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Abstract 

Xenografts are commonly used for bone regeneration in dental and  
orthopaedic domains to repair bone voids and other defects. The 
first-generation xenografts were made through sintering, which 
deproteinizes them and alters their crystallinity, while later xeno
grafts are produced using cold-temperature chemical treatments 
to maintain the structural collagen phase. However, the impact of 
collagen and the crystalline phase on physicochemical properties 
have not been elucidated. We hypothesized that understanding 
these factors could explain why the latter provides improved bone 
regeneration clinically. In this study, we compared two types of 
xenografts, one prepared through a low-temperature chemical 
process (Treated) and another subsequently sintered at 1100�C 
(Sintered) using advanced microscopy, spectroscopy, X-ray analy
sis and compressive testing. Our investigation showed that the Treated bone graft was free of residual blood, lipids or cell debris, mit
igating the risk of pathogen transmission. Meanwhile, the sintering process removed collagen and the carbonate phase of the 
Sintered graft, leaving only calcium phosphate and increased mineral crystallinity. Microcomputed tomography revealed that the 
Treated graft exhibited an increased high porosity (81%) and pore size compared to untreated bone, whereas the Sintered graft exhib
ited shrinkage, which reduced the porosity (72%), pore size and strut size. Additionally, scanning electron microscopy displayed 
crack formation around the pores of the Sintered graft. The Treated graft displayed median mechanical properties comparable to na
tive cancellous bone and clinically available solutions, with an apparent modulus of 166 MPa, yield stress of 5.5 MPa and yield strain 
of 4.9%. In contrast, the Sintered graft exhibited a lower median apparent modulus of 57 MPa. It failed in a brittle manner at a median 
stress of 1.7 MPa and strain level of 2.9%, demonstrating the structural importance of the collagen phase. This indicates why bone 
grafts prepared through cold-temperature processes are clinically favourable.
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Introduction
Bone regeneration needs are diverse, including dental, orthopae
dic and spinal applications. A commonality, however, is that 
bone grafts quickly need to integrate with the native bone, not 
provoke any chronic inflammatory response or transfer of patho
genesis, and it needs to provide adequate mechanical support 
immediately [1]. In the case of dental application, e.g. sinus lift, 

grafts are typically used such that a dental implant can be 

inserted 6 months after the grafting procedure [2, 3]. For ortho

paedic and spinal application, the graft must, in combination 

with any support plates, screws or cages, provide enough me

chanical support to prevent movement that can inhibit fracture 

healing, e.g. for tibial plateau fractures [4]. In all cases, biological 

performance is crucial as quicker bone growth will increase 
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patient satisfaction and can reduce healthcare costs. An ideal 
bone graft should exhibit osteoconductive properties, have a high 
porosity, and be able to take loading [5]. However, as pointed out 
by de Lacerda Schickert et al. [6], the biological and mechanical 
requirements for loading applications are often contradictory. 
Thus, a trade-off between these properties is required during the 
manufacturing process.

For animal-derived tissues, the European Medical Device 
Regulations (MDR—2017/745) and regulation 2012/722 on the use 
of medical devices of animal origin requires the tissue to be 
sourced in a manner that minimizes the risk of pathogens trans
mission by implementing validated methods for the inactivation 
or elimination of these pathogens during the manufacturing [7, 
8]. The ISO 22442-series provides a reference for adequate risk 
management for these tissues. In terms of bovine-sourced grafts, 
the main concern is bovine spongiform encephalopathy, which the 
European Pharmacopoeia suggests can be inactivated or elimi
nated using sodium hydroxide, sodium hypochlorite or tempera
tures above 133�C [9]. Many producers sinter their grafts at 
temperatures typically ranging between 300�C and 1200�C, which 
does indeed remove any pathogens. Still, it also makes a xeno
graft fully inorganic by removing the collagen and changing the 
mineral structure to a high degree of crystallinity. This is the 
case with Bio-Oss®, the market-leading bone graft for dental 
applications in Europe, which uses temperatures up to 300�C 
during the sintering [10]. Newer methods produced deproteinized 
xenografts using process temperatures as low as 160�C, which 
can provide some advantages to Bio-Oss® regarding improved 
bioresorption [11]. Native bone consists of low crystalline apatite 
and collagen, where the mineral crystals are nucleated and grow 
out of the collagen, yielding a composite material hierarchically 
organized down to a nanoscale [12]. This provides the combined 
high mechanical stiffness and high fracture toughness, where 
the collagen fibres are essential for the latter property [13]. The 
fracture toughness prevents catastrophic failure of the graft 
when exposed to loading, which a bone graft will typically experi
ence after implantation.

Although many methods comprise high-temperature sinter
ing [14], there are also possibilities for using biologically viable 
temperatures, maintaining the collagen and, thereby, the frac
ture toughness. There are also indications that they provide 
improved bone formation clinically [15]. Considering these cold- 
temperature methods for preparing allografts (human-derived) 
and xenografts, most cleaning procedures start with treatments 
to remove the bone marrow components from the structure. 
Over the last decade, a series of articles have started cleaning 
with 1% Triton X-100 (polyethylene glycol tert-octylphenyl ether), 
a non-ionic surfactant [16–21]. However, Triton X-100 has been 
put on the SVHC (Substances of Very High Concern) list accord
ing to the REACH (Registration, Evaluation, Authorisation and 
Restriction of Chemicals) regulation by the European Chemical 
Agency due to its endocrine-disrupting properties [22] and is 
therefore not suitable for preparation of bone grafts. The applica
tion of 3% hydrogen peroxide and 70% ethanol for additional fat 
removal has also been documented [17].

Other commonly used agents include sodium hydroxide for vi
ral and prion inactivation and oxidizing agents such as hydrogen 
peroxide to eliminate cells and debris. However, both are recog
nized to have detrimental effects on the mineral and collagen 
structure of bone [23]. Therefore, the concentration and process
ing time should be kept to a minimum.

Tutoplast xenograft by Tutogen Gmbh utilizes a series of 
steps, including hydrogen peroxide, sodium hydroxide and 

acetone [23]. The process has been described in detail by Schoepf 

[24]: (i) removal of lipids with an ultrasonic acid bath, which is 
also claimed to reduce any prion load by two-log and inactivating 
viruses; (ii) rinse in baths of hyperosmotic salt water, which 

erupts the cell membrane, exposing any intracellular viruses and 
wash out cell debris, including bacteria; (iii) hydrogen peroxide is 
then used to eliminate soluble proteins, viruses and bacterial 

spores through oxidation; and (iv) a final acetone bath is used to 
reassure removal of prions and virus inactivation. After that, the 
graft is dehydrated using vacuum extraction before it is sterilized 

using low-dose gamma irradiation (17.8–20.1 kGy). Typically, for 
dental applications, allografts are consumed in the American 
market and bovine xenografts in the European market [5]. Bansal 

et al. [25] showed that xenograft blocks made with the Tutoplast 
method could support fracture union in tibia plateau fracture 
while maintaining mechanical integrity. Indeed, an elder patient 

group (average age of 74, n¼19) observed an average union time 
of 20 weeks and an average collapse of 4 mm. This demonstrates 
the relevance of non-sintered xenografts for orthopaedic 

application.
Currently, two xenografts are available in the clinic: sintered 

grafts and grafts are prepared through cold-temperature chemi

cal cleaning. We hypothesize that the cold-temperature process 
is favourable as the collagen structure is maintained and the 
crystallinity of the apatite is not altered, but this has not been 

elucidated in the literature. This study compares bovine xeno
grafts prepared by cold-temperature cleaning (Treated) or sinter
ing (Sintered). The cleaning process of the treated graft has been 

optimized to remove bone marrow from any potential prions, kill 
bacteria and inactivate viruses while maintaining a polycrystal 
mineral structure and limiting damage to the collagen phase. We 

have compared the two grafts from a physicochemical, morpho
logical and mechanical perspective, and we have applied cyto
toxicity and endotoxin testing. By including clinically available 

controls, we have benchmarked our results and reassured the 
relevance of our work.

Materials and methods
Materials
All chemicals were ordered in pharmaceutical-grade versions 
from VWR Switzerland. Blocks of cancellous bovine bone from 
the femur condyle of young bulls were acquired from Rapelli SA 

(Stabio, Switzerland). Positive control groups were purchased di
rectly from the supplier, used as supplied and were as follows: 
BTM® granules of 0.25–1 mm (allograft—IOR Bologna, Italy), 

Tutogen blocks of 10 × 10 × 10 mm3 and granules of 0.25–1 mm 
(xenograft from Tutoplast® process—Tutogen Medical GmbH, 
Erlangen, Germany) and Bio-Oss® granules of 0.25–1 mm 

(deproteinized xenograft—Geistlich Pharma AG, Wolhousen, 
Switzerland). The Treated grafts were kindly prepared by 
Industrie Biomediche Insubri SA (Mezzovico-Vira, Switzerland) in 

ISO 13485:2016 compliant Good Laboratory Practice (GLP) facili
ties through a series of hypo/hyperosmotic soaks, solvent dehy
dration using polar aprotic solvent, lipid degradation with 

alkaline solution, such as sodium hydroxide solution, treatment 
with oxidating agent. The Treated grafts were produced in blocks 
of 10 × 10 × 10 mm3 or chips of 10 × 10 × 4 mm3. Negative control 

samples (‘untreated’) were obtained by centrifuging at 8000 rpm 
for 5 min to open porosity by extracting bone marrow. However, 
they did not undergo any chemical treatments.

2 | Regenerative Biomaterials, 2024, Vol. 11, rbae093  

D
ow

nloaded from
 https://academ

ic.oup.com
/rb/article/doi/10.1093/rb/rbae093/7733582 by guest on 05 Septem

ber 2024



Preparation of samples for testing
The sintered graft (from now on Sintered) was prepared by sinter

ing the Treated grafts for 1 h in a furnace at 1100�C at a heating 

and cooling rate of 5�C per minute (HTC-08/16, Nabertherm 

GmbH, Bremen, Germany). For cell testing, individual chips of 

Treated and Sintered grafts were packed in double pouching and 

sterilized using electron beam irradiation (25 kGry). For the re

cording of Fourier transformation infrared spectroscopy (FTIR), 

X-ray diffraction pattern (XRD) and transmission electron mi

croscopy (TEM) analysis, the samples (except for Bio-Oss) were 

ground into a fine powder using a Mini-Mill PULVERISETTE 23 

(FRITCH, Idar-Oberstein, Germany) ball mill.

Attenuated total reflectance—Fourier transform 
infrared spectroscopy
ATR-FTIR spectra of the samples were collected on a NicoletTM 

iS50 FTIR spectrometer (Varian Inc., Palo Alto, CA, USA) with the 

built-in ATR module. The spectra were collected in the mid- 

infrared range between 400 and 4000 cm−1 at a resolution of 

4 cm−1 by co-adding 64 scans. Background spectrum with no 

sample in the infrared beam was acquired before the collection 

of the sample spectrum. Then, the background spectrum was 

subtracted from the sample spectrum. The absorption ratio at 

1030/1110 cm−1 was used to calculate the crystallinity maturity 

ratio [26].

Thermogravimetric analysis and differential 
scanning calorimetry
Simultaneous thermal analyser TGA/DSC 3þ (METTLER TOLEDO, 

USA) was used for TGA/DSC analysis of the samples. 

Approximately 45–60 mg of the sample was loaded into an alumina 

crucible and heated from 30�C to 1100�C at a rate of 10�C/min un

der flowing air (10 ml/min). The collagen content was determined 

by evaluating the mass change around the exothermic peak around 

350–375�C, as previously established [27, 28].

X-ray diffraction
The samples’ XRD patterns were recorded on a Malvern 

Panalytical Aeris (Malvern Panalytical, UK) XRD operated at 40 kV 

and 15 mA (Cu Kα radiation). Diffraction data were collected in a 

10–70� 2θ range, with a step size of 0.04�. The total measurement 

time for each sample was 20 min. The material was identified by 

comparing peak position and intensity to a reference material of 

hexagonal hydroxyapatite [29, 30].

X-ray microscopy
MicroCT was conducted with a Skyscan 1172 (Bruker-microCT, 

Kontich, Belgium) using a pixel resolution of 8.21 µm, and the X- 

ray source set at 64 kV and 148 µA, corresponding to a power of 

9 W. A 360� scan was conducted with 0.53� steps, using an aver

age of three frames per step. The reconstruction was done with 

Skyscan NRecon (Bruker-microCT, Kontich, Belgium). A ring arte

fact reduction of 8 was used for the reconstruction, along with a 

beam hardening correction of 60%. The signal was threshold be

tween 0.02 and 0.75. Lastly, the post-processing was defined in 

CTan (Bruker-microCT, Kontich, Belgium) and executed in the 

batch processing software BatMan. For the post-processing defi

nition, a volume of interest of 9743 px3 was chosen. From the 

processing, 3D morphological properties were derived along with 

the pore accessibility.

Scanning and transmission electron microscopy
The surface morphology of the samples was investigated using 
scanning electron microscopy (SEM; Hitachi Analytical tabletop 
SEM TM3030, Hitachi, Japan). Samples were scanned at 15 kV and 
×100 magnitude without using any coatings to be feasible to vi
sually separate between mineral content and soft matter (fat and 
connective tissues, etc.). The SEM images were also coupled with 
energy-dispersive X-ray spectroscopy (EDS, Bruker, MA, USA; 
mag. ×500) to understand the local atomic composition. After the 
EDS analysis, the samples were sputter coated with Au for im
proved SEM image acquisition. Granulated samples were investi
gated using TEM (JEOL JEM-2100F, Tokyo, Japan) microscope with 
a Schottky field emission gun operated at 200 kV. The TEM 
images and diffraction patterns were acquired using a Hatan 
Orius 200D CCD (Gatan, Pleasanton, USA) camera, providing in
formation about the nanoscale structure and crystallinity.

Compressive testing
The apparent modulus (i.e. modulus of the porous structure 
treated as a homogenous material [31]) and yield point (using 
0.2%-ε offset method) were characterized using a servo-hydraulic 
MTS testing machine (MTS 858 Systems Inc., Minneapolis, MN, 
USA) equipped with a 15 kN load cell. For the Sintered samples, 
changing the load cell calibration to a maximum of 1.5 kN was 
necessary. The cube samples (10 × 10 × 10 mm3) were placed be
tween two flat plates, where the bottom one was attached to a 
ball joint to compensate for the cube surfaces potentially being 
unparallel. The samples were compressed at a rate of 1 mm/min 
till past the yielding point, as observed by the force level dropping 
or plateauing. It was conducted following number of repeats for 
each group: Untreated: 8; Treated: 8; Sintered: 8; Tutogen; 16; 
BTM: 7.

Cytotoxicity and endotoxins
The cytotoxicity and endotoxins were measured using the exu
dates of the graft material, with the cytotoxicity testing conform
ing with ISO 10993-5 [32]. To prepare the exudates for 
cytotoxicity testing, the graft materials were incubated for 48 h at 
37�C in cell medium (MEM with 15% serum and 1% antibiotic) at 
a concentration of 50 ml per gram of bone graft material. An oste
oblastic cell line (MC3T3-E1) was seeded at a concentration of 
2000 cells per well in a 96-well plate with 200 µl cell medium with 
eight repeats of each group. After being allowed to attach for 24 h 
in an incubator, the cell medium was removed and replaced with 
the exudate cell medium. After 48 h, the cell medium was 
extracted, and 100 µl of Cell Counting Kit 8 solution (mixed 1:45 
with cell medium) was added to each well. After 1 h of incuba
tion, the intensity was read off at 450 nm wavelength using a 
microplate reader (ELx800, BioTek, Vermont, USA). The viability 
was calculated according to Equation (1): 

Viability %ð Þ ¼
Is

Inc
× 100; (1) 

where Is was the mean sample intensity and Inc was the mean 
control intensity. The 50 µl of each extract was added to a new 
96-well plate and mixed with the 50 µl of a dye and catalyst mix 
from an Lactate dehydrogenase (LDH) cytotoxicity kit (Roche 
Diagnostics, Indianapolis, IN, USA). After 30 min of incubation at 
37�C, the intensity was read off at 490 nm. The positive control 
was created by adding 1% of Triton X-100 1 h before the extrac
tion. The cytotoxicity from the LDH assay was calculated accord
ing to Equation (2): 
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Cytotoxicity %ð Þ ¼
Is � Inc

Ipc � Inc
× 100; (2) 

where Ipc is the intensity of the positive control, since exudate 
medium was used, the intensities were normalized by subtract
ing the mean intensity of the empty cell medium without any 
bonegraft from Inc and Ipc, and Is was normalized by subtracting 
the mean intensity of the blank sample exudate. For endotoxin 
exudates of the grafts in endotoxin-free Phosphate-buffered sa
line (PBS) samples were prepared similarly as described above be
fore the endotoxin levels were measured using a Pierce 
Chromogenic Endotoxin Quant kit (Thermo Fisher Scientific, 
Waltham, MA, USA) according to the instructions of the kit.

Data processing and statistics
All data were analysed with custom Python scripts (Python 3.9), 
unless otherwise specified (e.g. µCT, SEM and TEM). The scripts 
depended on the libraries including Pandas, Numpy, Matplotlib, 
SciPy, sklearn, Seaborn and statannotations. Statistical differen
ces were calculated using non-parametric Mann–Whitney U 
tests. A P values below 0.05 was considered statistically 
significant.

Results
In this study, we investigated the physicochemical properties of 
xenographic bone grafts prepared either using a cold- 
temperature chemical treatment (referred to as ‘Treated’) and 
one prepared using subsequent sintering (referred to as 
‘Sintered’). The objective was to gain a deeper understanding of 
how the preparation method for the xenografts affects its physio
logical properties, thereby obtaining an understanding of the role 
of the collagen and mineral crystallinity on the performance of 
the graft. We performed a comprehensive physicochemical char
acterization using techniques such as FTIR, XRD, TGA, TEM and 
compressive testing to achieve this. Furthermore, we tested cyto
toxicity and viability on sterilized graft material using an LDH 
and CCK8 assay.

To make our research clinically relevant, we compared them 
against clinically available bone grafts, namely an allograft 
(BTM®), a xenograft (Tutogen), and a sintered, inorganic xeno
graft (Bio-Oss®). This comparison allowed us to assess our devel
oped bone grafts’ suitability and potential advantages in relation 
to existing commercial options.

Physicochemical characterization
ATR-FTIR was used to identify characteristic absorptions related 
to specific chemical bonds (Figure 1). At around 550 and 
1000 cm−1, we observed the absorption bands of the v3 and v1 

PO3 −
4 , and at 1420–1490 and 870cm−1 are the bands characteris

tic of carbonate vibrations. The phosphate bands were observ
able for all the grafts; however, the carbonate absorption bands 
were not for the Sintered graft. At 1550–1650cm−1, the band as
sociated with N-H bending vibration of primary amines can be 
observed. This is not observed for Bio-Oss® nor the Sintered graft. 
The bands at 2900 and 2950cm−1 are reported to be the aliphatic 
C-H stretches of residual fat, and the band at 1744cm−1 is the 
v(C¼O) stretching of the carboxyl in fatty acids molecules [14]. 
The fat-related absorption bands are evident in the untreated 
control sample (removal of bone marrow by centrifugation, but 
no chemical treatment) but not in the other samples. The min
eral maturity ratio (FTIR 1030/1110cm−1) is reported in Table 1, 

and it is significantly higher for the sintered samples (Sintered, 
Bio-Oss).

All the non-sintered samples had similar XRD patterns with 
clear peaks matching that of hydroxyapatite reference peaks 
(Figure 1B), and tall narrow peaks for the sintered groups suggest 

Figure 1. (A) ATR-FTIR plot of the treated and sintered grafts compared 
to untreated bone and benchmarked against three commercial bone 
grafts of allogenic (BTM®) and xenografic (Tutogen, Bio-Oss®) origin. (B) 
XRD patterns for the samples with a reference being hexagonal 
hydroxyapatite. (C) TGA plot for the samples, dotted lines representing 
the wt.% and the full line representing the derivative concerning 
temperature. HAp: hydroxyapatite.

Table 1. Mineral maturity from the FTIR the phosphate band 
ratio 1030/1110 cm−1

Sample Mineral maturity (1030/1110 cm−1)

Untreated 2.10
Treated 2.65
Sintered 5.92
Tutogen 2.74
BTM 2.64
Bio-Oss 6.46
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higher crystallinity [33]. Also, the peaks of the sintered samples 
(Sintered, Bio-Oss) matched the reference peaks, however having 
narrower peaks with higher intensity and peaks, suggesting that 
the sintering increases the crystallinity of the sample. 
Interestingly, the Sintered sample had narrower peaks than Bio- 
Oss. We demonstrated that it was possible to increase the crys
tallinity of Bio-Oss further (Figure 2B). The Sintered graft also had 
a peak at 37.3 degrees (Figure 1B) when sintered also the BTM 
and Bio-Oss® displayed a similar peak (Figure 2B), which can be 
caused by the calcination of calcium carbonate to calcium oxide 
[34]. From the TGA analysis (Figure 1C), we observed a significant 
mass decrease of �40 wt.% for the treated bone and 50 wt.% for 
the untreated bone (both after mechanical debridement of bone 
marrow). The first derivative reveals a peak at exactly 100�C for 
the treated bone, indicating water removal. The water content is 
�10 wt.% for the untreated bone and 12 wt.% for the treated 
bone, suggesting the presence of collagen that retains water. The 
untreated bone exhibits a broader peak, likely due to slower heat 
transfer caused by an insulating lipid layer. A second sharp peak 
appears at �375�C, which is believed to be due to collagen de
composition [35]. In the DSC results (Figure 2A), an exothermic 
process with heat release is observed between 350�C and 550�C, 
suggesting that this peak corresponds to the combustion of colla
gen. The mass drop around this peak indicates that the treated 
sample contains 27% collagen, while the untreated sample con
tains 35%. Additionally, there are two shoulders on the peak for 
the untreated bone, which can be attributed to the lipids from re
sidual fat observed with FTIR.

Tutogen and BTM samples follow a similar curve to the 
treated sample but show a lower water peak, likely due to 
vacuum-drying and freeze-drying processes they underwent re
spectively, before they had a significant mass drop due to colla
gen combustion (Tutogen had roughly 30% collagen, BTM had 
27%). In contrast, the treated sample has not undergone these 
treatments, although a vacuum-drying step is expected to be 
added during the technology transfer phase. Bio-Oss exhibits 
only a small water peak, likely due to ambient humidity, and no 
peak around 375�C. This supports the FTIR observation that Bio- 
Oss is inorganic, with collagen removed during the sintering pro
cess. The Sintered displayed negligible mass loss, suggesting it 
has been completely deproteinized and has lost the ability to 
store water. The material composition was also investigated with 
EDS (Figure 2C and D), which confirmed the presence of oxygen, 
carbon, calcium and phosphate in all groups, with negligible 
presence of other atoms. The carbon content is significantly 
higher for the untreated sample. In comparison, the calcium and 
phosphate content is significantly lower, likely due to the pres
ence of a lipid layer from the sample surface where the reading is 
done. The Treated graft had a Ca/P-ratio of 1.93 ± 0.06, which 
dropped to 1.66 ± 0.13 after sintering. The others had a mean ra
tio from 1.93 (Bio-Oss) to 2.23 (BTM, Tutogen).

Morphological characterization
The morphological analysis consisted of µCT, SEM and TEM, with 
the TEM also providing information about the crystallinity of the 
grafts. From the µCT it became evident that the treatment pro
cess increases the porosity of the bone, decreases the strut size 

Figure 2. (A) DSC plot of the samples during the TGA analysis. The results suggest an endothermic reaction around 100�C, believed to be water 
evaporation, and an exothermic reaction starting between 350�C and 575�C, believed to be the combustion of collagen. (B) Of sintering of the bone 
grafts at 1100�C for 1 h. After sintering, the Treated graft is displayed as the Sintered graft. EDS results from the different grafts: (C) calcium– 
phosphorous ratio, (D) atomic % content of carbon, oxygen, calcium and phosphate. �P< 0.05, ��P<0.01, n¼3, mean ± 95% confidence interval for the 
EDS analysis.
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and partially increases the pore size. Meanwhile, the subsequent 
sintering seems to increase the compactness of the graft again by 
reducing the pore size and the porosity (Table 2). When com
pared to the clinically available solutions, we can observe that 
the Treated sample exhibits a higher porosity than Tutogen, 
smaller struts and larger pores. Compared to BTM, the porosity 
of the Treated is similar, but the strut and pore size are smaller, 
suggesting that Treated has more but smaller but more pores 
than BTM. The sintered graft has a porosity similar to Tutogen’s, 
but the strut and pore sizes are significantly lower.

The pore accessibility, commonly referred to as interconnec
tivity, was also investigated for different threshold diameters 
(Figure 3). For all groups, with the exception of the Sintered 
group, there was more than 90% pore access at a threshold of 

diameter of 200 µm. It can be observed that the Treated group 
had a slightly higher interconnectivity than the Untreated con
trol. At the same time, it was drastically reduced for the Sintered 
group, suggesting that the cold-temperature cleaning process 
opens pores while Sintering shrinks the samples.

The surface of the samples was characterized by SEM 
(Figure 4). In the untreated samples, it was evident that a layer of 
fat had still covered the surface. This was not the case in the 
remaining samples (Treated, BTM and Tutogen). The surface of 
the Treated samples seems rougher and has some cracks. This 
can be because the Treated sample’s surface was obtained 
through saw cutting. Meanwhile, the BTM and Tutogen samples 
were granules most likely prepared using a granulation machine. 
In the BTM samples, some strands of organic material can still be 

Table 2. µCT results of the bone samples before (Untreated) and after treatment (Treated) or sintering (Sintered)a

Parameter Untreated Treated Sintered Tutogen BTM

Total porosity (%) 70.2 (68.5–80.8) 80.5 (80.2–81.9) 71.6��� (70.0–73.7) 74.3��� (71.4–76.2) 84.3### (80.0–86.3)
Object surface/volume (mm−1) 18.8�(17.6–21.1) 23.1 (20.8–25.6) 22.6 (21.6–23.9) 18.0���,### (17.1–18.8) 21.9 (19.3–22.1)
Surface density (mm−1) 5.6# (4.6–6.0) 4.3 (3.9–4.7) 6.4��� (5.9–6.7) 4.5### (4.1–5.5) 3.4### (3.1–4.3)
Strut thickness (µm) 168# (154–177) 142 (130–161) 136 (130–139) 182���,### (175–192) 156 (151–169)
Pore size (µm) 473 (422–567) 600 (573–617) 409��� (386–450) 593### (478–663) 718### (610–775)

a Benchmarked against a xenograft (Tutogen) and an allograft (BTM). All samples were cubes of 1 cm3, from inside a volume of interest of 8 × 8 × 8 mm3 

(6 × 6 × 6 for Sintered due to shrinkage) was used for the morphological analysis. Bio-Oss® was not used in this study as it is only available as a fine powder. Median 
(IQR), n¼8 (n¼7 for BTM; n¼16 for Tutogen).
� P values< 0.05, �� P<0.01, ��� P<0.001 compared to Treated, # P values<0.05, ## P< 0.01, ### P<0.001 compared to Sintered.

Figure 3. Interconnectivity plots with 95% confidence intervals.
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observed, but this is not observable in the Treated or Tutogen 
samples. No organic material from bone marrow was observed in 
the Bio-Oss and the Sintered samples. It all seems to have been 
removed. For the sintered graft, cracks can be observed forming 

around the pores. Bio-Oss are already provided in a granulated 
form, so they are not observable.

TEM further investigated the samples’ morphology and crys
tallinity (Figure 4). The untreated sample gave limited 

Figure 4. SEM, TEM images and diffraction patterns, and µCT reconstruction of untreated bone, Treated, Sintered, Tutogen, BTM and Bio-Oss®. 
Scalebars: SEM 500 µm; TEM 200 nm; diffraction pattern 10 nm−1; µCT 1 mm. µCT of Bio-Oss is omitted as it is only supplied in granular form.
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information as the lipids most likely interfered with the signal. 
Considering the non-sintered grafts (Treated, Tutogen and BTM), 
we can observe needle-like crystallites with a few nanometres in 
length. For the sintered graft, Bio-Oss, the crystallites are larger 
in the scale of tens of nanometres. Further observations can be 
made when evaluating the diffraction pattern from the TEM. The 
Untreated and BTM samples have a limited diffraction pattern, 
which can be due to the inorganic material we can observe from 
the SEM. Treated, Tutogen and Bio-Oss have clear diffraction pat
terns, and polycrystallinity is indicated in all samples. The Bio- 
Oss sample has a spottier pattern than the other samples, which 
can be related to the crystallinity or the crystallites’ size. The 
Sintered sample has large, thick crystallites and a spot diffraction 
pattern typical of a highly crystalline sample, which agrees with 
the observations from the XRD. Meanwhile, the remaining sam
ples have more halo-like patterns. The halo-like patterns indicate 
more amorphous structures where the electrons are shattered in 
more directions than in a highly crystalline sample.

Compressive strength
The compressive testing was performed at a constant rate of 
1 mm/min till past yielding (Figure 5A and B). All groups exhibited 
an initial linear region, before either yielding into a non-linear, 
ductile or in the case of the Sintered graft, failure in a brittle 
manner. This data derived the apparent modulus along with the 
yield stress and strain. In general, the data had a large variation 
due to the heterogenous structure of bone. It can be observed 
that after the cleaning process, both the apparent modulus (re
duced from 261 to 166 MPa) and yield stress (reduced from 10.5 to 
5.5 MPa) of the Treated graft have decreased compared to the 
untreated sample, but neither of the differences is statistically 
significant. For the sintered, the apparent modulus had been re
duced to 57 MPa, and it had a failure stress of 1.7 MPa, which is 
statistically significant for both the treated group and untreated 
bone. Compared to the commercial controls, Treated’s apparent 
modulus and yield stress are significantly lower than Tutogen’s 
(461 and 12.1 MPa) but similar to BTM (162 and 6.9 MPa). 

Figure 5. Results from uniaxial compressive testing coupled with µCT morphological data. (A) Mechanical parameters derived from uniaxial material 
testing (median and IQR—failure stress/strain for the sintered group). (B) Representative stress–strain plots for the different bone graft blocks. (C) 
Spearman ranking correlation test between mechanical properties (y-axis) and morphological properties (x-axis). Small correlation if 0.1 < jrj < 0.3; 
medium correlation if 0.3 < jrj < 0.5; and strong correlation if 0.5 < jrj < 1 [36] (the sintered group was not included in this analysis due to different 
failure mechanisms). n ¼ [Untreated: 8; Treated: 8; Sintered: 8; Tutogen; 16; BTM: 7], �P<0.05, ��P< 0.01, ���P<0.001, ����P<0.0001.
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However, before the treatment, the untreated bone had a lower 
modulus than Tutogen (261 vs 456 MPa), which can explain this. 
The Sintered graft had inferior apparent modulus and a lower 
failure stress than the yield stress of Tutogen and BTM, but a 
comparable failure strain (2.9 ε%) to their yield strain (3.7 and 
3.7 ε%). The untreated and Treated bone had the best yield strain 
of 4.5 and 4.9 ε%, significantly higher than the other materials. 
To better understand the relationship between mechanical and 
morphological properties, the Spearman Rank Correlation Test 
was applied to the non-sintered groups (Figure 5C). The domi
nant relation seems to be a strong inverse relationship between 
the porosity and the apparent modulus (−0.74) and yield stress 
(−0.79), and a strong positive relation between solid volume and 
apparent modulus (0.72) and yield stress (0.81). Of course, the 
solid volume of the graft and porosity are directly linked to each 
other. Interestingly, the yield strain seems relatively independent 
from the morphological properties of the grafts.

Cytotoxicity and endotoxins
The cytotoxic effects of the exudates of the graft materials on an 
osteoblastic cell line (MC3T3-E1) were measured using two differ
ent assays (LDH and CCK8—Figure 6). In the case of the LDH as
say, the Treated samples had a lower median cytotoxicity 
(−2.5%) than the other groups (Sintered: 24.6%, Tutogen: 20.0%, 
BTM: 28.5%, Bio-Oss: 20.6%) and comparable to the negative con
trol group (−4.4%). The remaining groups had a higher median 
approaching the 30% limit of ISO 10993-5. The results were in
stead the opposite for the CCK8, which measures viability. The 
Treated group had significantly lower median viability (78.5%) 
than the other groups (Sintered: 97.0%, Tutogen: 107.6%, BTM: 
95.4%, Bio-Oss: 92.4%) and the negative control (105.2%). The 
inter-quarter range of the treated group is still above the 70% via
bility limit. For endotoxins, all groups had a level lower than the 
detection limit of the kit.

Discussion
In this work, we have compared two xenografts prepared either 
using cold-temperature chemical cleaning (Treated) or through 
sintering (Sintered), aiming to understand the differences in 
physicochemical properties and the role of collagen and crystal
linity. To understand the clinical relevance of these treatment 
methods, we have compared these grafts to multiple clinically 
available solutions.

A central concern for the grafts independent of the prepara
tion process is the effective removal of bone marrow, as the bone 
can be infected with pathogens such as viruses like HIV [37], bac
teria [38] and prions [39]. Recently, there was a major outbreak of 
tuberculosis in the USA where 113 patients received an allografts 
containing live cells that were infected, causing the death of 
eight patients [40]. This is mainly a concern for cold-temperature 
treatment approaches, as high-temperature treatment is an effi
cient method to inactivate or remove these pathogens but can 
damage the collagen structure or make the bone inorganic. 
Chemical steps should be considered for the chemical treatment 
to inactivate any pathogen efficiently. There has been reports 
that sodium hydroxide is efficient at removing fat from bone 
materials [41], however from our visual inspections of SEM 
images of bovine xenografts treated with either 1 M sodium hy
droxide for 15 min or 2 h in dichloromethane (Supplementary 
Figure S1), the organic solvent seems significantly more efficient 
at removing lipids from the graft. Sodium hydroxide is still essen
tial for removing viral proteins and prions [41], but excessive 
exposure can compromise the graft. Based on their study, Dumas 
et al. [23] suggested that common anti-viral cleaning agents such 
as sodium hydroxide and hydrogen peroxide can induce deleteri
ous changes to the mineral structure and the collagen, which 
in vitro retarded osteoblastic attachment, viability and other bio
logical activities. This change to the bone structure would also 
likely reduce the mechanical properties of the graft. From our 
physicochemical analysis, in particularly from the FTIR, we dem
onstrated that the Treated graft was free for blood, lipids and 
other bone marrow residuals occupying the trabecular structure 
of the bone. Fortunately, the mineral structure of the Treated 
group is not evidentially damaged or modified by the process, 
and the amine peaks from the collagen can be readily observed, 
suggesting that the final graft is a native-like organic–inorganic 
composite structure. For the Sintered graft, there was an observ
able change in the chemical structure of the bone, suggesting 
removal of the collagen and the carbonate structure, leaving 
only apatite.

For the non-sintered grafts, we observed a considerable mass 
decrease of around 375�C with heat release during TGA, which 
we attribute to the combustion of collagen proteins. There is also 
a smaller peak between 700�C and 800�C, which can be attributed 
to the decomposition of calcium carbonate into calcium oxide 
[42]. Bio-Oss exhibited a similar peak but at around 840�C. 
Meanwhile, the sintered graft showed an insignificant weight 
change. Moreover, XRD before and after sintering the Treated 

Figure 6. Cytotoxic effect of the graft exudates on MC3T3-E1 cell line conducted with a LDH (left) or CCK8 assay (right) after 48 h incubation. The black 
lines indicated the cytotoxic limit recommended by ISO 10993-5 of maximum 30% cytotoxicity or minimum 70% viability compared to the negative 
control, �p<0.05, ��p<0.01, ���p<0.0001.
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graft (yielding the Sintered graft) at 1100�C for 60 min suggested 
that sintering significantly increased the crystallinity and crys
tallite size of the hydroxyapatite (narrower and taller peaks— 
Figure 2B) [33]. This conforms with previous results, suggesting 
that amorphous calcium phosphates will transform into crystal
line phases upon heating above 600–650�C [43].

In our study, we used one sintered control, Bio-Oss. Although 
it exhibited significantly higher crystallinity than the other grafts 
and no collagen, the sintering at 1100�C further increased the 
crystallinity. The FTIR results also suggested a higher mineral 
maturity ratio for the sintered groups, corresponding to a trans
formation of the non-apatitic domain into apatitic domains [26], 
which appears to be triggered by sintering.

Nevertheless, in the clinic, Bio-Oss has been readily observ
able in histology samples even 4 years after implantation [33], 
likely due to the higher crystallinity, which makes it challenging 
for the body to resorb. For non-sintered grafts, e.g. SmartBone®, 
which is a polymer-coated product derived from the Tutogen 
graft, the remodelling occurs quickly, with clinical histology 
suggesting the graft is mostly resorbed after 6 months and 
fully resorbed after nine months [44]. Simultaneously, the 
SmartBone® graft successfully stimulated the formation of new 
bone and vascularized connective tissue.

The morphological properties of the bone graft also have a sig
nificant impact on its performance. An ideal graft should have 
high porosity and interconnectivity to facilitate the diffusion of 
osteogenic cells, nutrition and removal of water products 
throughout the graft [5]. Our µCT results indicate that the chemi
cal treatment of the Treated graft opens porosity and increases 
the interconnectivity of the graft, yielding a median porosity of 
over 80% and an interconnectivity of over 90% at a 200 µm cut-off 
threshold. This is significantly higher than for Tutogen and simi
lar to BTM, both clinically successful grafts; thus, the results 
obtained can be interpreted as clinically favourable morphologi
cal properties.

However, an increased porosity will decrease the mechanical 
properties due to a reduction in solid volume, meaning that it 
tends to be a trade-off between morphological and mechanical 
properties. The mechanical properties of bone grafts are of great 
importance as most areas require bone regeneration to have in
trinsic loading, both during static situations such as standing and 
particularly during dynamic events such as moving (for ortho
paedics) and chewing (dental). It would be catastrophic if a graft 
failed, as this would require invasive revision surgery. Many bone 
grafts are inorganic ceramic structures [45, 46] or sintered xeno
grafts [47], where the sintering removes the organic component 
of the bone. A critical limitation of ceramic bone grafts is that 
they tend to fail in a brittle manner, making them unsuitable for 
load-bearing applications [48]. There are indeed methods to miti
gate this risk. In orthopaedics, a surgeon would typically implant 
metallic fixation plates [4, 49], which can off-load the graft from 
the load. However, this introduces a second foreign material 
implanted; it can cause stress-shielding, leading to asymmetric 
callus formation and fracture non-union [50], and it increases 
the risk of infection through biofilm formation on the metal sur
face [51]. Ideally, you would transfer as much loading as possible 
to the bone graft and limit the use of extra support devices, as 
the loading-induced mechanotransduction inhibits bone resorp
tion and favours bone formation [52]. Reznikov et al. [53] observed 
in the femur model in sheep that there was an inverse relation 
between bone graft stiffness and bone regeneration and that this 
process was strain-driven in the animals that responded well to 
the therapy. However, they stressed major differences in the 

clinical response to the therapy. Thus, the graft still needs long- 
term mechanical integrity to handle the local loading profile. Our 
study obtained comparable apparent elastic modulus and yield 
stress for the Treated to BTM and somewhat lower than for 
Tutogen. However, the yield strain was greater in our case. 
Considering that the apparent modulus and yield stress were 
also lower for the untreated bone compared to Tutogen, it can in
dicate that the starting material of Tutogen was better than the 
one we used, which can relate to the bovine age and race. 
Independently of this, the apparent modulus and yield stress are 
within the range of human cancellous bone (100–500 and 0.1– 
30 MPa) [6, 54]. The compressive strength has been proven to de
crease significantly when the process temperature surpasses 
100�C, and as the process temperature is increased to 160�C and 
220�C, further collagen is removed, decreasing the compressive 
strength [55]. The Sintered graft had significantly lower yield 
stress, roughly one magnitude, and the failure mechanism dif
fered. Instead of exhibiting a linear regime followed by a stress 
plateau as the pores collapse, which is typical for cellular solids 
[46], it failed catastrophically, with the cracks propagating 
through the structure. As confirmed by FTIR and TGA, there is 
still a significant amount of collagen left in the non-sintered 
grafts, which can explain their ductile resistance.

In cases where the collagen is denatured or removed through 
heat treatment, this will reduce the grafts’ fracture toughness 
[56]. This clinically translates to that if a graft strut fails due to 
local stress levels surpassing the maximum stress, the crack 
would likely propagate through the whole structure, which can 
explain the shift towards cold-temperature processed grafts such 
as the Treated graft. As confirmed by FTIR and TGA, there is still 
a significant collagen content in the Treated graft, translating to 
a high-yield strain. However, the apparent modulus was signifi
cantly lower than Tutogen. We theorize this is due to the starting 
material initially having lower mechanical stiffness than the 
Tutogen graft. Compared to the BTM allograft there was no sig
nificant difference in either of the variables. Considering that 
both these grafts have been clinically adopted, we consider the 
Treated graft suitable for clinical applications. A limitation, how
ever, is that we have not sterilized our samples prior to mechani
cal testing. Still, we are likely to do that using beta-ray 
sterilization, which can denature the collagen and reduce the 
toughness of the bone [57].

We coupled our understanding of mechanical and morpholog
ical properties on an individual sample level and conducted a 
Spearman Rank correlation test to improve our understanding of 
mechanical and morphological properties. Our results suggest 
that total porosity is the property that affects the mechanical 
properties (Apparent modulus: −0.74; yield stress: −0.79).

Yield strain only displayed a weak correlation to the morpho
logical properties. We believe this is because collagen content is 
the prime variable affecting yield strain, as discussed above in 
the context of fracture toughness.

To get an early predictor of the grafts’ biocompatibility, their 
cytotoxic effect was measured using two assays, LDH and CCK8, 
and endotoxin levels were determined. DH measures cell death 
by looking at the release of lactate dehydrogenase, which is re
leased when the plasma membrane of the cells is damaged [58]. 
The CCK8 kit measures the number of viable cells; thus, lower vi
ability can suggest that the material inhibits cell growth. In our 
trials, we used the exudates of the graft material; thus, we did 
not directly measure the grafts’ cytotoxicity and cell viability on 
the material, but it gave us an indication of any potential leach
ables that can hamper biocompatibility. Conversely, it can also 
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reduce the concentration of growth factors in the cell medium, 
which can inhibit cell viability. For the LDH assay, referring to 
cell membrane disruption, the Sintered and the control grafts 
had significantly higher cytotoxicity than the Treated group. 
However, they were still below the recommended 30% limit. For 
the viability test, the Treated graft performed poorer than the 
other groups and approached the lower limit of 70%, which we 
theorize that can be due to absorption of cell medium growth fac
tors. It has previously been demonstrated that CCK8 can yield 
significantly lower cell viability results than with the commonly 
used 2,5-diphenyl-2H-tetrazolium bromide (MTT) method [59, 
60]. All grafts displayed results within the acceptable range of 
ISO 10993-5, which is promising with the caveat that they do not 
necessarily give a thorough description of the grafts’ biocompati
bility. Biocompatibility is a multi-faceted characteristic that com
prises the lack of cytotoxicity, foreign response, and other 
adverse responses and the material’s ability to induce the appro
priate biochemical cues for targeted cells to obtain the intended 
therapeutic effect [61].

For the graft materials investigated in this work, further inves
tigation is required, including in vivo testing or advanced in vitro 
testing such as organoids, to see if and how the material can in
duce adequate bone formation in the clinic. A comprehensive un
derstanding of the physicochemical properties of the graft is 
essential for elucidating phenomena and effects observed in bio
logical systems, which was the motivation for this article. 
However, the path to clinical translation is extensive to ensure 
patient safety, also known as biocompatibility. The key steps are 
in conventional order to do in vitro cytotoxicity testing, animal 
trials to demonstrate efficacy and safety, and clinical trials be
fore applying for regulatory approval is feasible [62]. In the USA, 
however, the clinical trials can be omitted using the 510(k) path if 
it can be proven substantial equivalence to a predicate device 
[62], which is feasible for the Treated graft as it should be classi
fied as a Class II device by the United States Food and Drug 
Administration (FDA). We have demonstrated that the Treated’s 
comparable performance to the other non-sintered graft is prom
ising for clinical translation.

Moreover, the cytotoxicity and endotoxin testing did not dis
play any safety concerns. To translate this graft, it is necessary to 
continue in vivo trials before initiating clinical trials. Extensive 
in vitro trials can also be recommended to fully elucidate the cel
lular mechanisms the graft initiates. The Sintered graft exhibits 
compromised mechanical properties and a high crystallinity. 
Although there are no toxicity concerns, we are hesitant about 
its clinical potential due to inadequate elasticity and remodel
ling ability.

Conclusion
This study comprehensively characterized and compared two 
xenografts, one prepared through cold-temperature chemical 
treatment and the other through sintering, to elucidate why the 
former provides improved clinical bone regeneration. Our find
ings indicate that the cold-temperature process preserves the na
tive bone structure, with minimal changes to the calcium 
phosphate structure and limited collagen degradation. In con
trast, sintering renders the bone graft inorganic phase and alters 
its crystallinity by removing all other phases than calcium phos
phate. The sintered graft demonstrated significantly inferior me
chanical properties compared to the treated graft, failing in a 
brittle manner and making it unsuitable for loading application. 
On the other hand, the Treated graft exhibited mechanical 

properties comparable to clinically available solutions, with no 
concerns regarding cytotoxicity or endotoxins. However, rigorous 
in vivo and clinical trials are required to translate these promising 
materials to clinical practice to ensure satisfactory biological per
formance. Given the desirable properties demonstrated in this 
study, we believe that the Treated graft can potentially become a 
clinically relevant solution.

Supplementary data
Supplementary data are available at Regenerative Biomaterials online.
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