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A B S T R A C T   

New materials are required for bone healing in regenerative medicine able to temporarily substitute damaged 
bone and to be subsequently resorbed and replaced by endogenous tissues. Taking inspiration from basic 
composition of the mammalian bones, composed of collagen, apatite and a number of substitution ions, among 
them magnesium (Mg2+), in this work, novel composite scaffolds composed of collagen(10%)-hydroxyapatite 
(HAp)(90%) and collagen(10%)-HAp(80%)-Mg(10%) were developed. The lyophilization was used for com
posites preparation. An insight into the nanostructural nature of the developed scaffolds was performed by 
Scanning Electron Microscopy coupled with Energy Dispersive X-Ray and Transmission Electron Microscopy 
coupled with Energy Dispersive X-Ray. The HAp nanocrystallite clusters and Mg nanoparticles were homoge
neously distributed within the scaffolds and adherent to the collagen fibrils. The samples were tested for 
degradation in Simulated Body Fluid (SBF) solution by soaking for up to 28 days. The release of Mg from collagen 
(10%)-HAp(80%)-Mg(10%) composite during the period of up to 21 days was attested, this composite being 
characterized by a decreased degradation rate with respect to the composite without Mg. The developed com
posite materials are promising for applications as bone substitute materials favouring bone healing and 
regeneration.   

1. Introduction 

In the frames of regenerative medicine topics and, more specifically, 
in bone healing branch, over the last decades, the aim of research was to 
develop an ideal material, able to temporarily substitute damaged bones 
and to be subsequently resorbed and replaced by endogenous tissues. 
This trend is confirmed by the numerous reviews highlighting recent 
advances in bone tissue engineering and progress in clinical translation 
of scaffold and ceramic devices for bone regeneration [1,2]. Such an 
ideal material has to meet several requirements, among them, adequate 

mechanical properties, biocompatibility and ability to promote osteo
genesis process [3,4]. Natural mammalian bone matrix is mainly 
composed of two constituents, such as collagen and calcium-deficient 
hydroxyapatite (CdHAp) [5]. In addition to these main constituents, 
several substitution ions, such as carbonate (CO3

2− ) [6], strontium (Sr2+) 
[7,8] and magnesium (Mg2+) [9,10] are present in CdHAp, each one of 
them playing a specific functional role [11–13]. Mimicking the basic 
composition of the mammalian bones it comes natural that researchers 
try to develop a suitable material starting from the 
collagen-hydroxyapatite (collagen-HAp) composite [14]. According to a 
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Fig. 1. SEM images of initial HAp(A,B) and Mg(C) powders.  

Fig. 2. Flowchart with the processing steps. On the right side, A (collagen-HAp) and B (collagen-HAp-Mg) final samples.  
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recent trend of scientific community, a third component is included into 
collagen-HAp composite, in order to improve its properties and to 
develop an optimal bone-substitute material to be used as bone filler, 
bone scaffold or both of them. 

Socrates et al. [15] proposed a fibrillar shaped matrix of 
collagen-HAp loaded with silver (Ag) nanoparticles. The composite 
material was obtained by first including Ag nanoparticles in a collagen 
matrix, and subsequently soaking it in Simulated Body Fluid (SBF), in 
order to promote mineralization with the formation of biomimetic HAp 
on the matrix surface. The Ag containing compound exhibited enhanced 
mechanical properties and good antibacterial ability along with 
biocompatibility towards MG-63 and red blood cells. Predoi et al. [16] 
reported a study where a composite of Ag-substituted HAp (0.1% Ag) 
was added to a collagen gel. Also in this case, the Ag-containing bio
composite showed antibacterial characteristics. 

Aryal et al. [17] reported HAp growth on self-assembled collagen 
gold (Au) nanoparticles, providing crystallographic investigation of the 
Au/HAp/collagen compound. It was found that the HAp crystals grew 

Table 1 
Biodegradation of P1 and P2 in SBF.  

Sample Code Immersion time (days) pHa 

P1_1 1 7.1 ± 0.3 
P1_7 7 7.1 ± 0.2 
P1_14 14 7.1 ± 0.2 
P1_21 21 7.1 ± 0.1 
P1_28 28 7.1 ± 0.2 
P2_1 1 8.2 ± 0.2 
P2_7 7 9.1 ± 0.1 
P2_14 14 9.4 ± 0.3 
P2_21 21 9.2 ± 0.1 
P2_28 28 9.5 ± 0.1  

a The pH values are the averages for three determinations ± standard 
deviations. 

Fig. 3. FTIR spectra of the collagen alone and of the composite collagen-HAp and collagen-HAp-Mg biomaterials. P.R. stands for the pyrrolidine rings.  
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within the collagen fibrils in such a way that their c-axes were oriented 
along the long axes of fibrils, and that the formed hierarchical structure 
was similar to the one present in the natural bone tissue. The use of Au as 
third component included in the collagen-HAp composite was also 
performed in [18]. Mondal et al. [18] reported rapid microwave-assisted 
synthesis of Au nanoparticles loaded in HAp matrix and successive 
collagen coating. The drug release properties and cytotoxicity assays 
were investigated, the latter depending on the Au content. The 
maximum drug loading efficiency was obtained for 0.1 wt% 
Au–HAp–Collagen nanoparticles with no cytotoxic effects. 

The inclusion of Sr in collagen-HAp matrix represents one of the most 
studied biocomposite systems. Huang et al. [19] reported collagen fibrils 
mineralized with Sr2+ substituted nano-HAp. The effect of Sr2+ on 
mineralization process was evaluated. Sr2+ ions did not influence the 
organization of apatite crystals and collagen fibrils, however, their 
addition caused distortions and changes in the apatite crystal latice. 
Yipin Qi et al. [20] investigated a nanocomposite of type I collagen and 
Sr-HAp fabricated via a non-canonical biomineralization process. Using 
polyacrylic acid as a mineralizing director, authors [20] obtained 
mineralized collagen fibrils, where Sr-HAp occupied interstitial sites. 

The structural and morphological investigation showed similarities with 
the hierarchical structure of the natural bone tissue. An in-vivo study of 
Sr/HAp/collagen compound was reported by Kitayama et al. [21]. The 
aim of authors [21] was to investigate the regeneration effect of a 
membrane composed of Sr enriched biphasic calcium phosphate (HAp 
and β-tricalcium phosphate (β-TCP)) and collagen, compared to a 
non-crosslinked collagen membrane. The bone defects in rabbits treated 
with the Sr/HAp/collagen membrane showed a significant amount of 
mineralized new bone compared to the ones treated with the 
non-cross-linked collagen membrane. 

Another third component of collagen-HAp composite reported in 
literature is zinc (Zn) [22]. Popa et al. [22] concluded based on the 
results of in vitro studies that the obtained Zn doped HAp embedded in 
collagen matrix had good biocompatibility no cytotoxic effect was 
observed for HeLa human cancer cells. Weilin Yu et al. [23] developed a 
novel biomimetic scaffold obtained via lyophilisation process in the 
form of mesoporous microspheres of Zn-doped HAp dispersed in a 
collagen matrix. The scaffold was characterized by an interconnected 
pore structure and a sustained Zn2+ ions release, it enhanced the oste
ogenic differentiation of rat bone marrow-derived mesenchymal stem 

Fig. 4. X-ray diffraction spectra for the composite collagen-HAp and collagen-HAp-Mg biomaterials.  

Fig. 5. SEM images of the collagen: (a) surface view, (b) cross-section view. The interconnected pore structure is highlighted by white errors.  
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cells. The scaffold also enhanced bone regeneration in femoral condyle 
defect of a rat model. Song et al. [24] prepared scaffold composed of Zn 
silicate/nano-HAp/collagen and demonstrated that it significantly 
enhanced in vivo bone regeneration and angiogenesis by activating a 
pathway in monocytes, compared to HAp/collagen scaffold. 

Heinemann et al. [25,26] investigated the effect of silica (SiO2) 
addition to obtain a HAp/collagen/SiO2 composites. A HAp/colla
gen/SiO2 xerogel was reported in [25] with a significant improvement of 
compressive strength (up to 200 MPa) and strain to fracture (up to 11%) 
due to collagen contribution. In [26], the morphological features of 
SiO2/HAp/collagen scaffold, such as surface nanotexture and open 
porosity, provided optimal conditions for bone marrow stromal cells 
migration, proliferation and differentiation. 

Mg is present in various human organs and has a role in numerous 
body enzymes. About 60% of Mg is found in bone tissues, constituting 
about 1% of the total bone mineral content [27] and being attributed as 
a macro-element. Mg2+ ions partially substitute Ca2+ ions in biological 
apatite crystals, and their deficiency can directly affect the bone by 
altering the structure and size of bone crystals. Mg is of particular 
importance for bone mass density. Animal and human studies report 
that Mg deficiency leads to the decrease of bone’s mechanical resistance, 
and, in particularly, promotes micro-fractures, osteoporosis, and 
fragility [28–32]. Aydın et al. [33] suggest that the lack of Mg might 
decrease the bone density in postmenopausal women and lead to oste
oporosis. Furthermore, the Mg deficiency is connected to the reduced 
concentration of parathyroid hormone, which plays a role in bone ho
meostasis. Moreover, Mg lack is associated with the increase of in
flammatory proteins (cytokines) negatively effecting bone remodelling. 

Therefore, the addition of Mg to the bone tissue scaffolds is of particular 
importance not only to support the bone health, but also for other body 
health issues [34]. 

Sartori et al. [35] reported a scaffold realized with type I collagen 
and Mg-substituted HAp and stabilized with a cross-linking agent 
bis-epoxyde (1 wt%). The obtained results showed that the scaffold was 
able to sustain human mesenchymal stem cells (hMSCs) attachment, and 
to support the formation of new bone and chondral tissue. Roffi et al. 
[36] investigated a hybrid Mg-doped HAp, collagen, chitosan-based 
scaffold. In a sheep model, there was no evidence of cartilage and sub
chondral bone regeneration. In a rabbit model, this scaffold provided 
less ability to induce tissue healing compared to a commercial one. 

In this work, composite of collagen-HAp with the addition of Mg was 
developed for possible application as orthopaedic material for bone 
regeneration. Starting from HAp nanopowder, Mg powder, type I 
collagen (1.00% w/w) and crosslinking agent (glutaraldehyde-AG - 
0.25% w/w), two types of composite biomaterials - collagen-HAp and 
collagen-HAp-Mg were prepared using lyophilisation method. The 
composites were characterized by Fourier Transform Infrared Spec
troscopy (FTIR), X-Ray Diffraction (XRD), Scanning Electron Micro
scopy (SEM) coupled with Energy Dispersive X-Ray Spectroscopy (EDX) 
for elemental analysis, and Transmission Electron Microscopy (TEM) 
coupled with EDX. Time-dependence of in vitro biodegradation of 
composites in SBF solution was investigated. 

2. Materials and methods 

The developed composite biomaterials had constant concentrations 
of collagen and crosslinker (glutaraldehyde-AG - 0.25% w/w), and 
variable concentration of HAp and Mg powders. Before processing, the 
type I fibrillary collagen gel with the collagen nominal concentration of 
2.11% w/w (Sigma-Aldrich) was diluted until 1.00% w/w, and the 
crosslinking agent (glutaraldehyde-AG - 0.25% w/w) was added. The 
HAp powder (>95% purity) was purchased from the Plasma Biotal 
Limited (Tideswell, UK), and the Mg powder (99% purity, granulation of 
~500 μm) - from the Strem Chemicals Inc. (Newburyport MA, USA) 
(shown in Fig. 1). The average particle size of HAp was about 30–60 nm 
and the particle shape was spherical, while that of Mg was about 
200–600 μm and the shape was irregular. The coding and chemical 
composition of the composite experimental samples was: P1 – 10% 
collagen and 90% HAp powder; P2 – 10% collagen, 80% HAp and 10% 
Mg powder. 

A flowchart with the processing steps is presented in Fig. 2. The HAp 
and Mg powders mixture was obtained using Mixer Inversina Bioengi
neering from Bioengineering AG (Wald, Switzerland) mechanical mix
ing equipment. By blending the type I collagen gel with the 
reinforcement additions under the action of a magnetic stirrer with 
heating, the final composite biomaterials in the form of gels were ob
tained. The collagen gels were poured into the Petri dishes, placed on the 
lyophilisation racks and pre-cooled to − 40 ◦C for 90 min. The lyophi
lisation, an advantageous conditioning technique, which consists in 
drying the frozen samples by vacuum sublimation of ice, took place for 
48 h. The lyophilisation process was carried out by freezing the samples 
in successive stages, and ice sublimation in advanced vacuum. First, the 
suspension was frozen at − 40 ◦C for 8 h. Upon drying, the temperature 
was increased from − 40 ◦C to 10 ◦C during the first 8 h, and then to 
20 ◦C for the next 10 h and finally up to 30 ◦C for the subsequent 10 h. 
The samples were maintained at 30 ◦C and a pressure of 0.10 mbar for 
another 4 h until water was removed. In the final drying process, the 
samples were gently heated to a temperature of 35 ◦C and a pressure of 
0.001 mbar until dried [37–44]. The aspect of the obtained samples is 
presented in Fig. 2 (right side, (A) collagen-HAp, (B) collagen-HAp-Mg). 
The size of the cylinders is the following: diameter - 1.5 cm and height 
− 1.8 cm. 

FTIR analysis was performed by a JASCO 6200 FT-IR Spectrometer, 
equipped with a Golden Gate-type attenuated total reflection device 

Fig. 6. SEM images of collagen-HAp sample: (a,b) plain view, (c,d) cross- 
section view, (e) EDX spectrum obtained from the zone evidenced in (b). The 
interconnected pore structure is highlighted by white errors. 
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(ATR) (Tokyo, Japan). XRD measurements were carried out using a 
Panalytical X-Pert PRO Diffractometer (Malvern, UK). SEM in
vestigations were performed by QUANTA INSPECT F Scanning Electron 
Microscope (FEI Company, Eindhoven, Netherlands) working at an ac
celeration voltage of up to 30 kV and equipped with Energy Dispersive 

X-Ray Spectrometer Detector (EDAX) with a 132 eV resolution at MnKα. 
TEM measurements were conducted using a Tecnai F30 high-resolution 
analytical Transmission Electron Microscope (FEI Company, Eindhoven, 
Netherlands). The Tecnai F30 was supplied with EDAX XEDS system. 

The determination of degradation rate of the composite biomaterials 

Fig. 7. SEM images of collagen-HAp-Mg sample: (a,b) plain view, (c,d) cross-section view. In (d), the arrows evidence the initial powders particles adhered to the 
collagen fibrils. 

Fig. 8. SEM image of collagen-HAp-Mg sample’s plain view (a) and EDX spectra (b,c) obtained from zones evidenced in the image.  
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was assessed by measuring the weight loss. Two types of collagen based 
composite biomaterials (P1 and P2) (Table 1) were tested for biodeg
radation in the SBF solution (prepared in the laboratory, according to a 
protocol originally proposed by Kokubo [45,46]) with the pH of 7.4. For 
measuring weight loss, the cylindrical experimental samples with 0.7 cm 
height and 1.5 cm diameter were immersed in the SBF for 1, 7, 14, 21 
and 28 days. Three experimental runs from each sample were performed 
for each immersion time. Each sample was immersed in 50 ml of the SBF 
solution. 

The prepared samples were kept in the standard atmosphere for 2 h 
before the initial weight measurement - Mi (initial mass). After that, they 
were immersed in the SBF. At each time interval, the samples were 
removed from the SBF and cleaned with deionized water, stored in the 
standard atmosphere until the constant weight was reached and 

weighed (Mt, mass after immersion at time t). The degradation rate (%) 
was calculated according to the formula shown in Equation (1). 

R.D. =
Mi − Mt

Mi
⋅100% (1)  

where: R.D. is the rate of degradation (%), Mi is the initial mass and Mt is 
the mass after immersion at time t [47–49]. 

3. Results and discussion 

Materials for applications in bone tissue engineering and regenera
tive medicine should serve as three-dimensional templates and should 
supply a suitable microenvironment for cell adhesion, proliferation, and 
differentiation, and new tissue growth. In this investigation, composites 

Fig. 9. SEM-EDX mapping of elemental distribution on the collagen-HAp-Mg sample surface (a), O(b), Mg(c), P(d), Ca(e), average spectrum (f) of the zone presented 
in (a). 

Fig. 10. TEM image in the light field: (a) collagen-HAp sample overview, (b) electron diffraction associated with HAp nanoparticles from (a).  
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made from collagen, HAp and Mg were developed, mimicking compo
sition of the bone tissue, and their physico-chemical characteristics were 
investigated. 

3.1. FTIR and XRD analyses 

The identification of functional groups in the composite biomaterials 
was performed by the FTIR spectroscopy. The FTIR spectra are shown in 
Fig. 3. The spectrum of the collagen alone showed bands for amide I at 
1631.48 cm− 1, amide II at 1547.59 cm− 1, amide III at 1237.11 cm− 1, 
amide A at 3302.5 cm− 1, amide B at 3075.9 cm− 1, the pyrrolidine rings 
at 1450.21 cm− 1 and for the carboxyl group at 1336.43 cm− 1. The FTIR 
spectra for the prepared composite biomaterials revealed bands at ~630 
cm− 1, ~960 cm− 1, ~1090 cm− 1, ~1024 cm− 1, characteristic for HAp, 
assigned to the vibrations of the hydroxyl groups OH− and phosphate 
groups PO4

3− . Bands for amide I (~1649 cm− 1), amide II (between 1500 
and 1590 cm− 1) and pyrrolidine rings (~1450 cm− 1) from the collagen 
structure were also registered [50–53]. 

X-ray powder diffraction patterns, characteristic for the prepared 
composite biomaterials (P1 and P2) are presented in Fig. 4. P1 sample is 

characterized by the presence of the main phase - Ca5(PO4)3(OH), HAp, 
with attributed peaks at 2Ɵ = 25.7◦ (002), 2Ɵ = 31.85◦ (211), and 2Ɵ =
32.98◦ (300) (PCPDF number 73–1731); and minor phase - CaHPO4, 
monocalcium phosphate, with attributed peaks at 2Ɵ = 26.52◦ (200), 
2Ɵ = 28.5◦ (-1-1 2) and 2Ɵ = 49.1◦ (− 3 2 1) (PCPDF number 77–0128). 

P2 sample (collagen-HAp-Mg), in addition to the HAp and CaHPO4 
phases, is characterised by the presence of the Mg phase, with the 
attributed peaks at 2Ɵ = 32.2 (100), 2Ɵ = 36.78 (101) and 2Ɵ = 63.06 
(103) (PCPDF number 85–0821). 

3.2. Morphological analyses 

3.2.1. SEM analysis 
The morphology of the samples obtained after the lyophilisation 

process was investigated by SEM. In Fig. 5, the morphology of the 
control collagen sample is presented. From the plain (a) and cross- 
section (b) view, the interconnected pore structure is well visible. 

The P1 sample’s plain and cross-section views are presented in Fig. 6. 
Also in this case, the pores of 20–40 μm can be well observed ((d)). The 
collagen fibrils and adherent HAp particles can be well distinguished on 

Fig. 11. (a) TEM image in light field: overview aspect on another zone with HAp nanoparticles from collagen-HAp sample, (b) EDX spectrum associated to HAp 
nanoparticles in (a). 

Fig. 12. (a) High resolution TEM image of collagen-HAp sample obtained on a HAp cluster adherent to collagen fibrils, (b) high resolution TEM image of collagen- 
HAp sample with (121) crystalline plane of HAp. 
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Fig. 13. (a and b) TEM images in light field of collagen-HAp-Mg sample at different magnifications, (c) EDX spectrum obtained on area with HAp and Mg 
nanoparticles. 

Fig. 14. (a) TEM images in light field of collagen-HAp-Mg sample; (b) the electron diffraction associated with area with HAp nanoparticles from (a).  
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the cross-section image of the P1 sample ((c-d)). The EDX spectrum 
obtained from the zone evidenced in the image accounts for the presence 
of elements constituents of HAp. 

In Fig. 7, SEM images of plain and cross-section views of the P2 
composite are presented. In the cross-section images (c) and, particu
larly, in (d), the collagen fibrils and the particles of HAp and Mg 
attached to them can be observed. To support this observation, EDX 
spectra of several P2 sample zones were registered and presented in 
Fig. 8, accounting on the presence of HAp and Mg particles. 

As can be observed from Fig. s 6–8, the prepared P1 and P2 samples 
are characterized by a homogeneous aspect with HAp particles homo
geneously distributed and adherent to the collagen matrix. To check for 
the homogeneity of the Mg distribution, the SEM-EDX mapping of 
elemental distribution on the P2 sample surface is presented in Fig. 9. As 
follows from (c), Mg particles are homogeneously distributed within the 
P2 composite. 

The microstructural characteristics of the prepared P1 and P2 com
posites reported here, and namely their chemical composition, including 
collagen, HAp phase, a minor admixture of CaHPO4, and Mg, and their 
interconnected pore structure with homogeneous distribution of HAp 
and Mg particles, adhered to the collagen fibrils, are important for bone 
tissue engineering applications. Indeed, bone consists of a matrix of type 

I collagen and calcium phosphate mineral (CdHAp) as reinforcing phase. 
One of the substitutions for Ca2+ ions in the HAp lattice are Mg2+ ions 
[54]. In this investigation, Mg powder was added to the composite, 
instead of Mg2+ ions substitution in the hydroxyapatite as done by au
thors [55], reporting that Mg2+ ions were introduced to obtain a specific 
substitution percentage of calcium. In the case of Sr2+ substitution [19], 
this did not influence the organization of apatite crystals and collagen 
fibrils. However, the distortions in the apatite crystal structure were 
registered. 

According to authors [54], in an adult human bone, HAp crystal 
dimensions range between 10 and 40 nm, depending on the reflection 
used. In this work, TEM analysis was applied to determine HAp nano
particles characteristic dimensions in the prepared composites. 

3.2.2. TEM analysis 
Nanostructural aspects of the P1 and P2 samples were confirmed by 

TEM coupled with EDX. In Fig. 10, a nanostructural aspect of an area of 
the P1, where collagen fibrils and adherent HAp cluster nanoparticles 
are present, is shown. The electron diffraction corresponding to an area 
with HAp nanoparticles in (a) is shown in (b), confirming that the par
ticles are nanocrystalline. The electron diffraction indexing demon
strates that nanocrystallites belong to the HAp phase with hexagonal 

Fig. 15. (a and b) High resolution TEM images obtained on areas with HAp nanoparticles corresponding to collagen-HAp-Mg sample.  

Fig. 16. Evolution of degradation rate of collagen-HAp and collagen-HAp-Mg at 1, 7, 14, 21, 28 days of immersion in SBF.  
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crystalline lattice, according to the ICDD PDF number 09–0080. 
In Fig. 11(a), another area with HAp nanoparticles associated with a 

structural characteristic of the P1 sample is highlighted: HAp cluster 
nanoparticles adhering to the collagen fibrils. The local elemental EDX 
analysis (Fig. 11(b)) showed the presence of the Ca, P and O elements, 
constituents of HAp. The carbon (C) originates from both the collagen 
fibrils and the amorphous carbon film deposited on the sample holder. 

The nanocrystalline nature of the HAp particles is also highlighted by 
the high resolution TEM images, shown in Fig. 12. In (a), areas with 
parallel fringes, associated to the families of crystalline planes belonging 
to the HAp nanocrystallites (clusters of 4–5 nm of diameter) are high
lighted. The insert in Fig. 12(a), corresponding to the Fourier Transform 
processing, attests that the interplanar distances correspond to HAp. A 
clearer emphasis on the nanocrystalline nature of the HAp particles in 
the P1 is shown in Fig. 12(b), where the Miller indices (121) crystalline 
plane family of the HAp is highlighted. 

To summarize, the P1 sample is nanostructured, composed of HAp 
nanocrystallites associated in clusters of 4–5 nm of diameter adhering to 
the collagen fibrils. 

Aspects of the P2 sample nanostructure are present in the TEM im
ages demonstrated in Fig. 13(a and b). The existence of nanoparticles of 
acicular or platelet shape present in clusters adhering to the collagen 

fibrils is detected. The EDX spectrum presented in Fig. 13(c) accounts for 
the presence of Ca, P and O (from HAp) and Mg elements. 

The aspect of the composite P2 nanostructure is shown in Fig. 14(a), 
in which the length of a HAp acicular shaped particle (95 nm) is esti
mated. The electron diffraction (Fig. 14(b)) associated with HAp parti
cles in (a) highlights the nanocrystalline character of the sample. The 
indexing of the electron diffraction image shows that nanocrystals 
belong to the HAp hexagonal crystalline lattice according to the ICDD 
chart number 04-016-1647. 

The high resolution TEM images in Fig. 15(a and b) confirm the 
nanocrystalline nature of the HAp particles. The nanocrystalites with the 
dimensions of 4–8 nm are highlighted. The Fourier Transform process
ing results shown in the insert of Fig. 15(a) demonstrate the presence of 
groups of parallel fringes (associated with the crystalline planes) with 
interplanar distances corresponding to the HAp compound with hex
agonal crystalline lattice. Two nanocrystals with different families of 
crystalline planes of the Miller indices (300) and (121) of the HAp are 
also revealed in Fig. 15(b). 

To summarize, the P2 composite contains a nanocrystalline HAp 
phase, consisting of agglomerated nanocrystallites of 4–8 nm adhering 
to the collagen fibrils. The local elemental chemical analysis carried out 
by EDX confirmed the presence of the Mg nanoparticles in the sample. 

Fig. 17. (a) XRD patterns of collagen-HAp-Mg sample immersed in SBF for 7, 14 and 21 days; (b) XRD patterns with the angular range adjacent to the main Mg peak 
at 2θ = 36.78◦, corresponding to collagen-HAp-Mg sample maintained in SBF for 7, 14 and 21 days. 

Table 2 
The main results of the study.   

FTIR analysis XRD analysis SEM-EDX analysis TEM-EDX analysis pH Degradation 
after 28 days 

Collagen-HAp 
before immersion 
in SBF 

bands attributable to HAp 
and collagen (amide I, 
amide II) 

HAp – main 
phase, 
CaHPO4 - 
admixture. 

Homogeneously distributed HAp 
particles adherent to collagen 
fibrils. 
Interconnected pore structure. 

HAp nanocrystallites associated in 
clusters (4–5 nm) adherent to collagen 
fibrils. 

7.1 - 

Collagen-HAp after 
immersion 
in SBF 

- HAp – main 
phase, 
CaHPO4 - 
admixture. 

- - 7.1 28% 

Collagen-HAp-Mg 
before immersion 
in SBF 

bands attributable to HAp 
and collagen (amide I, 
amide II) 

HAp – main 
phase, 
CaHPO4 – 
admixture 
Mg phase. 

Homogeneously distributed HAp 
and Mg particles adherent to 
collagen fibrils. 
Interconnected pore structure. 

HAp nanocrystallites associated in 
clusters (4–5 nm) and Mg nanoparticles 
adherent to collagen fibrils. 

8.2 – 

Collagen-HAp-Mg 
after immersion in 
SBF 

- HAp – main 
phase, 
CaHPO4 – 
admixture. 

- - 9.5 21%  
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In order to regenerate bone, bone tissue engineering requires the use 
of materials with functional properties, and nano-HAp holds great 
promise for biological effects [56], for example, nanoparticles can 
optimise interactions with bone proteins and proper nanoparticle shape 
can achieve a special control on cell behaviour. Moreover, the resorption 
rate of composite materials can be modified by changes in crystallinity 
and composition of nano-HAp, fitting in this way the bone formation 
rate. Also, it is important to highlight that the high specific surface area 
of nanomaterials leads to a higher reactivity in adsorbing proteins, 
growth factor, etc [57]. 

3.3. Degradation study 

Determination of the degradation rate of the developed composite 
materials was performed by measuring the weight loss. The evolution of 
the degradation rate of P1 and P2 registered at 1, 7, 14, 21, 28 days of 
immersion in SBF is presented in Fig. 16. It can be noticed that, in the 
case of P1, the degradation process began within the first 24 h of im
mersion, whereas, in the case of sample P2, absorption took place during 
the first 24 h, while the effective degradation started in the following 
days reaching a value of about 8% on the 7th day of immersion. During 
the following period, the P2 composite exhibited a lower rate of 
degradation, which is desirable in terms of in vivo conditions because 
bone substitution material has to degrade slowly during the healing 
process. As can be seen from Fig. 16, at day 14 the degradation rate of 
both composites reached a plateau. 

The pH variation in the solutions of P1 and P2 had a different 
behaviour (see Table 1). In the case of the P1, the pH stabilized after 24 h 
around 7.08, whereas, in the case of the P2 sample, it increased at day 28 
up to 9.47. The pH increase in the P2 solution was due to the presence of 
the Mg ions, which formed Mg(OH)2 in aqueous solutions. In the pres
ence of Cl− ions from the SBF, Mg(OH)2 converted into MgCl2, soluble in 
the medium and, thus, a process of alkalinisation of the medium took 
place. The XRD spectra of P2 sample at 7, 14 and 21 days of degradation 
highlight the occurring transformations, accompanied by the Mg peak 
intensity decrease (Fig. 17). 

The XRD patterns obtained from P2 immersed in the SBF for 7, 14 
and 21 days are present in Fig. 17(a). The main Mg (101) peak at 2θ =
36.78◦, corresponding to the interplanar distance of 2.44 Å, had a 
decreasing relative intensity trend depending on the immersion time in 
the SBF, and disappearing completely at day 21. 

The evolution of the Mg main peak for the immersed samples is more 
clearly visible in Fig. 17(b), in which the angular range adjacent to the 
main Mg peak is present. 

Therefore, the role of the Mg addition in this investigation consists in 
not only the beneficial effects on bone and whole body, but also in 25% 
decrease in the degradation rate for the collagen-HAp-Mg composite 
compared to the collagen-HAp one, effects otherwise attained by 
crosslinking agents [55]. 

The results obtained in this study are briefly summerized in Table 2. 

4. Conclusions 

Collagen and biological apatites are assembled in mineralized 
collagen fibrils in the natural bone and teeth tissues. In this work, the 
composite scaffolds of collagen(10%)-HAp(90%) and collagen(10%)- 
HAp(80%)-Mg(10%) were prepared by lyophilisation method and 
characterized. The prepared composites were characterized by a ho
mogeneous aspect with HAp nanocrystallites (4–8 nm) and their clusters 
homogeneously distributed and adherent to the collagen matrix. In the 
collagen(10%)-HAp(80%)-Mg(10%) composite, the distribution of the 
Mg nanoparticles was homogeneous. 

The in vitro degradation in the SBF solution attested the release of Mg 
from collagen(10%)-HAp(80%)-Mg(10%) composite during the period 
of up to 21 days. This composite exhibits 25% lower degradation rate 
with respect to the composite without Mg, which is desirable for in vivo 

conditions because bone material has to degrade slowly during the 
healing process and the new bone formation. 

The developed composite materials, composed of collagen with 
interconnected pore structure and nano-HAp and Mg particles adherent 
to the type 1 collagen fibrils, are promising for applications as bone 
substitutes favouring bone healing and regeneration. Future in
vestigations will include in vitro cell tests and in vivo animal studies. 
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[3] M.A. Velasco, C.A. Narváez-Tovar, D.A. Garzón-Alvarado, Design, materials, and 
mechanobiology of biodegradable scaffolds for bone tissue engineering, BioMed 
Res. Int. (2015) 1–21, https://doi.org/10.1155/2015/729076. 

[4] G. Turnbull, J. Clarke, F. Picard, P. Riches, L. Jia, F. Han, B. Li, W. Shu, 3D 
bioactive composite scaffolds for bone tissue engineering, Bioact. Mater. 3 (2018) 
278–314, https://doi.org/10.1016/j.bioactmat.2017.10.001. 
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