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Abstract
Pore geometry (pore size and pore interconnectivity) and stiffness are important design requirements for 3D-scaffold 
fabrication. The required pore geometry allows the passage of growth factors for cell proliferation and removal of waste 
products, whereas the stiffness influences attachment of osteogenic cells. This work fabricates a 3D scaffold from col-
lagen (Col) and snail shell hydroxyapatite (HApS) and examines the influence of the HApS on the scaffold pore geometry 
and stiffness. The scaffolds were fabricated using freeze-drying method. Col alone and Col-commercial hydroxyapatite 
(Col–HApC) scaffolds were used as controls. Scanning electron microscope (SEM) reveals well-interconnected pores 
for Col–HApS with a mean pore size of 246.9 ± 68.7 μm, which was statistically (p < 0.05) same as that of Col scaffolds 
224.4 ± 85.7 μm and different (p < 0.05) from Col–HApC scaffolds 125.5 ± 26.7 μm. Mechanical testing showed a stiffness of 
20.8 ± 0.4 kPa, 181.2 ± 11.8 kPa, and 206.9 ± 14.1 kPa for Col, Col-HApC, and Col–HApS, respectively. Uniquely, X-ray diffrac-
tometry (XRD) and Infrared (IR) spectroscopy of Col–HApS revealed phases and functional groups that were comparable 
to graphitic-like carbon nitride (g-C3N4) polymeric structure. It was found that the structural change was responsible for 
the well-interconnected large pores and high stiffness of the scaffold. It is expected that the effect brings a wide range 
of functions (such as better cell attachment and nutrient transport) in the scaffold for osteogenesis. The findings indicate 
that Col–HApS scaffolds would promote osteogenic cell response more usefully than Col–HApC or Col scaffolds.
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Graphic abstract 

is resorbed by the cells and the rate at which the cells 
deposit the new ECM. Bone ECM is made up of about 30% 
organic component called osteoid which is mainly type 1 
collagen, and 70% inorganic minerals mostly hydroxyapa-
tite (HAp:  Ca10  (PO4)6(OH)2) with a significant amount of 
zinc, sodium, magnesium and carbonate [9–11].

The collagen structure is a triple helix made up of 
three polypeptide chains of collagen molecules (glycine, 
proline and hydro proline). The molecules are combined 
into fibrils, each of which intersects its neighbours by 
one-quarter of its dimension [12–14]. This creates a typi-
cal banding shape which is responsible for the tensile 
strength of connective tissues and bone ECM [14]. On 
the other hand, HAp influences the compressive modu-
lus (stiffness) of the bone ECM [15]. The morphology of 
HAp is commonly reported as thin needle-like crystals 
which are oriented along the collagen fibrils [16]. It has 
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1 Introduction

Bone tissue engineering is the field of regenerative medi-
cine where damaged or a diseased bone is repaired by 
restoring new tissue using engineered scaffolds, stem cells 
and biomolecules [1–3]. The most successful scaffolds are 
fabricated from biomaterials that imitate the human extra-
cellular matrix (ECM) more successfully [4–6]. Stem cells 
can be harvested from the patient’s own body and seeded 
on the scaffold with the supply of biomolecules (nutrients) 
needed by the cells [7]. The scaffold should resorb control-
lably and be replaced by the body’s own natural ECM [1, 
8]. This requires a balance between the rate the scaffold 
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been reported that these needle-like HAp crystals in the 
bone scaffolds improve the stiffness and permits better 
cell adhesion and signaling [1, 17].

Cell proliferation also depends on the scaffold pore 
geometry (pore size, specific surface area and pore inter-
connectivity) [18]. A large specific surface area with a large 
volume fraction of interlinked larger pore sizes is required 
for effective cell permeability and nutrient transport. A 
critical range for pore size, d needed for the bone regen-
eration has been suggested to be between (50–750 μm) 
with a preference for (150–350 μm) [19]. If d is lower than 
the critical range, then cell migration is restricted due to 
the formation of a cellular capsule. On the other hand, a 
very high d, greater than the upper critical range, reduces 
the number of available ligand binding sites and stiffness. 
Therefore, sustaining a balance between the optimum 
pore size and specific surface area for cell adhesion and 
differentiation is vital for scaffold design [20]. The choice of 
appropriate materials to sustain a balance is a major chal-
lenge since pore volume has an inverse relation to stiff-
ness [6]. However, researchers are incorporating minerals 
(like Fe, Mn) to enhance scaffold stiffness [21]. Another 
approach reported is the use of supermagnetic materials 
in scaffolds to stimulate the scaffold surface with the appli-
cation of external magnetic field for better cell attachment 
to improve on osteogenesis [22].

In this paper, the authors used snail shell HAp to adjust 
the microstructure of a collagen-snail shell HAp 3D-scaf-
fold. The adjustment revealed a new phase (g-C3N4: 
Graphitic-like Carbon Nitride) which influences both 
the pore geometry and stiffness. The g-C3N4 is a layered 
polymeric structure usually prepared from heptazine and 
triazine-based molecular precursors (such as melem and 
melamine) [23]. The structure immense pores and suit-
able band gap has attracted attention in remediation and 
photocatalysis applications. In addition, g-C3N4 is used as 
a reinforcer in polymers to improve mechanical proper-
ties in biomedical engineering for tissue scaffolds and tar-
geted drug delivery [24]. The scaffold was produced using 
a freeze-drying method and characterized using x-ray dif-
fractometry (XRD), Infrared (IR) spectroscopy, scanning 
electron microscope (SEM), and energy-dispersive x-ray 
spectrophotometer (EDS). The snail shell HAp was pre-
pared from Achatina achatina (AA) shells and a phosphate 
containing-solution. The shells were selected because lit-
erature reports that snail shells have more carbonate, a 
precursor for HAp synthesis than other biogenic sources 
which include egg shells, corals, and fish scales [25]. Col-
lagen (Col) alone and Col-commercial HAp scaffolds were 
used as controls.

2  Materials and methods

2.1  Materials

Type I collagen (Col) from bovine Achilles and commer-
cial hydroxyapatite (HApC) were purchased from Sigma-
Aldrich Ltd, UK. Snail shell hydroxyapatite (HApS) was pre-
pared from Achatina achatina (AA) shells and phosphate 
containing-solution. The AA shells were calcined at 750 °C 
and the HApS was prepared using the method developed 
by Asimeng et al. [26].

2.2  Scaffolds preparation

For Col and Col–HApC scaffolds, a suspension of 100%Col 
and 30%Col, respectively, was prepared separately in 
0.05 M acetic acid (pH 3.2) by blending in an ice bath. 
After blending, Col was ready for fabrication whereas for 
Col–HApC, 70%HApC was added immediately to the 30% 
Col suspension in a stepwise fashion. The pH was adjusted 
to 3.6 using 2 M sodium hydroxide to form a homogene-
ous suspension of Col–HApC. The suspension of Col and 
Col–HApC was pipetted into their individual moulds (pol-
ytetrafluorothylene (PTFE). This was frozen at  − 20 °C and 
freeze dried for 24 h. The same procedure as for Col–HApC 
was adopted for Col–HApS fabrication.

2.3  HAp and scaffold characterization

X-ray diffractometer (PANalytical Empyrean, Netherlands) 
equipped with Cu Kα and a wavelength of 1.5406 was used 
to identify the phases of HApC, HApS and scaffolds. The 
samples were scanned at the rate of 2° per min and the 
patterns were compared with Joint Committee on Pow-
der Diffraction Standards (JCPDS) files for phase identifica-
tion. Infrared (IR) (Excalibur FTS 3500 FT–IR, Varian. Inc) was 
used to study the functional groups. Scanning electron 
microscope Zeiss EVO-MA10 equipped with Oxford EDS 
were used to study the scaffold morphology and chemical 
elements present at electron high tension (EHT) of 15 kV.

2.4  Scaffold interconnectivity, porosity 
and compressive modulus

The scaffold interconnectivity was simulated using ImageJ 
1.5a. SEM images were imported into the ImageJ platform 
and three-dimensional (3D) interactive plot selected in 
plugins. The scaffold porosity, P, of different groups (n = 10) 
was calculated using the following gravimetric formula:

(1)P = 1 −

(

�scaffold

�material

)
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where �scaffold is the density of the scaffold measured by 
the mass of the scaffold over the volume of the scaffold. 
�material is the density of individual materials the scaffold is 
prepared from ( �collagen = 1.31 gcm−3 and �HAp = 3.16 gcm−2).

Compressive modulus of cylindrical scaffolds (n = 5) of 
equal height and diameter, 13.8 ± 0.3 mm was determined 
using Rubicon DMG 6160 (Denison Mayes Group). The 
scaffolds were tested under unidirectional compression 
load of crosshead speed of about 0.1 mm/min with a load 
cell of 3 kN to a strain level of 70%.

2.5  Statistical analysis

One-way analysis of variance (ANOVA) and Tukey’s post-
hoc test were used to relate the groups. The statistical sig-
nificance was determined at a confidence level of p < 0.05 
and all data presented were averages (mean) with their 
standard deviations as errors.

Fig. 1  XRD patterns showing the phases of HAp a HApC b HApS. 
HApC shows a pure phase of HAp whereas HApS display a dual 
phase of hydroxyapatite and calcite

Fig. 2  XRD patterns showing the phases of scaffolds a Col b Col–
HApC c Col–HApS. Col and Col–HApC shows pure collagen and 
hydroxyapatite phases, respectively whereas Col–HApS shows 
hydroxyapatite and graphitic-like carbon nitride phases

Fig. 3  FTIR spectra displaying functional groups of hydroxyapatites 
a HApC b HApS. The wavenumbers 1412 and 871 cm−1 correspond 
to carbonate groups and the rest of the wavenumbers are the func-
tional groups of hydroxyapatite

Fig. 4  IR spectra displaying the functional groups of scaffods a Col 
b Col–HApC (c) Col-HApS. Dark dash line indicates a redshift of 
Amide I (1640 cm−1) and Amide II (1540 cm−1) groups of Col–HApC 
and Col–HApS from Col
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3  Results

3.1  XRD of HAp and scaffold characterization

Figure 1 shows x-ray diffraction (XRD) patterns of HApC 
and HApS whereas Fig. 2 displays XRD patterns of Col, 
Col–HApC and Col–HApS scaffolds. The scan was per-
formed from 5–70° but the most interesting peaks were 
found at 5—50°. HApC (Fig. 1a) shows a single phase of 
hydroxyapatite, and HApS comprises mixed phases of 
calcite and HAp. The unit cell parameters were computed 
using a non-linear least square refinement program (Unit 
cell, CCP14). The lattice constants for HApC and HApS were 
identified to be, a = 9.4146 Å, c = 9.4157 Å and a = 9.3804 Å, 
c = 6.8422 Å, respectively. The Scaffolds XRD patterns for 
Col–HApC (Fig. 1b) showed a similar phase to HApC plus 
broad peaks associated with collagen. Col-HApS (Fig. 1c) 
showed dual phases of graphitic-like carbon nitride 
(g-C3N4) and HAp.

Fig. 5  Mean porosity of scaffolds. The freeze drying created deci-
mated difference in the scaffolds. * indicates the statistical signifi-
cance at p < 0.05 and σ represents the standard deviation

Fig. 6  Shows SEM images of a HApC b HApS c Col d, Col–HApC 
e Col–HApS and the corresponding EDS spectra (a’, b’, c’, d’ and 
e’). The HApC surface comprises agglomerated chunks and small 
spherical chunks whereas HApS show agglomeration of small 

spherical grains and plate-like grains. Scaffolds surface (c–e) shows 
larger and smaller pores with yellow allows indicating pore inter-
connectivity
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3.2  IR of HAp and scaffold characterization

Figures 3 shows infrared (IR) spectra of HApC and HapS 
whereas Fig.  4 shows Col, Col–HApC and Col–HApS 
scaffolds, respectively. In Fig. 3, the wavenumbers 1090, 
1026, 963, 600, and 563 cm−1 correspond to phosphate 
functional groups of HAp. The wavenumber at 600 cm−1 
is the liberational hydroxide group. The fingerprints at 
wavenumbers 1412 and 871 cm−1 are carbonate groups. 
In Fig. 4a, the wavenumbers 3320 and 2931 cm−1 are 
Amide A and Amide B functional groups of Col, respec-
tively. The main collagen groups Amide I, and Amide II 
are found at wavenumbers 1640 and 1540 cm−1, respec-
tively and Amide III group occurred at 1334  cm−1. In 
Fig. 4b and c, Amide A, Amide B and Amide III groups 
disappeared but Amide I and Amide II groups are main-
tained with modifications. Amide I and Amide II groups 
of HApC and HApS were redshifted to the same wave-
number but the intensity of HApS is higher than that of 
HApC. HApS in addition is found with new fingerprints 
that occurs at wavenumbers 1416, 1314 and 668 cm−1 
that are comparable to graphitic carbon nitrite (g-C3N4) 
functional groups.

3.3  Scaffold porosity, SEM and EDS characterization 
of HAp and scaffold

Figure 5 shows the mean porosity of the scaffolds. The 
porosity shows no statistical difference (p < 0.05) among 
scaffolds. The mean porosity in percentage for Col, 
Col–HApC, and Col–HApS are 99.5 ± 0.06, 98.5 ± 0.11, and 
98.0 ± 0.14, respectively.

Figure 6 show the scanning electron microscope (SEM) 
images and energy dispersive X-ray spectroscopy (EDS) 
spectra of HApC, HApS and scaffolds. The SEM images of 
HApC in Fig. 6a shows small spherical and agglomerated 
chunks and small spherical grains that are irregularly dis-
persed; HApS Fig. 6b shows rod-like grains together with 
spheroids. These images and the EDS spectra are typical of 
commercial hydroxyapatite and carbonated hydroxyapa-
tite [27, 28]. The SEM images in Fig. 6c–e shows larger 
and smaller pores that are interlinked. The scaffolds pore 
geometry (pore size and pore interconnectivity) were 
determined from Fig. 6c–e and presented in Fig. 7. The 
pure collagen (Col), Col–HApS reveals a mean pore size 
of (224.4 ± 85.7) μm and (246.9 ± 68.7) μm, respectively. 
The single ANOVA post hoc statistics indicated no statisti-
cal difference between Col and Col–HApS. However, the 
mean pore size of Col–HApC (125.5 ± 26.7) μm is about 
half that of Col-HApS mean pore size. Pore interconnec-
tivity is indicated with yellow arrows on the images surface 
shows how voids or pores are interlinked to each other 
within the scaffolds. It was found that the pores on the 
pore walls (wall pores) were smaller than the main pores 
on the scaffold surfaces. The mean size of the wall pores 

Fig. 7  Mean pore size of Col, Col–HApC, and Col-HApS scaffolds. * 
and ** indicates the statistical significance at p < 0.05

Fig. 8  Interactive 3D surface plot of scaffolds a Collagen b Col–
HApC c Col–HApS. The surface plots were obtained using SEM 
images in image J. Col–HApS has higher pore depth (red) and bet-
ter interconnectivity followed by Col and Col–HApC scaffolds
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was (60.3 ± 22.9), (22.3 ± 8.4) and (64.7 ± 29.1) μm for Col, 
Col–HApC and Col–HApS, respectively. The surface topol-
ogy of Col–HApS indicated as yellow in Fig. 8c confirm the 
ease of maneuvering through pores. The surface topol-
ogy is more akin to Col (Fig. 8a) as compared to Col–HApC 
(Fig. 8b) and this supports the view that channels exist 
between the main pores through the wall pores. The 
observation suggests that the wall pores will enhance pore 
interconnectivity.

3.4  Compressive modulus

Figure 9a and b represents the stress–strain curve and 
compressive modulus of Col–HApC, Col–HApS and Col 
scaffolds. The slope of the linear portion of the curve 
within 10% of the strain axis was used to determine 
the compressive modulus of the scaffolds indicated in 
Fig. 9b. The modulus of Col, Col–HApC, and Col–HApS 
were 20.8 ± 0.4 kPa, 181.2 ± 11.8 kPa, and 206.9 ± 14.1 kPa, 
respectively.

4  Discussion

The characterization (XRD, FTIR, SEM and EDS) con-
firms that HApC and HApS are hydroxyapatite (HAp) 
and carbonated hydroxyapatite (CHAp) plus ( +) cal-
cite respectively. The lattice constants for HApC and 
HApS correspond to a unit cell volume of 527.6838Å3 
and 521.3976Å3, respectively. The unit cell volumes are 
in line with the theoretical and experimental values 

reported by Astala and Stott [29]. Their work reports a 
smaller decrease in the unit cell volume between 1–2% 
of HAp for CHAp at B-site substitution. The decrease of 
the unit cell volume of HApS by 1.19% as compared to 
the unit cell volume of HApC suggests that HApS under-
went  CO3

2− substitution where  CO3
2− occupied  PO4

3− site 
(B-site).  CO3

2− could substitute at B-site and or OH– site 
(A-site) in HAp depending on the thermodynamic condi-
tions and how charges are compensated. For HApS,  Ca2+ 
was given out for charge compensation, and because 
 CO3

2− has a smaller ionic size, it is oriented at B-site par-
allel to the c-axis of the hexagonal unit cell for stability 
and that results in a reduced unit cell volume.

The Col interaction with HApC has been modelled by 
Cutini, Michele et al. [30] using ab initio simulation. The 
mechanism of interaction is through adsorption of the 
amide I bonds (C=O) of Col proline molecules and the 
exposed  Ca2+ and electrostatic interactions as illustrated 
in Fig. 10b. The redshift of the amide I and II bonds are the 
evidence of strong interaction between Col and HApC. The 
amide A, amide B, and amide III peaks were altered and 
the surface of the HApC modified through conformation 
changes assisted by protonation (from the acetic acid).

Col adsorption to HApS surface depended on the 
 CO3

2− substitution at the B-site of HApS. The available 
way for Col to bind with HApS is through the amide 
I (C=O) and  CO3

2− as shown in Fig. 10c. The Col proline 
molecules interaction with HApS is initiated through pro-
tonation similar to Col and HApC interaction in the acetic 
acid environment. For stability, C=O and  CO3

2− interacted 
through E-Z stereoisomerism. The interaction is restricted 
and resulted in a new geometrical configuration which 

Fig. 9  a Stress–strain curve and b compressive modulus of scaf-
folds. The linear portion in a indicated as  E1 and  E2 were used to 
determine the compressive modulus of Col–HApC and Col–HApS, 

respectively. Col–HApS is stiffer followed by Col–HApC and Col. *, 
**, and ***indicates the statistical significance at p < 0.05
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produced shorter planar bond lengths. The structure is 
comparable to the partial tri-s-triazine g-C3N4 polymeric 
structure as revealed by XRD in Fig. 2c and IR in Fig. 4c. 
The observation was absent in Col–HApC, and this con-
firms that the g-C3N4 phase in Col-HApS was due to the 
presence of the HApS in Col–HApS. Doblinger et al. [31] 
and Federica et al. [32], report XRD patterns of partial tri-
s-triazine g-C3N4 polymeric structure and the peaks are 
comparable to 9.2°, 13.7° and 27.6° positions as indicated 
in Fig. 2c. The peak positions correspond to (100), (101), 
and (002) plane, respectively. The (002) plane is the most 
intense reflection of g-C3N4 but because Col interacted 

with HApS at the same reflection, it is expected that the 
peak intensity reduced and becomes lower than those at 
lower angles. This interaction produced the partial forma-
tion of the tri-s-triazine g-C3N4 polymeric structure. FTIR 
in Fig. 4c confirms the phase. The main functional group 
of fully formed tri-s-triazine g-C3N4 occurs at 808 cm−1 
[33] and that of partial tri-s-triazine g-C3N4 occurs around 
668 cm−1 [34]. The latter functional group position is the 
same as reported in this study. The tri-s-triazine g-C3N4 is 
a layered structure and influenced the pore geometry and 
the stiffness.

Fig. 10  Molecular structure of a tri-s-triazine g-C3N4 b Col–HApC c 
Col–HApS. The structures were drawn using cheigmdraw Pro 12.0. 
Solid long bond lengths represent bonds in a plane. Dash (bro-
ken) wedge bonds represents bonds disappearing away from the 

viewer. The Z in c indicates E-Z stereoisomerism and that produced 
the solid short bond lengths. The red dash lines indicate similar 
interplanar distance between the two structures (a) and (c)
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The pore geometry was influenced to an extent that it 
resulted in a larger mean pore size with better pore inter-
connectivity in Col-HApS as demonstrated in Figs. 8 and 
9. Although, larger pore size is essential for effective cell 
permeability and nutrient transport in a scaffold, the suf-
ficient requirement is how the larger pores are interlinked 
(interconnected) to each other through the pore wall in 
the scaffold. Pore interconnectivity brings heterogeneity 
for cellular activities in the scaffold like faster oxygen and 
nutrient transport, and easy removal of waste by products. 
This thus, permits faster cellular activities (migration and 
proliferation), wider range of orientation of cells in the 
early stages and subsequently infiltration of the cellular 
ECM of the desired tissue formed. The heterogeneity in 
Col and Col–HApS will be better due to their high pore 
interconnectivity than in Col–HApC.

The compressive testing performed indicated statisti-
cally (p < 0.05) higher stiffness value in Col–HApS than that 
of Col–HApC. The high stiffness noticed was caused by the 
presence of the g-C3N4 phase in the scaffold. The Col–HApS 
interactions produced a linear structure (Fig. 10b) whereas 
Col–HApC showed a branched structure (Fig. 10c). The lin-
ear chain molecular structure is more reactive than the 
branched molecular structure and have a stronger inter-
action with itself. This produces high mechanical stresses 
on the network chains of the scaffold without affecting 
porosity. High stiffness is required to promote cell adhe-
sion for proliferation to initiate through the pores. The 
most intriguing issue is that, most of the processing meth-
ods of maximizing stiffness results in reduction in scaffold 
pore volume (porosity).Notwithstanding, the results from 
this study demonstrates that the stiffness of the scaffolds 
depended on scaffold structural network architecture but 
not necessarily on the inverse relation to the porosity, as 
usually reported. There was no major significant difference 
in the scaffolds mean porosities values in Fig. 5, but the 
minute changes translated to a major difference in stiff-
ness. This finding is important since advanced biomaterials 
could be developed using microstructure manipulations 
to achieve high stiffness in highly interconnected porous 
materials. Similar concept is reported where Cu is intro-
duce into Zn bone implants and through heterogeneous 
nucleation, peritectic phase evolved which enhanced 
the mechanical properties of the implant [35].The large 
pore size, high pore interconnectivity and high stiffness 
of the advanced scaffold (Col–HApS) fabricated will have 
greater potential for different tissues to elicit its ECM for 
bone regeneration.

5  Conclusion

Bone tissue 3D scaffolds were fabricated from 30% type 1 
collagen (Col) and 70% snail shell hydroxyapatite (HApS) 
using freeze-drying suspension method. The scaffold pore 
geometry and compressive modulus (stiffness) were com-
pared to that of collagen (Col) alone, and Col-commercial 
hydroxyapatite (Col–HApC) scaffolds. The mean pore 
size of Col-HApS scaffold was, (246.9 ± 68.7 μm), which is 
statistically (p < 0.05) same as the mean pore size of Col 
scaffolds (224.4 ± 85.7 μm) but larger than Col–HApC scaf-
folds (125.5 ± 26.7 μm). The larger pore size of Col–HApS 
arises from the  CO3

2− substitution at the B-site of HApS 
that underwent stereoisomerism and formed a geo-
metrical configuration that was comparable to partial 
tri-s-triazine graphitic-like carbon nitride polymeric 
structure. The structure is layered with an interconnected 
large pore structure and that influenced the scaffold. The 
stiffness of Col–HApS (206.9 ± 14.1 kPa) was statistically 
(p < 0.05) higher than the stiffness of Col (20.8 ± 0.4 kPa) 
and Col–HApC (181.2 ± 11.8 kPa). The observed higher stiff-
ness values of Col–HApS were attributed to the linear geo-
metrical shape of collagen molecules that permitted more 
interaction with HApS crystals. The Col–HApS fabricated 
has improved pore geometry and stiffness and could be 
therefore be used in bone tissue regeneration as compare 
to Col and Col–HApC. Also, the results demonstrated that 
microstructural manipulations could be used to improve 
scaffold stiffness without altering porosity.
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