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Bone defects resulting from trauma, surgery, congenital malformations, and other factors are among the
most common health problems nowadays. Although current strategies such as autografts and allografts
are recognized as the most successful treatments for stimulating bone regeneration, limitations such as
graft source and complications still exist. SmartBone� is a xeno-hybrid bone graft (made from bovine
bone matrix, poly(L-lactic-co-e-caprolactone), and gelatin) with a positive clinical record for bone regen-
eration. In this study, the formulation for designing xeno-hybrid bone grafts using gelatins from different
sources (bovine- and porcine-derived gelatin, with bone grafts named SBN and SPK, respectively) was
investigated, and the biological responses were evaluated in vitro and in vivo. The results demonstrate
that gelatins from both bovine and porcine sources can be loaded onto SmartBone� successfully and
safely, withstanding the aggressive manufacturing processes. Different bone cell responses were
observed in vitro. SBN was found to enhance osteocalcin secretion while SPK was found to upregulate
osteopontin from human osteoblasts. In vivo, both bone grafts promoted osteogenesis, but SPK degraded
earlier than SBN. Our findings suggest that SBN and SPK provide different yet comparable solutions for
optimizing the bone resorption and regeneration balance. These xeno-hybrid bone grafts possess ideal
potential for bone defect repairing.

� 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Bone defects resulting from trauma, surgery, congenital malfor-
mations, and other factors are among the most common health
problems nowadays [1]. Although bone is a richly vascularized tis-
sue, under some circumstances, such as critical-sized defects, the
self-healing ability is insufficient to fully repair the damaged area,
and complications such as non-union or pseudarthroses may occur
[2]. Implants made of titanium and alloys have exhibited positive
clinical results in bone defect treatment. However, most of these
materials are non-degradable [3]. Moreover, in severe cases, bone
substitutes are not functional enough for large and irregular defect
treatment, such as critical bone loss in hip revision, where the
restoration of bone stock is of prior importance [4].

A frequently used strategy to treat bone defects is to utilize
bone grafts for promoting tissue regeneration. Bone grafts are
among the most successful treatments, as they can provide an
environment with osteoconductive, osteoinductive, and osteo-
genic effects that promotes bone healing [5]. Autografts, which
are tissues transplanted from one area on an individual to
another area on the same individual, are still the ‘‘gold standard”
in treating bone defects [6,7]. However, this method has disad-
vantages such as donor site morbidity and limited supply, and
Grafts:
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it is difficult in pediatric cases [8,9]. Moreover, some patients
may experience persistent pain at the donor site for two years
after surgery [10]. Allografts—that is, bone transplants from dif-
ferent human donors—allow the treatment of larger defects. In
fact, impacting bone grafting and structural bone grafting are
still recognized as efficient approaches for hip revision [11,12].
Nevertheless, both ethical and regulatory concerns are potential
barriers, and the donor source is limited for large-scale manufac-
turing [13]. Furthermore, potential risks such as immunogenic
reactions and the transferal of contagious diseases cannot be
neglected.

Therefore, researchers have suggested using alternative bone
grafts from different sources, including bone grafts from other
species, such as xenografts, and synthetic grafts (e.g., biopoly-
mers, bioceramics, and their composites), to resolve the dilemma
[14–19]. A proper bone substitute should resemble the natural
bone tissue as much as possible, including the mechanical prop-
erties, structural characteristics, and biological functions [8,20].
As a bone graft with clinical transformation potential, it should
be biologically safe and readily accessible. More importantly, it
should have osteoinductive and/or angiogenic potential, no
restrictions in graft sizes, a long shelf life, and reasonable cost
[21]. Synthetic grafts are relatively easier to acquire, and the
structures are tunable to some degree. However, they are still
limited in terms of biological performance and mechanical prop-
erties in comparison with bone grafts. More importantly,
implanted grafts generally undergo a process of resorption and
remodeling after implantation. An appropriate balance between
resorption and volume maintenance should be well tuned to
achieve ideal bone remodeling. Consequently, naturally sourced
bone grafts are still of great importance and interest because
they are associated with a better host response.

Bovine-derived cancellous bone grafts are regarded as having
a similar structure to human bone; they are also inexpensive and
easily available in large amounts, making them ideal for produc-
ing xenografts [22]. However, the essential manufacturing pro-
cess, including defatting, decellularizing, and deproteinizing,
normally affects the toughness of the graft and the overall
mechanical performance [23]. Synthetic polymers and biomole-
cules are available choices for preparing and reinforcing biomate-
rials [24–26]. Therefore, the idea of xeno-hybrid bone grafts has
been introduced to treat bone defects, by combining a natural
bone mineral matrix with synthetic materials [20]. A typical pro-
duct is SmartBone�, which is manufactured by coating the
deproteinized bovine bone matrix with a biocompatible polymer
coating (poly(L-lactide-co-e-caprolactone), also called PLCL) and
bioactive molecules (arginine–glycine–aspartic acid (RGD)-
exposing collagen fragments from animal-derived gelatin) to cre-
ate a biomaterial that has similar characteristics to natural bone
[27–30]. The mechanical properties and biological performance
can be improved with the addition of the two aforementioned
materials [27,30].

In this study, we investigated the formulation for designing
xeno-hybrid bone grafts using gelatin from different sources. The
commercially available xeno-hybrid bone graft SmartBone� (man-
ufactured by I.B.I. SA, Switzerland) was used in this study. The
manufacturing process of SmartBone� strictly followed that in pre-
vious studies [27,30]; however, in this case, the grafts were made
using two different sources of gelatin: bovine- and porcine-
derived gelatin. The two different xeno-hybrid bone grafts were
characterized using scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDX), and micro-computer tomog-
raphy (micro-CT). After evaluating their cell responses in vitro with
human osteoblasts, we implanted the grafts in pig skulls and
assessed their host responses and bone regeneration potential at
Week 8 and Week 16 after surgery.
2

2. Materials and methods

2.1. SmartBone� development

Commercially available xeno-hybrid bone graft SmartBone�

was used in this study. This material is mainly composed of a
bovine bone-derived mineral matrix, which is improved by rein-
forcement with a co-polymer coating of PLCL and the addition of
RGD-exposing collagen fragments from animal-derived gelatin.
The detailed manufacturing process of SmartBone� has been
described in previous studies [27,30]; however, in the present case,
two types of gelatin utilized in the bone graft preparation: bovine-
and porcine-derived gelatin, and the bone grafts were named SBN
and SPK, respectively. Both gelatins are hydrolyzed, with a bloom
grade of (120 ± 10) g, manufactured following the standards of
the Gelatin Manufacturers of Europey, sourced from duly certified
food-chain animals, and accompanied by the certifications of Euro-
pean Directorate for the Quality of Medicines. Bovine gelatin was
sourced from bone and supplied by Merck KGaA under Ph.Eu. 7 com-
pliance (Emprove Pharma-Grade Raw Materials Division, Germany),
while porcine gelatin was extracted from hides and skin by Gelita
Medical GmbH (Germany). Both gelatins mainly consisted of colla-
gen type I fragments (>80%) [31], which are a known source of
RGD terminals and are commonly used in tissue engineering and
the medical devices industry.
Graft production, samples release, and characterization

SBN and SPK samples with different sizes were produced. Cubic
samples (10 mm � 10 mm � 10 mm) and cuboid samples
(10 mm � 10 mm � 30 mm) were used in mechanical tests. Sam-
ples that were 2 mm in height and 13 mm in diameter were used
for in vitro testing, and samples that were 4 mm in height and
16 mm in diameter were used for in vivo evaluation. All the batches
were released following the same SmartBone� standard release
procedures, under current Good Manufacturing Practice (c-GMP)
and ISO13485–2016 compliance (Industrie Biomedicine Insubri
SA, Switzerland).

The sample surface was examined by SEM (Hitachi Analytical
Table Top SEM TM3030; Hitachi, Japan) with backscattered elec-
tron at 15 keV. All samples were sputtered and observed at two dif-
ferent magnifications (100� and 600�; n = 5). Elemental analysis
was done on five selective areas of 637 mm � 381 mm with both
mapping and quantifiable measurements, with the sample being
tilted at 45� (Quantax70; Hitachi, Japan). The acquisition time
was set to 60 s and the X-ray counts had an average of 1.7 kilo-
counts per second (kcps). The concentrations of different elements
were given in atomic percentages.

Mechanical tests were performed using a Zwicki (ZwickRoell
GmbH & Co. KG, Germany) universal testing machine with testX-
pert (ZwickRoell GmbH & Co. KG, Germany) software equipped
with a 10 kN calibrated load cell, while compressing the specimen
between two parallel plates at a constant speed of 1 mm�min�1

under displacement control. The flexural strength was calculated
according to the formula r = 3FL/2bh2 (MPa), where F is the max-
imum load, L is the length of the support span, b is the width, and h
is the thickness of the sample.

Chemical characterization was carried out using attenuated
total reflection–Fourier transform infrared spectroscopy (ATR–
FTIR; Spectrum 100; Perkin-Elmer Instruments, USA). Five speci-
mens of each material were scanned at the mid-infrared range,
with a resolution of 2 cm�1 and 64 scans in transmission. In order
to provide optimal contact, the ATR crystal cubic sections
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Table 1
Information about the different donors.

Donor number Gender Age Position

1 Male 32 Distal femur
2 Male 13 Femur bone end
3 Female 20 Ulna/radius
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(3 mm� 3 mm� 3 mm) of the bone grafts were crushed to powder
and placed upon the ATR crystal. Each powder had the same pres-
sure exerted upon it, as controlled by the infrared (IR) software
(Perkin-Elmer, USA). Each spectrum was post data treated with
automatic baseline correction and data tuning (QUANT+ software;
Perkin-Elmer Instruments, USA). The average of five spectra was
presented for each sample.

All groups were scanned with the micro-CT system (Bruker
microCT1172, Belgium) with an aluminum copper filter. The scan-
ning parameters were set as follows: 104 lA, 95 kV, 0.400� for
image rotation, and 7.9 lm in resolution. Sectional images were
reconstructed to three-dimensional models in the software CTvox
(Bruker, Belgium), and snapshots were then obtained. The struc-
tural parameters including total porosity, surface/volume ratio,
surface density, intersection surface, structure thickness, and
structure separation were calculated using the software CT Analy-
sis (Bruker microCT, Belgium).

2.3. Cell culturing

Commercially available normal human osteoblasts (Lonza, Ger-
many) from three different donors were utilized for cell experi-
ments. Table 1 shows the detailed information of the donors.
Cells were cultured in osteoblast growth medium (Promocell, Ger-
many) in a standard cell culturing environment under a 37 �C
humidified atmosphere with 5% carbon dioxide (CO2). Cells
between Passages 5 and 7 were used for carrying out experiments.
The culturing medium was changed every three days for cell
expansion. To summarize the detailed experimental process, the
bone graft samples were first placed in 24-well plates, with four
repetitions, and a suspension of 8 � 104 cells with a volume of
200 lL was dropped onto the surface of each bone graft. After
30 min of incubation, a full volume of the culturing medium was
gently added, minimizing the irritation on the attached cells. The
medium was changed on Days 2, 5, and 7 of each week, and the
whole experiment lasted for 28 days. On Days 2, 7, 14, 21, and
28, which were all two days after the medium change, the medium
was collected for later proteins quantification.

2.4. Determination of cell viability

Lactate dehydrogenase (LDH) activity was used to indicate cyto-
toxicity of the bone grafts to human osteoblasts. Cells cultured in
growth media and treated with phosphate buffered saline (PBS)
were set as the negative control, and cells treated with 1% Triton
X-100 were used as the positive control. The reaction mixture
was prepared in advance with a catalyst and dye solution at a ratio
of 1:45 (Roche Diagnostics, Germany). After cell attachment and
48 h of culturing, 50 lL of medium was pipetted into another
newwell plate and mixed with 50 lL of reaction mixture. The sam-
ples were incubated at room temperature for 30 min and then read
in an enzyme-linked immunosorbent assay (ELISA) reader at
490 nm. The results were presented relative to the control by cal-
culating the optical density (OD) value using the following
equation:

Cytotoxicity ¼ Experimental group � Negative controlð Þ =
Positive control � Negative controlð Þ � 100% ð1Þ
2.5. Confocal microscopy

Confocal microscopy was performed on Days 2, 7, 14, and 28 to
observe the cell behaviors. At the designed time points, the sam-
ples were washed with PBS three times and fixed in 4%
paraformaldehyde for 12 min. After being washed with PBS again,
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the samples were stained with Alexa 488-labeled phalloidin for 1 h
and with 40,6-diamidino-2-phenylindole (DAPI) for 20 min. The
confocal images were taken using laser scanning confocal micro-
scopy (Leica TCS SPE Microsystems Wetzlar GmbH, Germany)
and analyzed using Image J software (National Institutes of Health,
USA).
2.6. Quantification of specific extracellular proteins

On Days 2, 7, 14, 21, and 28, the culturing medium in each well
was collected. Multi-Analyte Profiling (xMAP) of protein levels was
performed on the Luminex 200 system (Luminex, USA) for each
medium sample. Bone Metabolism Multiplex Assay (Human Bone
Magnetic Bead Panel; MILLIPLEX, Germany) was used in this study,
which provided the quantification of osteocalcin (OC), osteopontin
(OPN), osteoprotegerin (OPG), Dickkopf–related protein-1 (DKK-1),
sclerostin (SOST), interleukin-6 (IL-6), and tumor necrosis factor–a
(TNF-a). The acquired fluorescence data were analyzed in xPO-
NENT 3.1 software (Luminex, USA). All processes were completed
according to the manufacturer’s protocols.
2.7. Animal surgery

The experimental phase of the study was carried out at the
Veterinary Teaching Hospital in the University of Santiago in Lugo,
Spain. The study protocol was approved (proceeding code: CEBIO-
VET (AE-LV-001)) by the Ethical Committee of the Rof Codina
Foundation (Lugo, Spain). The investigation was conducted accord-
ing to Spanish and European Union regulations (European Commu-
nities Council Directive 86/609/EEC) on experimental in vivo
experimentation. Hybrid pigs from breeding farm, Spain (age: 3–
4 months, quarantine period: 21 days), were used for in vivo eval-
uation. The animals were kept as a group in an area with natural
light, air renewal, and regulated temperature, and were fed using
a specific granular diet for their species with free water supply.
The animals were premedicated with ketamine (10.0 mg�kg�1),
midazolam (0.5 mg�kg�1), morphine (0.5 mg�kg�1), and meloxicam
(0.2 mg�kg�1) by intramuscular injection for pain control under
veterinary care. The surgical procedure was carried out under gen-
eral anesthesia induced with propofol (2–4 mg�kg�1; Abbott Labo-
ratories, UK) by intravenous injection and maintained with
iso/sevoflurane (Schering-Plow, Spain). During anesthesia, the
electrocardiography, capnography, pulse oximetry, and noninva-
sive blood pressure were all monitored. The pigs were monitored
daily and during the interventions by a veterinarian trained and
accredited in the science of laboratory animals (categories B or C,
functions a, b, and c). To summarize the detailed surgical proce-
dure, a longitudinal incision was made at the level of the frontal
bones and the muscles were reflected. Then, four perforations were
made at the level of the frontal and parietal bones under continu-
ous irrigation with sterile saline. The disc samples (4 mm in height
and 16 mm in diameter), with four repetitions, were then
implanted in the defect site. All the defects were covered with a
bovine pericardium membrane (Tutogen Medical GmbH,
Germany) and immobilized with five titanium screws, which were
also important for accurate guidance in later micro-CT and histol-
ogy analyses (Fig. 1(a)–(d)). Muscular, subcutaneous, and skin



Fig. 1. Animal surgery illustration. (a–d) Surgery design: (a) four full thickness defects were created in the cranium with five titanium screws as reference; (b) defects
creation; (c) implantation of samples; and (d) pericardiummembrane fixation with titanium screws. (e–g) Histological sectioning method: (e) samples were first cut into four
pieces; (f) each piece was halved according to the green plane; and (g) slices were sectioned according to the red plane.

H. Zhu, Håvard Jostein Haugen, G. Perale et al. Engineering xxx (xxxx) xxx
tissue were then gently closed. Antibiotic prophylaxis was admin-
istered subcutaneously once a day for one week using amoxicillin
(20 mg�kg�1). Cone beam computer tomography (CBCT) images
were obtained immediately after surgery, after 8 weeks, and after
16 weeks. After previous sedation, the animals were sacrificed by
an overdose of pentobarbital (40–60 mg�kg�1) by intravenous
injection after 8 and 16 weeks. The skulls were dissected and the
bone blocks with the defects under study were obtained, fixed in
a 4% paraformaldehyde for 4–7 days at 4 �C.

2.8. Micro-CT analysis

The fixed pig skulls were scanned in a micro-CT system with an
aluminum copper filter. The scanning parameters were set as fol-
lows: 104 lA, 95 kV, 0.400� for image rotation, and 7.9 lm in res-
olution. After reconstruction, the region of interest (ROI) was
relocated with the guidance of the previously implanted titanium
screws. A cylindrical ROI of 16 mm in diameter and 4 mm in thick-
ness was made in each sample for quantification. To study the
effect of the samples on the space exceeding the defect area,
another ROI with an expanded height of 5 mm (2.5 mm on both
sides) was created. Morphometrical parameters including bone
volume ratio (BV/TV), bone surface/volume ratio (BS/BV), bone sur-
face density (BS/TV), trabecular thickness (Tb.Th), and trabecular
separation (Tb.Sp) were calculated. BV/TV was also calculated for
the rings with different distances from the defect center, 1 mm
per step in diameter, to build the BV/TV profile of the defect area.

2.9. Histological analysis

The acquired skulls were first cut into four pieces along the
cross line with the titanium screws as reference, so that the exper-
imental area was not damaged (Fig. 1(e)). For each piece of bone, a
cut was first made through the center of the defect to halve the
samples, then lateral sectioning was performed on the halved sam-
ple (Fig. 1(f)). The samples were dealt with according to standard
hard-tissue sectioning protocol. In brief, samples were dehydrated
stepwise with ethanol and embedded in methyl methacrylate
4

(MMA) resin. The section plane was perpendicular to the surface
of the sample along the line from the center to the border (Fig. 1
(g)). Van Gieson’s staining was performed after sectioning.
2.10. Statistical analysis

Datasets were run for normality tests first. The results were
expressed as mean ± standard deviation (SD). For multiple compar-
isons among groups, one-way analysis of variance (ANOVA) and
Tukey’s tests were utilized, while two-way ANOVA and Bonferroni
post-tests were applied when the results from time points were
collected. Statistical analysis was carried out in Statistical Product
and Service Solutions software (SPSS12; IBM SPSS, USA). Significant
differences were set at p < 0.05.
3. Results

3.1. Basic characterizations of SBN and SPK

The SEM results showed microstructures of spongy bone for
both SBN and SPK, with no morphological significant difference
between them. Energy dispersive X-ray spectroscopy (EDX)
showed that all the elements, including calcium, oxygen, carbon,
nitrogen, and phosphorus, were homogenously distributed
(Fig. 2); no significant difference was found in elemental quantifi-
cation (Table 2). Because nitrogen was only present in the mineral-
ized matrix and PLCL, it can be regarded as a gelatin marker,
indicating a homogenous distribution of gelatin on the graft
surface.
3.2. Mechanical test of SBN and SPK

The compressive properties of SBN and SPK were evaluated. As
shown in Table 3, the maximum compressive stress, compressive
modulus, and flexural strength of the SBN and SPK had no signifi-
cant differences.



Fig. 2. Representative images of the SEM and EDX results for SPK and SBN. HL: high resolution lens; HV: high voltage; WD: work distance; BSE: backscattered electrons.

Table 2
Elemental quantification of SBN and SPK groups analyzed by EDX.

Element SBN SPK Significant difference

Oxygen 43.100 ± 0.369 43.100 ± 0.401 None
Calcium 16.400 ± 0.409 16.400 ± 0.405 None
Carbon 26.800 ± 0.045 26.800 ± 0.045 None
Phosphorus 8.000 ± 0.085 7.800 ± 0.409 None
Nitrogen 5.000 ± 0.115 4.900 ± 0.044 None
Sodium 0.400 ± 0.045 0.500 ± 0.159 None
Magnesium 0.200 ± 0.035 0.200 ± 0.035 None

Table 3
Compressive properties of SBN and SPK (n = 6).

Mechanical properties SBN SPK Significant
difference

Maximum compressive stress
(MPa)

28.20 ± 2.60 27.70 ± 3.10 None

Compressive modulus (GPa) 0.45 ± 0.09 0.41 ± 0.11 None
Flexural strength (MPa) 13.80 ± 0.70 13.30 ± 0.90 None

Fig. 3. Average FTIR spectra from five samples of SBN and SPK, displaying identical
chemical structures. Major infrared peaks have been labeled.

Table 4
Micro-CT analysis of the SBN and SPK groups.

Morphometrical parameters SBN SPK Significant
difference

Total porosity (%) 73.41 ± 2.06 74.32 ± 1.32 None
Surface/volume ratio

(mm�1)
29.45 ± 4.93 27.27 ± 3.72 None

Surface density (mm2) 7.77 ± 0.79 6.97 ± 0.65 None
Intersection surface (mm2) 13.13 ± 0.66 13.76 ± 0.71 None
Structure thickness (lm) 139.87 ± 12.95 149.10 ± 10.17 None
Structure separation (lm) 396.26 ± 11.01 446.10 ± 40.31 None
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3.3. Chemical characterization of SBN and SPK

Fig. 3 presents the average of five different spectra for each
sample and reveals no major difference in organic structure
between SPK and SBN. The presence of PLCL polymer coating of
both SBN and SPK is demonstrated by peaks: 3450 cm�1 (–OH
groups); 2950 cm�1 (asymmetric CH3 stretching); 1410, 2030,
and 2160 cm�1 (carbonyl); and 1640 cm�1 (C–O–C). The mineral
nature of the matrix is shown by the presence of phosphate groups
with peaks at 600 and 1050 cm�1, which are typical of hydroxya-
patite. Gelatin is demonstrated by the characteristic protein bands
at 1651 cm�1 (amide I) and 1551 cm�1 (amide II). Therefore, it can
be seen that the polymer and gelatin were effectively deposited for
both the SPK and SBN bone matrix, and that there were no chem-
ical differences between the tested samples.

3.4. Structural characterization of SBN and SPK

The micro-CT results displayed no structural difference
between the groups in terms of their total porosity, surface/volume
5

ratio, surface density, intersection surface, structure thickness, and
structure separation (Table 4). The pores inside the bone grafts
were accessible through each other, and no closed pores were
detected. Since the organic matter and mineralized matrix had dif-
ferent attenuation on the X-ray, we labeled them with different
colors for better observation. The organic matter, PLCL, and gelatin
were uniformly spread among the pores of the graft matrix, with-
out affecting the open interconnectivity (Fig. 4).



Fig. 4. Representative images from the micro-CT analysis. (a) Sectional images; (b) 3D reconstructed models; (c) 3D reconstructed models with color labels. The red color
indicates organic matter (PLCL and gelatin) and the green color indicates the mineralized matrix.
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3.5. Cytotoxicity test of SBN and SPK

No difference was detected in the cytotoxic effects of the two
groups with osteoblasts from three different donors. Cell viability
was higher in Donors 1 and 3 than in Donor 2 (Fig. 5).
3.6. Cell behavior on SBN and SPK

Cell behavior was observed via laser scanning confocal micro-
scopy. The cytoskeleton was stained with Alexa488-labeled phal-
loidin (green) and the nuclei was stained with DAPI (blue). In the
initial stage, enhanced cell attachment on SPK could be detected
after two days for all donors tested, whereas the cells cultured
on SBN continued to have round shapes. Compared with the SBN
group, strong proliferation effects were detected in the SPK group
after 14 days, and a large number of cells were subsequently
observed after 28 days. The three donors exhibited similar trends
(Fig. 6 and Figs. S1 and S2 in Appendix A). Further quantification
in the form of the cell coverage ratio (actin area/graft area) was
performed. Significant differences were found in Donor 1 on Days
Fig. 5. Cytotoxic effect after 48 h of culturing human osteoblast cells from three
different donors on SBN and SPK using an LDH activity assay.
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7, 14, and 28; in Donor 2 on Days 2 and 28; and in Donor 3 at each
time point (Fig. 7).
3.7. Extracellular protein quantification of cells cultured on SBN and
SPK

In regard to the osteogenic markers, OC generally exhibited
higher expression in SBN than in SPK. Fig. 8 shows significant dif-
ferences in OC on Days 2 and 7 in Donor 1; on Days 2, 21, and 28 in
Donor 2; and at all time points (except Day 21) in Donor 3. How-
ever, the cells cultured on SPK secreted more OPN and OPG com-
pared with the cells cultured on SBN. A significant increase was
detected for OPN at later time points, such as after 21 and 28 days
in SPK in all three donors. Donor 1 and Donor 2 also had statistical
differences in OPN on Day 14. The OPG secretion from cells on SPK
was generally higher than that on SBN, but a significant difference
could only be observed in Donor 1 on Days 7, 14, and 21; and in
Donor 2 on Day 28. For DKK-1 and SOST, few differences were
noticed, with the only statistical difference found on Day 2 for
SOST in Donor 2. Regarding the secretion of IL-6, significant differ-
ence could only be found on Day 7 of culturing in Donor 2 when
comparing the two groups. Concerning TNF-a, the secretion was
kept at a low level during the whole process for both SBN and
SPK. All three donors showed similar trends during the whole
experiment (Fig. 8).
3.8. Animal experiments and CBCT evaluation of the healing results

Hybrid pigs were used to create the bone defect model for the
in vivo evaluation. CBCT images were obtained immediately after
the operation, as well as at 8 and 16 weeks after the surgery. After
eight weeks of implantation, the bone defect areas with SBN and
SPK were covered with new bone, while the control group
remained half unfilled (Fig. 9). After 16 weeks of healing, the defect
site was still noticeable in the control group, while the SBN and SPK
groups displayed signs of full healing.



Fig. 6. Representative images of osteoblast cell behavior from Donor 1 taken by laser scanning confocal microscopy on Day 2, 7, 14 and 28.

Fig. 7. Quantification of the cell coverage ratio of the bone grafts, i.e., actin area/graft area. (a) Donor 1, (b) Donor 2, and (c) Donor 3. *p < 0.05; **p < 0.01; ***p < 0.001.
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3.9. Micro-CT evaluation after in vivo experiments

Upon examining the reconstructed models, it was noticeable
that, after eight weeks of healing, the SBN samples were not fully
degraded, while the residue grafts in the defects filled with SPK
samples were undetectable, indicating complete resorption. After
16 weeks of healing, the defects filled with SBN and SPK could
not be detected due to new bone formation at the site (Fig. 10).

A cylindrical ROI of 16 mm in diameter and 4 mm in thickness
was made in each sample for quantification (Fig. 11). To study the
effect of the samples on the space exceeding the defect area,
another ROI with an expanded height of 5 mm (2.5 mm on both
sides) was created (Fig. 11(a) and (b)). After 16 weeks of healing,
significant differences were observed in BV/TV between the
groups. The SBN group exhibited the highest BV/TV, with a signif-
icant difference compared with the control and SPK groups. The
SPK group also exhibited a significantly higher BV/TV compared
with the control group (Fig. 11(e)). No significant difference was
detected in terms of BS/BV (Fig. 11(f)). A significant difference
was also detected in BS/TV when comparing the SPK group with
the control group after eight weeks of healing, and when compar-
ing both treated groups with the control group after 16 weeks of
healing (Fig. 11(g)). Regarding trabecular parameters, the SPK
group was statistically lower in terms of both Tb.Th and Tb.Sp
when compared with the control group after eight weeks of heal-
ing (Fig. 11(h) and (i)). The SBN group also exhibited the lowest
Tb.Sp after 16 weeks of healing, with significant differences com-
pared with the control and SPK groups (Fig. 11(i)).

Concerning the analysis of the extended ROI with 5 mm of
height, although both the SBN and SPK groups demonstrated
increased BV/TV levels after 16 weeks of healing, a significant dif-
ference was only detected when comparing the SBN and control
groups (Fig. 11(j)). The results of BS/BV, BS/TV, Tb.Th, and Tb.Sp
7

generally showed trends similar to the results from the ROI with
4 mm of height (Fig. 11(k)–(n)).

When observing the BV/TV variation profile, it was seen that the
SBN and SPK groups generally exhibited better bone volume com-
pared with the control group. After eight weeks of healing, the SBN
group had higher bone volume than the SPK group near the defect
boundary, while the SPK group promoted more bone formation
than the SBN group close to the center. After 16 weeks of healing,
both the SBN and SPK groups exhibited evenly distributed BV/TV,
with higher values for the SBN group than the SPK group (Fig. 11
(c) and (d)).
3.10. Histological evaluation of the defect area

After eight weeks of healing, new bone formation was detected
in the SBN and SPK groups, with full coverage of bone tissue on the
defect area close to the bottom side (brain side). Residue particles
from the bone graft could still be detected on the top (Fig. 12). After
16 weeks of healing, a full thickness of newly formed bone tissue
was observed in the SPK group, with total resorption of the bone
grafts. However, SBN did not display as well as SPK in terms of
degradation. In the control group, bone tissue was also formed,
albeit not as much as in the treated groups. In the SPK group, the
bone structure maturation was from the center to the border, as
the trabeculae close to the center was generally thicker than that
close to the border, with a noticeable boundary between the newly
formed bone tissue and the defect margin.
4. Discussion

SBN establishes a microstructure similar to that of healthy
human spongy bone, and the polymeric reinforcement of SBN



Fig. 8. Quantification of specific extracellular proteins. (a) Donor 1, (b) Donor 2, and (c) Donor 3. *p < 0.05; **p < 0.01; ***p < 0.001.

H. Zhu, Håvard Jostein Haugen, G. Perale et al. Engineering xxx (xxxx) xxx
provides better osteointegration compared with a bovine-based
xenograft [30,32]. When analyzing the polymer coating on SPK,
we confirmed that the microstructure was comparable to that
8

of SBN. In addition, the gelatin was homogenously distributed,
as uniform spread was observed during EDX analysis. This is a
statistically homogeneous coating structure, which is meant to



Fig. 9. Representative images of CBCT analysis at different time points. (a,d) Immediately after surgery; (b,e) 8 weeks after surgery; and (c,f) 16 weeks after surgery.

Fig. 10. Representative images of micro-CT 3D reconstruction of the defect area in (a) the control group, (b) the SBN group, and (c) the SPK group after 8 and 16 weeks of
healing.
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mimic natural tissues that do not display strictly homogenous
structures [33].

Both SBN and SPK exhibited satisfying structural features, as
confirmed by micro-CT analysis. The addition of different types
of gelatin did not affect the pore structure of the bone grafts. Both
SBN and SPK had ideal porosity and pore size, with all pores open
and accessible through interconnection. The coating made of
biopolymers and gelatin was statistically homogenously dis-
tributed among the pores without affecting the connectivity. This
combination provided an ideal environment for cells to attach,
allowing for cell migration and proliferation.
9

Changing the gelatin source did not significantly affect the cyto-
toxicity of the grafts, although the donors differed in their viability.
It was observed that SPK had a more favorable microenvironment
for osteoblasts to adhere and proliferate than SBN, not only at the
initial stage but also at the later time points. The quantification
results further proved that a high percentage of the SPK surface
was covered with cells.

The Luminex results provided detailed information about how
SBN and SPK influence the osteoblast phenotypes. OC is one of
the most abundant proteins in bone and is produced exclusively
by osteoblasts [34–37]. SBN, with a bovine-derived gelatin coating,



Fig. 11. Quantification analysis of new bone formation in the defect area. (a,b) Illustrations of ROI. ROI was set as a cylinder, with two different heights (4 and 5 mm); (c,d)
representative BV/TV variation profile from the boundary to the center of the defect area for a height of 4 mm. (e–i) quantification results based on the 4 mm height ROI; (j–n)
quantification results based on the 5 mm height ROI *p < 0.05 when comparing SPK with SBN, and #p < 0.05 when comparing SPK with the control.
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facilitated the secretion of OC. OC was identified as being involved
in the process of mineralization rather than matrix production;
therefore, the cells on SBN were more in a state of depositing min-
erals than in a state of proliferation. OPN is a secreted phosphopro-
tein that was first identified in the mineralized matrix of bone; it is
related to immune modulation and wound healing [38–43]. OPN is
also a structural molecule in the bone matrix linking organic–min-
eral interfaces and contributing to the structural integrity and
toughness of bone [44]. Osteoblasts from all the donors had high
secretion of OPN on the SPK bone grafts, indicating that these cells
10
underwent a process of tissue repairing and regeneration. On the
other hand, since OPN is also an RGD-containing molecule [45–
47], enhanced secretion of OPN in the SPK group could further pro-
mote cell migration, adhesion, and proliferation, reinforcing the
bioactivity of the SPK bone graft compared with the SBN bone
graft. The secretion of DKK-1 and SOST showed barely any differ-
ence during the whole process in all donors; thus, osteogenesis
was not inhibited for either SBN or SPK.

OPG is a decoy receptor for RANKL, as it interrupts the interac-
tion of receptor activator for nuclear factor-jB ligand/receptor



Fig. 12. Representative images of Van Gieson’s staining of all three groups. (a) After 8 weeks of healing; (b) after 16 weeks of healing.
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activator for nuclear factor-jB (RANKL/RANK) and thereby inhibits
both the differentiation and the function of osteoclasts [48–51].
Here, osteoblasts seeded on the SPK surface generally displayed
higher expression of OPG than those seeded on the SBN surface,
indicating that osteoclast activity was potentially inhibited once
SPK was implanted in the bone defect area, which favored the pro-
cess of bone repair. IL-6 and TNF-a are also important mediators of
osteoclast genesis [52,53]. Although TNF-a increased during the
whole process, there was no difference between the two groups
in any of the donors, and the concentration remained at a low level.
The level of IL-6 was relatively stable in all donors during the
whole experiment, except for that of Donor 2, which decreased
after seven days in the SBN group. These results indicate that both
SBN and SPK had a slight influence on osteoclast activation.

The animal experiment further exhibited the osteogenic capa-
bilities of both SBN and SPK. Bone ingrowth and defect healing
were observed after 8 and 16 weeks of healing using CBCT. Using
micro-CT analysis, it was found that both SBN and SPK could pro-
mote new bone formation, with SBN generating higher bone vol-
ume than SPK. When we expanded the ROI area to 5 mm in
height, the bone structure parameters showed hardly any decrease,
indicating that the effect was not only limited to the bone graft
area, but also expanded to the surrounding environment. The BV/
TV variation profile further demonstrated that SPK had an earlier
effect on osteogenesis than SBN at the early time point, and that
SBN had greater bone formation than SPK when given 16 weeks
of healing. After 16 weeks of healing, the newly formed bone
exhibited a homogenous structure for both the SBN and SPK
groups. Histological evaluation further demonstrated that after
eight weeks of healing, the SBN and SPK groups were not fully
resorbed, while after 16 weeks of healing, SPK was fully degraded
and the defect area was filled with the newly regenerated bone tis-
sue, which had a relatively mature structure.

The bone grafts generally underwent a process of resorption
and remodeling after implantation. An appropriate balance
between resorption and volume maintenance is important for
achieving ideal bone remodeling. Thus, an ideal bone graft is
expected to be replaced by bone and remodeled at a tailored
absorption rate [20,54,55]. In this study, the SBN and SPK groups
showed different degradation speeds. The SBN had lower resorp-
tion speed compared with SPK, but both had full resorption and
bone formation after 16 weeks of healing. Although the young pigs
had relatively more activity during this process, which might
11
accelerate the process of resorption, the regeneration speed was
still in accordance with the degradation speed. Histology results
also confirmed this finding, in which mature bone tissue was
formed from the center to the border. Therefore, SBN and SPK pro-
vided different solutions for resorption and regeneration balance.
5. Conclusions

In this study, we investigated the bone regeneration potential of
different sources of gelatin. To evaluate their osteogenic potential,
we embedded them into a well-established xeno-hybrid bone
graft, SmartBone�. We demonstrated that gelatins from both
bovine and porcine sources can be loaded onto bone grafts success-
fully and safely, and can withstand the heavy manufacturing pro-
cesses including the use of aggressive solvents and sterilization.
The results from this study verified the enhanced bone cells’
response using in vitro tests and demonstrated osteogenesis using
in vivo experiments. SBN was found to enhance osteocalcin secre-
tion, while SPK was found to upregulate osteopontin from human
osteoblasts. Both bone grafts promoted osteogenesis, but SPK
degraded earlier than SBN. Overall, we have demonstrated that
these xeno-hybrid bone grafts possess an ideal balance of resorp-
tion and regeneration for bone defect repairing.
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