After 7, 14 and 21  days of osteogenic differentiation, the cells 
seeded on scaffolds were fixed in 2% glutaraldehyde for 2 h at 4°C, 
dehydrated with increasing concentrations of ethanol (30%, 50%, 
70%, 90%, 100%) for 10 min for each concentration, and gold coated 
before scanning electron microscopic (SEM) evaluation (JEOL, JSM-
5300, Tokyo, Japan).

In vivo implantation of the personalized construct in 
 rabbit’s ulna

A New Zealand white adult rabbit (5  months of age and 2.5 kg in 
weight) was used in accordance with the EU (86/609/EEC) guidelines 
regarding procedures with animals used, together with the Guide 
for the Care and Use of Laboratory Animals and the guidelines from 
the Good Laboratory Practice and the principles of laboratory ani-
mal care (NIH publication number 85–23, revised 1985). The Ethics 
Committee of Faculty of Veterinary Medicine, Belgrade University 
specifically approved this study (number: 323-07-08477/2015-05/3, 
issued on 08.03.2016.). The rabbit was first scanned to obtain CT data 
for designing construct and then it underwent intramuscular pre-
medication [combination of Ketamidor (Ketamine hydro-chloride) 
10%, Richter Pharma Ag, Austria, 35 mg/kg, with Ksilazin (Xylased) 
2%, Bioveta, Czech Republic, 5 mg/kg]. For analgesia Butorfanol at 
an intramuscular dose of 0.1  mg/kg was used (Richter Pharma Ag, 
 Austria). A linear 3.5-cm skin incision was performed in the ulnar area 
under local anesthesia (Lidokain-hlorid 2%, Galenika a.d.Srbija). 
Soft tissues were lateralized and the ulnar bone was exposed. A 3D 
printed bone construct exactly corresponding to the defect form was 
sterilized using ultraviolet light for 12  h and implanted in the rab-
bit’s ulna without any stem cells or growth factors added. Namely, 
the defect was made using the known distance from the proximal 
part of ulna (30 mm) allowing precise positioning of the construct. 
Afterward, osteotomy was performed through the whole thickness of 
the bone with a bur (length of 22 mm). Surgical wound was closed on 
multiple tissue levels with interrupted sutures (Vicryl, Ethicon, 3-0). 
After the surgery, the rabbit was caged and it had free access to food 
and water. In the 3  days following the surgery, the rabbit resumed 
its normal routine, activities and appetite. The incision site was 
clean as well as the surrounding skin. Surgical sutures on skin were 
removed 10 days after the operation. In a 5-day postoperative period, 
0.1 mg/kg Buprenorphine (twice a day) and oxytetracycline 20 mg/kg 
were administered subcutaneously for pain and infection control. 
To assess pain, the rabbit grimace scale, a standardized behavioral 
 coding system that demonstrates facial expressions, was used [21]. 
The rabbit was sacrificed at 12 weeks after surgery. Thereafter, ulnar 
bone with implanted construct and 10-mm surrounding old bone 
was explanted, fixed in 4% neutral formalin and analyzed.

Radiography and micro-CT evaluation

X-ray imaging of the rabbit’s ulna was performed in anesthesia using 
ZooMax White DR (Control-X Medical, Ltd.) inmedio-lateral projec-
tion. Imaging parameters were: 47  kV, 6.4  mAs and a focus to film 
distance of 70  cm. X-ray images were digitalized by CR10-x (Agfa 
HealthCare NV, Mortsel, Belgium).

Explanted material was subjected to micro-CT (SkyScan) 
 evaluation after 7 days of fixation. Scanning parameters were as fol-
lows: 65 kV, 153 μA, exposure time of 640 ms, aluminum  copper filter, 

rotating 180° in 0.4 steps and 10 μm resolution. Images were recon-
structed using the following parameters: beam hardening correction 
of 20%, ring artifact correction of 2% and smoothing of 1. Thereafter, 
3D images were reconstructed using the CTAn 1.16.4.1 software (Sky-
scan, Bruker). New and old bone tissues and bone construct were 
separately reconstructed according to adequate global threshold 
ranges. Starting from the assumption that the bone characteristics in 
the defect region (new bone) are different from those in the surround-
ing region (old bone), the following micro-architectural parameters 
were determined in these two areas: total porosity (%), closed poros-
ity (%), open porosity (%), cortical thickness (mm), connectivity den-
sity (1/mm3), average pore size (μm) and pore size distribution (%).

Histological and histomorphometric analysis

Specimens for histological analysis were prepared by a standard 
 procedure that included fixation in 4% buffered formaldehyde, decal-
cification in formic acid, dehydration and embedding in paraplast. 
Longitudinal sections of 4-μm thickness were stained with hema-
toxylin and eosin, a Goldner trichrome technique, which is suitable 
for bone tissue presentation, and toluidine blue, which is suitable 
for bone vitality assessment. Starting from the assumption that the 
regeneration efficiency is different in the central region of defect in 
relation to the peripheral parts that are in contact with the old bone, 
all histological and histomorphometric parameters were determined 
in these two areas. Four sections from the central defect region and 
four from the peripheral defect region were analyzed, with a spacing 
of 50 μm between sections. Morphometric assessment was performed 
using a final magnification of 400 ×. Two-dimensional photographs 
were made using a digital camera (Leica DFC295,  Germany). Histologi-
cal analysis was performed using light microscopy (Leitz Labor Lux 
S Fluorescence Microscope, Ernst Leitz Wetzlar GMBH,  Germany). 
Histomorphometric analysis was performed using a software package 
(Leica University Suite, version 4.3, Leica Microsystems, Germany).

The parameters evaluated during histological and histomorpho-
metric analysis were:
1. Presence, total area and histological characteristics of newly 

formed bone tissue (NFB). This is at the same time the most 
important parameter for the performance of bone regeneration.

2. Total  surface of mineralized (MSA) and non-mineralized bone 
(NMSA). The Goldner trichrome method was convenient for this 
analysis, because it allowed the mineralized bone to be dis-
played in the green spectrum and non-mineralized in the red 
spectrum. The presence of non-mineralized bone is the most 
important parameter in the evaluation of active osteogenesis 
and bone remodeling.

3. Total surface of newly formed bone marrow (NFBSA).
4. Total surface of graft (GPA) and connective tissue particles (CNTs).
5. Presence and number of inflammatory infiltrate cells, which is 

the most important parameter of biocompatibility of the tested 
materials in vivo.

Immunohistochemical staining for confocal microscopy

Formalin-fixed and paraplast-embedded rabbit tissue sections were 
harvested onto slides, air-dried and deparaffinated in series of alcohol 
(2 × 5 min in xylene, absolute, 96%, 70% ethanol and distilled water). 
The sections were kept for 25 min at 90°C in an antigen demasking 
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solution (Vector Laboratories, Burlingame, CA, USA). To block non-
specific staining, the sections were incubated in 5% bovine serum 
albumin (BSA, Sigma-Aldrich) diluted in PBS for 30  min before the 
addition of primary and secondary antibodies. Purified primary anti-
bodies to osteopontin (OPN), BMP2 and osteocalcin (OCN) (Thermo 
Fisher Scientific; dilution 1:200, 1:100 and 1:100, respectively, in 5% 
BSA) were applied to the samples for 24 h at 4°C, followed by a 1-h 
incubation of a second Alexa Fluor 488-conjugated antibody (Thermo 
Fisher Scientific; dilution 1:500 in PBS) in a humidified dark chamber. 
For staining of nuclei, propidium iodide (Thermo Fisher Scientific; 
concentration of 1 μg/ml) in PBS was added on sections for 5 min at 
room temperature in a dark humidified chamber. Each step was fol-
lowed by washing 3 times in PBS for 5 min each. Finally, the sections 
were covered with fluorescent mounting medium (DAKO, Glostrup, 
Denmark) and examined with a confocal microscope (Laser Scanning 
Microscope, LSM META 510, Carl Zeiss, Dublin, CA, USA). The sections 
were examined using 20 or 40 objective lens. To confirm the specific-
ity of the staining, control staining for secondary antibody was per-
formed (i.e. the primary antibody was replaced with 5% BSA).

Statistical analysis

All results were presented as mean ± standard deviation. SPSS 
version 20  was used for all statistical analysis. The Kolmogorov–
Smirnov test was used to check the normality of data. For cytotox-
icity assay tests, one-way analysis of variance (ANOVA) was used 
to compare values between the groups. A paired sample t-test was 
employed to compare the micro-CT porosity data found in new bone 
and in comparison to that found in old bone as well to compare the 
histomorphometric data found in the central and peripheral parts 
of the defect. A value of p < 0.05 was considered to be statistically 
significant.

Results

Microstructural assessment and wettability 
determination of 3D printed bone construct

The fabricated block of nHAP with the addition of PLGA 
coating is presented in online supplement 2A, B. The wet-
tability experiments showed that the manufactured con-
struct possessed highly active hydrophilic surface having 
the blood droplet absorbed on the material’s surface within 
the parts of the second (Supplement 2C–D). The procedure 
for dynamic wettability assessment of 3D printed bone 
construct is given in the online supplement 3.

Microporosity testing of 3D printed bone construct 
revealed the following outcome parameters: total  porosity 
of 64%, closed porosity of 0.54%, open porosity of 63.46%, 
average trabecular-like structure thickness of 177 μm, 
average pore size of 256 μm and number of closed pores 
per mm3 of 34.8 (Figure 1).

Cytocompatibility

Mitochondrial activity assay revealed tight contact of 
the construct and SCAP, with a high level of tetrazolium 
salt uptake in the experimental and control groups of 
cells (Figure 2A, B). Absorbance values obtained from 
the measurements from the wells in direct contact with 
the construct and SCAP and controls are presented in 
Figure 2C. There was no statistical significance between 
the groups, with significance set at p < 0.05. The in vitro 
scratch assay showed that during 24 h of cell exposure 
to serial dilutions of the investigated material extracts, 
cell migration was dependent on the extract’s concen-
tration. Higher concentrations significantly stimulated 
cell migration. Statistical significance was found for 
1:1 (p < 0.05), 1:2 (p < 0.0001) and 1:4 (p < 0.0001) dilu-
tions whilst no statistical significance was found in 1:8 
and 1:16 dilutions in comparison to the control group 
(Figure 2D). ALP activity assay revealed a significant dif-
ference between cells seeded on the construct in osteo-
genic and growth medium. Significant differences to 
control (cells in growth medium) and cells in the con-
struct and osteogenic medium are presented (p < 0.05, 
p < 0.0001) (Figure 2E). The mineralization assay test 
showed that there was no significant difference in the 
extracellular deposition of mineralized globules of cells 
cultured in induction medium (OM) and cells seeded 
on the construct and cultured in growth or induction 
medium (p > 0.05) (Figure 2F).

SEM micrographs of the osteoblasts seeded on 
 scaffolds for 7, 14 and 21  days (cultured in growth and 
osteogenic medium) are depicted in Figure 3A and B. 
The shape of the cells changed through the period, from 
fibroblast-like characteristic for mesenchymal stem cells 
(MSCs) that is dominant on the seventh day of culturing 
in growth medium, to flattened bone-lining cells with 
multiple  cytoplasmic processes and connections among 
cells – morphology specific for osteoblast on the 21st 
day of culturing in growth medium. Stem cells changed 
to osteoblast-like cells on the seventh day of culturing in 
osteogenic medium. Proliferation of cells and construct’s 
surface covering with cells were noticeable through the 
time periods of culturing in both mediums.

Radiography of the implanted bone construct 
and micro-CT analysis of the explanted 
tissue

Figure 4 shows the dynamics of bone healing at differ-
ent time points. Radiological analysis of the rabbit’s 
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ulna 6  weeks after 3D construct implantation showed 
the signs of extensive creation of endosteal callus cal-
cification, shadows on the fracture site, penetrating the 
bone in the form of well-formed deposits. Nine weeks 
after the implantation, clear signs of bone apposition 
on both the proximal and distal parts of the ulna were 
observed. The 3D images of the reconstructed bone with 
adjacent remaining material particles are shown in 
Figure 1 and Figure 5B. Micro-CT cross-sectional images 
of the old bone and new bone are presented in Figures 
7A and C, respectively. A statistical difference between 
the old bone and new bone was observed for total poros-
ity and open porosity parameters (p < 0.05). On the con-
trary, closed porosity, average pore size and average 
cortical thickness did not show statistical significance 
between the old and new bones (p > 0.05) (Figure 5D). 
The pores were classified into three categories: 0–50 μm, 
50–210 μm and 210–470 μm. The highest percentage of 
pores belonged to the 50–210 μm category, both in the 
new bone (47 ± 15%) and old bone (47 ± 12%) groups. 
There was no statistical significance between the new 

and old bones for neither of the pore size groups tested 
(p > 0.05) (Figure 5E).

Histological analysis

Results of the histological analysis of the explanted 
bone showed the satisfactory bone defect healing 
without the complications, such as necrosis, infection 
and bleeding. After 12 weeks of healing, the defect was 
filled with new bone and remaining scaffold particles. 
The NFB tissue was in close contact with the old bone, 
with a very discrete demarcation line between them. 
In this region, as well as in the area of NFB, small iso-
lated scaffold particles were observed, surrounded by 
bone tissue without CNT interposed. In addition, the 
histological analysis revealed that a small amount of 
NFB was mineralized, while the greatest part of it was 
non-mineralized, indicating the existence of active 
osteogenesis. Also, the highest amount of NFB showed 
the signs of lamellar organization with vital osteocytes 
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Figure 1: Micro-architectural properties of the three-dimensional construct and manufactured rabbit’s bone in vivo as measured by micro-
computed tomography.
The total porosity of the construct of 64% provided satisfactory conditions for new bone in-growth. (A) Three-dimensional reconstruction of 
the construct’s micro-ct image. (B) Construct’s pore size distribution. (C) Construct’s trabecular-like thickness distribution.
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concentrically positioned around Haversian channels. 
Woven non-mature bone was also observed, indicat-
ing the presence of active bone tissue remodeling. NFB 
mainly showed the trabecular architecture with novel 
bone marrow among trabeculae. Additionally, hyaline 
cartilage was also identified, pointing that both direct 
and indirect ossification were present (Figures 6 and 7).

The results of the histomorphometric analysis showed 
that there was no statistical difference between the central 
and peripheral parts of the defect neither for NFB (35 ± 11% 
vs. 51 ± 11%, respectively) nor for MSA measured (35 ± 11% 

vs. 49 ± 11%, respectively) (p > 0.05). Neither connective 
tissue nor construct particles were observed in the periph-
eral part of the defect. On the contrary, 6 ± 5% of connec-
tive tissue and 17 ± 17% of construct particles were found 
in the central part of the defect.

Immunohistochemical analysis

The amounts of bone tissue positively stained for 
BMP2  were higher compared with the bone tissue 

Figure 2: Cytocompatibility evaluation of construct extracts.
(A) Representative image of the direct contact of the stem cells of the apical papilla (SCAP) and construct 72 h after cell seeding. A high 
level of formazan salt uptake in SCAP in direct contact with the construct. (B) Control cells observed under phase-contrast microscopy, 
100 ×. (C) Absorbance values from control wells and wells from direct contact of construct and cells. (D) Scratch assay results of SCAP 
exposed to serial dilutions of material extracts. Results are presented as cells’ migration distance at 24 h interval. Statistical significance 
is marked with asterisks (***p < 0.05, ****p < 0.0001). (E) Alkaline phosphatase enzyme extracted on day 7 from SCAP cultured in growth 
medium (GM), osteogenic medium (OM), on construct in GM and on construct in OM (*p < 0.05, **p < 0.01, ****p < 0.0001, one-way ANOVA). 
(F) Quantification of Alizarin red S bound to cultures extracted on day 21 from SCAP cultured in GM, SCAP in OM, on construct in GM and on 
construct in OM (*p < 0.05, ****p < 0.0001).
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positively stained for OCN and OPN. Numerous strongly 
stained BMP2-positive cells were observed in the con-
struct’s region as well as in the nearby rabbit bone sections 
(Figure 8A, B and C). Only a few OCN- and OPN-positive 
cells were detected both in the construct’s region and the 
surrounding rabbit’s bone tissue.

Discussion
The engineered construct is shown in this study to act as 
a 3D template mimicking the architectural pattern of the 
bone tissue onto which bone cells can attach, proliferate, 
migrate and produce new bone.

Architecturally, the porosity of 3D construct met the 
structural requirements (>50% total porosity and >100 μm 
average pore size) for successful regeneration processes, 
making it effective for ion exchange and homeostasis [2, 
22, 23]. Chemically, in order to achieve good osteointegra-
tion, bone replacement material has to be hydrophilic and 
provide desirable wettability in contact with human blood 
[24]. Engineered construct revealed the super-hydrophi-
licity needing only 0.234 s for complete wetting. Indeed, 
the wettability of the surface was too high to measure the 
reference liquid contact angles on the surface. Therefore, 
instead of measuring contact angles, it is documented 

for the first time in the bone tissue material science the 
measurement of dynamic wettability by calculating the 
time required for human blood to completely wet the con-
struct’s surface.

It is known that the surface area of NFB reflects active 
osteogenesis and bone remodeling. Also, the number of 
inflammatory cells is the most important parameter of 
the bone substitute biocompatibility [15]. All the obtained 
lines of evidence point toward the construct’s biocom-
patibility and complete bone regeneration. The results 
of the histological analysis revealed that both direct and 
indirect ossification were involved in the regeneration 
process. Mature mineralized lamellar bone with Haver-
sian osteons and blood vessels, as well as a mature bone 
marrow were observed after 12 weeks of healing, indicat-
ing that almost complete regeneration of bone defect was 
achieved. These results are in accordance with the results 
published by Tang et al. [25], who achieved almost com-
plete bone regeneration using promising new material, 
trimodal macro/micro/nanomesoporous bioactive glass, 
enhanced with growth factor [recombinant human BMP-2 
(rhBMP-2)]. Immunohistochemically, numerous strongly 
stained BMP2-positive cells observed in the new bone 
matrix regions are in accordance with their role in recruit-
ing host cells during bone healing as these factors are 
associated with induction of chemotaxis [26]. In addition, 
BMP-like factors from the circulation are proven to adsorb 

Figure 3: Scanning electron micro-photographs of osteoblasts seeded on the construct’s surface, cultivated in two different mediums.
(A) Scanning electron micro-photographs of the osteoblasts cultivated in growth medium and seeded on the construct’s surface for 7, 14 
and 21 days. Blue arrows refer to the cells with morphological changes to stabilize the cell-material interface. (B) Scanning electron micro-
photographs of the osteoblasts cultivated in osteogenic medium and seeded on the construct’s surface for 7, 14 and 21 days. Blue arrows 
point to the cytoplasmic extensions that indicate cell adhesion. Note that after 21 days of seeding the lamellar structure of the osteoblasts 
was formed on the surface of the manufactured construct (red arrow).
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on an HAP surface and promote adhesion of osteoblasts. 
Thus, 3D printed bone replacement presumably provides 
an osteoinductive and osteoconductive microenviron-
ment activating the trophic signals that recruit proteins 
and growth factors to the defect site. OCN is a late-stage 
marker expressed when cells reach mature osteoblast 
stage and it is very specific for osteoblast mineralization 
[26]. Higher expression of BMP2 than OCN is presumably 
due to animal sacrifice after just 12 weeks which was insuf-
ficient to finalize the bone mineralization process.

Generally, four surface properties of biomaterials reg-
ulate the bone formation: chemical composition, surface 
energy, nano- and microtopography and surface rough-
ness [6, 7]. Desirable osteointegration of the engineered 
construct is presumably due to its super-hydrophilicity in 
combination with the presence of nanostructure patterns 
resulting in superior cell adhesion and mineral nuclea-
tion. Further, satisfactory macro- and microarchitecture 

(open porosity of 64 % and pore connectivity of 34.8 pores 
per mm3) allowed cell migration and vascularization and 
improved cell proliferation, not only on the construct’s 
surface, but also within its internal compartments. Due 
to optimal degradation speed, new bone formation and 
construct’s degradation seem to be balanced and syn-
chronized, which in turn provides bone osteoinductive 
capacity.

Many groups have put efforts to reconstruct large-
scale bone defects [11–14]. The difficulties occurring 
in such bone reconstruction in comparison to under- 
critical-size bone defects arise from the fact that it is 
hard to achieve an ideal vascularization in the defect’s 
central part. This may be due to the more complex 
nature of bone healing in comparison to that in the epi-
thelial and muscular organs. Namely, it takes 6 months 
for human bone to fully repair and thus the material 
and biochemical processes occurring at old bone to the 
material interface have to allow desirable bio-mimicry 
for a longer period in comparison to other organ sub-
stitution [15]. However, by using novel concepts based 
on stem cells seeding on the bone construct before the 
implantation, prefabricated constructs in bioreactors 
that partly already contain new donor’s bone and addi-
tion of growth factors into cells’ medium, significant 
advances have been made in the field [27, 28]. This is 
particularly true when the bone integrity is not com-
promised, i.e. the bone defect is surrounded by old 
bone by at least three sides and consequently the bone 
integrity is not lost. The findings presented here agree 
with studies where the bone was reconstructed by 
filling cylindrical bone voids in rat’s tibia [29], rabbit’s 
calvaria [10] or sheep’s femoral bone [30]. Tang et  al. 
[25] reconstructed marginally resected rabbits’ radius 
16 mm in length using mesoporous bioactive glass with 
enhanced compressive strength. It is noteworthy that 
the bone construct alone resulted in 10% new bone for-
mation, while the bone construct enriched with BMP2 
increased the new bone formation up to 40%. Moreo-
ver, similar to Zhang et  al. [15] and Zhang et  al. [16], 
this study went one step further by reconstructing 
lower limb bone defect with the bone integrity inter-
rupted both proximally and distally. The differences 
between the present paper and previous investigations 
are two folded. Firstly, in the current study, the ulna 
is reconstructed instead of radius as described previ-
ously, which is certain advancement as the estimated 
percentage of mechanical load shared by the ulna 
during ulna-radius compressive strain stress reaches 
65–87% [31]. Secondly, the proposed approach has a 
potential to overcome a critical need presented in the 

Figure 4: Representative radiographs of the rabbit’s ulna defects 
reconstructed with the engineered 3D construct at 3, 6 and 9 weeks 
post-surgery.
Three weeks after the surgery, the lines of fractures were clearly 
visible while the construct was not dislocated. Six weeks after 
the surgery, the lines of fracture illumination were barely visible 
and completely continual. The construct’s shadow was filled with 
calcium appositions, grainy structure and in immediate contact 
with the surrounding bone. There were no sign of any dislocation 
of the fragments. Less rarefication of spongiosis was present in 
the middle diaphysis of radius. Also, there were signs of a lesser 
soft tissue swelling, which merges with the shadow of adjacent 
muscles. Nine weeks after the surgery, the fracture lines were 
unclear owing to the impregnation with mineral deposits and newly 
formed bone tissue, which sharply penetrated the construct from 
the distal and proximal sides. The construct’s shadow was smaller 
than in the earlier phase of radiography and partially replaced 
with newly formed bone. Spongiosis of the ulna was condensed in 
the level of discontinuity and there was a noticeable thickening of 
compact bone. There was mineralization of spongiosis present on 
the middle diaphysis of radius.
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aforementioned papers to use stem cells and growth 
factors, owing to engineering bone substitute with 
desirable osteoinductive characteristics. Finally, the 
present results should be interpreted in the context of 

an important limitation regarding the number of experi-
mental animals explored. Future studies are planned to 
confirm these promising preliminary results in a higher 
number of animals and on bigger animal models.

Figure 5: Evaluation of orthotopic bone formation in vivo.
Micro-CT cross-section of old bone (A) and new bone (C) at 12 weeks after surgery. The size of segmental bone defect: 22 mm (B). 
Quantitative histograms of new bone formation at 12 weeks. TP, total porosity; OP, open porosity; CP, closed porosity; PS, pore size; CT, 
cortical thickness (D). Pore size distribution in new and old bones. Statistical significance between the new and old bones is marked 
with asterisks (p < 0.05) (E). New bone was completely formed in areas in intimate contact with the old bone due to more nutrients and 
bone cells, while in the central part the remaining non-resorbed part of the bone substitute is observed. Note the presence of trabeculae 
formation within the bone structure (F).
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Although enormous formulations for bone replacement 
were introduced in the last decade, none of the solutions 
meet an important requirement necessitated to allow the 
healing of centimeter-level-sized bone defects – providing 
adequate mechanical support and being a “smart” bioma-
terial capable of synchronizing  resorption of the material 
and the formation of a new bone [1, 7]. As a consequence, 
the bone repair within the central part of the  construct is 
hard to achieve, i.e. fibrous tissue fills the defect and the 
necessitated vascularization is not achieved. In the current 
paper, it is managed to resolve some of the critical material 

and biochemical issues and consequently the reconstruc-
tion of the 1/4 of the whole rabbit’s ulna was accomplished. 
This was achieved by introducing two technologically 
novel solutions. First, the construct is 3D printed from a 
new nHAP-based material different from the current formu-
lations in one critical aspect – the solubility of the material 
matches that of the natural bone giving the ideal time to 
the surrounding bone to balance the bone apposition and 
material degradation without interposing the fibrous tissue 
at the interface. More importantly, in the central part of the 
construct where the new bone is naturally deposited at the 

Figure 6: Toluidine blue staining of the harvested bone.
Upper panel, Stitched image. Defect is almost entirely filled with newly formed bone tissue. A discrete demarcation line is noticed, 
representing the border between the mature and non-mature new bone. There are numerous graft particles present (red arrows), 
surrounded with bone tissue, without soft tissue interposing (10 ×). Red square, Hyaline cartilage is dominant, indicating that in addition to 
endesmal, endochondral ossification is also present. Green square, Discrete material particles surrounded with newly formed bone tissue, 
which is predominantly of lamellar structure (100 ×). Yellow square, Morphological patterns of the numerous viable nuclei in osteocyte 
lacunae indicate the intensive bone repair. Construct particles completely embedded in the newly formed bone (NFB) indicating material’s 
excellent osteoconductive properties (100 ×).
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final moment of the regenerative procedure, the construct 
turned into a slightly lamellar structure. Our findings con-
firmed lack of any harmful effect of 3D printed construct on 
SCAP in direct contact. Furthermore, leachable products 
from the construct significantly stimulated cell migration. 
In this study, the primary aim was to determine the poten-
tial of the construct to induce osteogenesis in vitro alone, 
and with the addition of osteogenic induction medium. As 
a control, SCAP cultured in induction and growth medium 
was used. In a study by Miles et al. [32] osteoinduction of 
microcapsules containing HAP microgranules on MSC 

was investigated both in growth and osteogenic medium. 
Microcapsules with HAP stimulated MSC to mineralization 
from week 1 in osteogenic medium, but significant miner-
alization of the microcapsule system did not occur if only 
growth medium was added to the culture. On the contrary, 
SCAP in the construct was able to produce mineralized ECM 
regardless of the nature of the medium. Construct proper-
ties guided the cells to osteogenic differentiation, which is 
confirmed through the production of ALP on day 7, miner-
alized deposits after 3  weeks of culturing and qualitative 
SEM depictions on days 7, 14 and 21 of culturing in both 

Figure 7: Goldner trichrome staining of the harvested bone.
Upper panel, Stitched image. Green color indicates the mineralized bone, while red color indicates the non-mineralized new bone. Yellow 
square, Wide area of hyaline cartilage and predominately the presence of non-mineralized tissue indicating active osteogenesis (40 ×). 
Green square, Both the endesmal and endochondral type of ossification are observed. NFB is mainly not mature and non-mineralized 
(100 ×). Blue square, Material particles (blue arrows) were completely embedded within the newly formed bone tissue without interposing 
the fibrous tissue between the construct and new bone (100 ×).
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mediums. The most significant result was the lack of dif-
ference in mineralization deposits between control cells 
cultivated in osteogenic medium, and cells in construct cul-
tivated in plain growth medium at week 3 of culturing. The 
addition of osteogenic medium to cells in scaffold ampli-
fied furthermore its osteogenic properties. As previously 
described, the structure of a scaffold mainly determines the 
extent of cell migration and differentiation, bone ingrowth, 
vascularization and mass transfer between the cells and 
the environment [33]. The present findings are presum-
ably the result of the construct surface nanotopography 
modification, as a means to increase the concentration of 
atoms and crystal grains and the surface area-to-volume 
ratio. These modifications result in improved cell adhesion, 
bone ingrowth, osteointegration and enhanced mechanical 
properties [34]. Careful histological analysis confirmed that 
the osteoblasts were able to infiltrate within such material 
structure and “wait” for blood vessels and new deposited 
bone to come in close contact with it. The second novelty 
is that we succeeded in printing the nHAP-based construct 
with both desirable mechanical support and high porosity 
allowing required material osteoconductivity. The com-
bination of construct’s composition (Mg and P addition), 
mechanics and specific 3D architecture seemed to provide 
multiple physicochemical stimuli as a principal contributor 
of cellular modulation and temporal control.

Conclusion
The concept proposed in the present study is a promising 
step toward clinical implementation of customized bone 
reconstructive surgery. In brief, the results of the present 
paper suggest that large-sized bone defect can be success-
fully reconstructed using a customized bone construct 

Figure 8: Confocal microscopy of bone remodeling indicators in 
different regions of the reconstructed bone.
(A) Immunofluorescence staining of anti-bone morphogenetic 
protein 2 (BMP2), anti-osteocalcin (OCN) and anti-osteopontin 
(OPN). Expression of BMP2 molecule, OCN molecule and OPN 
molecule in old bone and newly formed bone (white arrows) and the 
control staining for secondary antibody. (B) Immunofluorescence 
staining of anti-BMP2, anti-OCN and anti-OPN antibodies in the 
rabbit bone near the construct and the expression of BMP2, OCN 
and OPN molecule (white arrows) and the control staining for 
secondary antibody. (C) Immunofluorescence staining of anti-
BMP2, anti-OCN and anti-OPN antibodies in the construct’s region. 
Expression of BMP2, OCN and OPN molecule (white arrows) and the 
control staining for secondary antibody.
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fabricated by 3D printing technology, from an osteoinduc-
tive biomaterial. Moreover, the obtained results further 
reveal that the reconstruction of large bone defects can be 
achieved without using stem cells or growth factor addi-
tions on the construct’s surface. From the practical point 
of view, it is of utmost importance that the healing was 
performed in the bone with complete diameter impaired. 
Further systematic investigations are necessary in a bigger 
animal model and in patients to confirm these initial prom-
ising results.
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