
β-Ca3(PO4)2- Ca9.95Li1.05(PO4)7 lamellar microstructure by chemical 
etching: Synthesis, characterization and in vitro bioactivity
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A B S T R A C T

In this study, new multilayer 3D porous scaffolds were designed with a core composed of Ca3O5Si (C3S) and 
external layers composed of Ca5Li2(PO4)4. Scaffolds’ surface topography was modified to reveal a lamellar 
microstructure by applying chemical etching. Scaffolds were characterized by X-Ray Diffraction (XRD), Field 
Emission Scanning Electron Microscopy with Energy Dispersive X-ray spectroscopy (FESEM/EDX), Fourier 
Transform Infrared Spectroscopy (FTIR) and Mercury Porosimetry. In vitro bioactivity was evaluated by 
immersing scaffolds in simulated body fluid (SBF) at 1, 3 and 7 days. Scaffolds presented calcium pyrophosphate, 
β-tricalcium phosphate (β-TCP), nonstoichiometric and stoichiometric calcium/lithium phosphate as the main 
phases. The calcium pyrophosphate and stoichiometric calcium/lithium phosphate in the external layer were 
eliminated by the chemical etching process, which revealed the lamellar microstructure. Lamellar width varied 
from 1.44 μm to 0.73 μm depending on the chemical etching time. The obtained mechanical strength results 
influenced samples’ macroporosity, which ranged from 50 % to 64 %. These samples also exhibited micropo
rosity between 30.3 % and 49.0 %. During the bioactivity test, all the chemically etched samples showed a 
hydroxyapatite-like (HA-like) precipitate, except for the sample chemically etched for 30 s at day 1. At day 7, the 
lamellar microstructure in the samples chemically etched for 30 s and 45 s (C-30 s and C-45 s) was completely 
covered by the HA-like precipitate, whereas the lamellar microstructure in the sample chemically etched for 60 s 
(C-60 s) was only partially covered by the HA-like precipitate.

1. Introduction

Nowadays, population aging, sedentary lifestyles, trauma and 
various bone diseases, including periodontitis, that require bone repair 
or regeneration are challenging researchers [1]. To solve the 
above-described problems, new biomaterials with optimal and specific 
properties are being developed to improve the population’s quality of 
life, and are innovating around personalized medicine and tissue engi
neering [1,2].

In this context, tissue engineering focuses on developing synthetic 
implants for bone regeneration that should be bioactive and biode
gradable, and capable of promoting osseointegration and osteoinduction 
[1,3–6]. The development of bone substitutes also requires the creation 
of porous materials that enhance bioresorption and improve bioactivity, 
and the porosity of these materials must be interconnected to facilitate 
bone growth.

In addition to the previously mentioned characteristics, it has been 

demonstrated that surface morphology plays a decisive role in cell 
behavior by modifying the parameters of adhesion, proliferation and 
differentiation, which strongly impact bone formation [4–8]. Moreover, 
surface topography plays an important role in cell alignment, elongation 
and migration [9], and lamellar structure modulates cell-cell commu
nication [10].

Currently, there are several chemical techniques, including plasma 
surface, chemical crosslinking and polymer demixing, and physical 
techniques like electrospinning, photolithography and electron beam 
lithography, that attempt to modify developed materials’ surface. 
However, these techniques have some disadvantages. For example, 
chemical techniques can be toxic and induce cell death due to solvents 
use, and physical techniques are oriented mainly to flat surfaces [7,11].

Another methodology to modify surface topography is chemical 
etching, which is a simple and economical technique [7]. To successfully 
apply this technique, it is necessary to develop specific formulations that 
feature surface phases with varying dissolution rates compared to the 
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applied dissolution conditions. In this regard, multilayer scaffolds are 
currently being developed to tailor the behavior of structures for specific 
applications. These scaffolds enable the design of layers based on set 
objectives. The core can be designed to replicate the porous bone 
structure, while external layers can provide mechanical strength and 
incorporate phases of interest. These scaffolds’ surface topography can 
be modified by applying chemical etching techniques to enhance tissue 
integration.

This work aims to develop a porous 3D material based on a multi
layer structure consisting of the following layers: a core formed by tri
calcium silicate (C3S) and external layers according to the Ca5Li2(PO4)4 
formulation, where lithium ions (Li+) partially replace the calcium ions 
(Ca2+) in the Ca3(PO)2 formulation. Li+ is an important element that has 
significant positive effects on organisms, such as improving osteogenesis 
to form bone tissue, and also the incorporation of Li+, and other ions 
like Na+, Mg2+ and K+, in scaffolds is a method that improves bone 
regeneration at low cost [12–14].

2. Materials and methods

2.1. Materials preparation

Ceramic scaffolds were prepared by the sol-gel method in combina
tion with the polymeric sponge replication method [15,16]. The prep
aration process was divided into stage 1 (core preparation) and stage 2 
(external layers) (see Table 1). The core preparation formulation was 
C3S, which was prepared with 10.5 mL of Si(OC2H4)4 (TEOS, 
Aldrich-Tetraethyl Orthosilicate), 5 mL of ethanol 97◦, 5 mL of distilled 
water and 1 mL of hydrochloric acid (HCl 37 %, Ensure). The mixture 
was stirred for 10 min to promote the hydrolysis reaction. Simulta
neously, a solution of 14.1 g of calcium carbonate (CaCO3, Sigma), 15 
mL of distilled water and 15 mL of hydrochloric acid (HCl 37 %, Ensure) 
was prepared and added to the previous solution. The pH of the final 
solution was adjusted to between 2 and 3 by adding HCl drop by drop.

Subsequently, polyurethane sponges were cut into cylindrical shapes 
(20 ppi, 12.7 mm diameter, 10 mm high), submerged in sol-gel solution 
and oven-dried at 175 ◦C for 10 min once the first layer had dried. This 
process was repeated about 15 times until sponge bridges were 
completely covered. Then sponges were sintered in a furnace at 1050 ◦C 
at a heating rate of 18.5 ◦C/h. This temperature was maintained for 8 h 
and cooled to room temperature inside the oven.

Once the initial scaffold, called the core, was obtained, it was 
covered with external layers. The core coatings formulation Ca5L
i2(PO4)4 was prepared by mixing 11.5 mL of (C2H4)3PO4 (TEP, Aldrich- 
Trietyl Phosphate), 5 mL of ethanol 97◦, 20 mL of distilled water, 15 mL 
of hydrochloric acid (HCl 37 %, Ensure), 8.42 g of calcium carbonate 
(CaCO3, Sigma) and 1.24 of lithium carbonate (Li2CO3, Scharlau). The 
pH of the solution was adjusted to between 2 and 3 by adding HCl drop 
by drop.

With the previously described solutions, the core was coated and 
dried at 190 ◦C for 15 min. This process was repeated 3 times to not 
eliminate core scaffold porosity. Finally, scaffolds were sintered at a 
heating rate of 115 ◦C/h, the final temperature of 1050 ◦C was reached 
and maintained for 4 h, and cooled to room temperature inside the 
furnace. The process was repeated 3 times.

2.2. Material characterization

The mineralogical composition of the powder material was deter
mined by X- Ray Diffraction (XRD) in a Bruker-AXR D8 Advance using 
Cu-Kα radiation (1.541874 Å). Data were collected in the Bragg- 
Brentano theta-2theta (θ/2θ) geometry between 10◦ and 55◦ (2θ) in 
0.05 steps by counting 5 s per step. The X-ray tube was operated at 40 kV 
and 30 mA. The obtained diffractograms were analyzed by version 3.16 
of the Match! 3 software. The semiquantitative analysis of the phases in 
scaffolds was carried out following the Relative Intensity Ratio method 
(RIR), and phases and were compared to the Crystallography Open 
Database (COD).

Multilayer ceramic scaffolds’ morphology was characterized by Field 
Emission Scanning Electron Microscopy with Energy Dispersive X-ray 
spectroscopy (FESEM/EDX) using a SIGMA 300 VP of Zeiss with Zeiss 
SmartEDX. All the samples were palladium-coated before being 
analyzed.

Chemical composition was evaluated by Fourier Transform Infrared 
Spectroscopy (FTIR, spectrometer 4700 IRT 5200 Jasco equipped with 
an ATR PRO ONE accessory). Spectra were collected between 500 cm-1 

and 1250 cm-1 with 16 accumulations, and at a resolution of 4 cm-1 and a 
scanning speed of auto 2 mm/s.

Scaffolds’ porosity and pore size (<300 μm) distribution were 
determined by the Mercury Porosimetry Technique (Poremaster 60 GT 
Quantachrome instruments) within a pressure range between 1.055 psi 
and 35216.264 psi. Porosity associated with pore size exceeding 300 μm 
was determined followed by the application of Archimedes’ Principle in 
mercury.

Scaffolds’ mechanical strength was evaluated by a compression test 
using a Simple Manual Test Stand (SVL-1000N, IMADA). Load was 
manually applied to scaffolds (10 mm diameter, 9 mm high) until the 
scaffold completely broke. Ceramic scaffolds’ compressive strength was 
calculated from the results of 5 per batch.

2.3. Surface topography and characterization

Ceramic scaffolds’ surface was modified by the selective removal of 
the more acid-soluble phases by a chemical etching process. An etching 
solution was prepared by dissolving acetic acid glacial (CH₃COOH, 
PanReac) in distilled water with stirring to ensure complete chemical 
dissolution at the 3 % concentration. Scaffolds were submerged in 
etching solution with stirring to ensure that the whole surface was 
etched. Finally, scaffolds were rinsed with distilled water to remove any 
residual etching solution and dried at 80 ◦C for 24 h. Etching times (30 s, 
45 s and 60 s) were tested following the same above-described proced
ure. The whole process was conducted at room temperature. The 
modified scaffolds were characterized by FESEM/EDX and XRD.

2.4. In vitro bioactivity characterization

In order to evaluate the chemical etching effect on patterned scaf
folds’ in vitro bioactivity, bioactivity tests were performed by immersion 
in simulated body fluid (SBF) according to the procedure established by 
Kokubo et al. [17] and following ISO 23317:2014. The specimens in SBF 
were incubated in a water bath at 37 ◦C for 1, 3, and 7 days. After each 
period, scaffolds were dried at 80 ◦C for 24 h and analyzed by FESE
M/EDX. Variations in the calcium (Ca2+), lithium (Li+), silicon (Si4+) 
and phosphorus (P5+) ion concentrations were determined by Induc
tively Coupled Plasma Optical Emission Spectrometry (ICP-OES Thermo 
iCAP 6500 DUO).

3. Results

3.1. Scaffolds characterization

Fig. 1 shows the diffraction patterns of the core coating, samples 

Table 1 
Reagents used in the preparation of cores and external coating.a

Formulation 
composition

CaCO3 

(g)
Li2CO3 

(g)
Triethyl 
phosphate TEP 
(mL)

Tetraethyl 
orthosilicate TEOS 
(mL)

Ca3SiO5 14.1 – – 10.5
Ca5Li2(PO4)4 8.42 1.24 11.5 –

a All the preparations were carried out with 20 mL of distilled water, 15 mL of 
HCl and 5 mL of ethanol to obtain 10 g of formulation.
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before chemical etching (control) and after chemical etching (C-30 s, C- 
45 s and C-60 s). The XRD pattern of the control showed characteristic 
peaks of the main phases: calcium pyrophosphate (Ca2P2O7) (COD: 96- 
100-1557), β-tricalcium phosphate (β-TCP) (β-Ca3(PO4)2) (COD: 96- 
151-7239), nonstoichiometric and stoichiometric calcium/lithium 
phosphate (Ca9,95Li1,05(PO4)7) (COD: 96-152-6054) and (CaLi(PO4)) 
(COD: 96-152-6054), considering the rest as minority phases. Table 2
shows the percentage of present phases.

Furthermore, the diffraction patterns of samples C-30 s, C-45 s and C- 
60 s showed the same phases as the control (Fig. 1). As the chemical 
etching time increased, a decrease in the calcium pyrophosphate 
(Ca2P2O7) and (CaLi(PO4)) phases (COD: 96-152-6054) was observed, 
with values of 3 % and 1 %, respectively, in the most chemically etched 
C-60 s sample (Table 2).

Fig. 2 shows the multilayer ceramic scaffolds analyzed by FESEM/ 
EDX. The control (a) displays hexagonal grains (•) of Ca and P, where 
the Ca/P ratio varies from the edge to the center of these grains. In the 
center of the hexagonal grains, the Ca/P ratio is 1.3 and 1.2 on the edge. 
Equiaxial grains (◘) with a Ca/P ratio of 1.5 and rods (→) with a ratio of 
1.0 were also observed in the microstructure. The samples C-30 s, C-45 s 
and C-60 s showed that some equiaxial grains (◘) remaineds, with a new 
lamellar structure (▴) after chemical etching. These lamellar structures 
observed on samples after chemical etching had a Ca/P ratio of 1.4.

Fig. 3 window depicts a representative scaffold of all the samples 
employed for the Mercury Porosimetry, which exhibits interconnected 
open porosity that could favor uniform cell seeding, nutrient and 
metabolite diffusion [18,19]. Table 3 presents porosity, compressive 
strength and lamellar width, obtained by the control, and samples C-30 
s, C-45 s and C-60 s Fig. 3 (a) shows how two regions of volume intruded 
describe the control sample. The first region reveals how the intruded 
mercury volume increased from 0 to 0.1252 cc/g, and corresponded to a 
range of pore diameters between 215 μm and 4.8 μm, respectively. In 
contrast, the second region displays a slightly intruded mercury after 
4.8 μm of pore diameter. Fig. 3 (b) depicts how the control presented 

four pore peaks corresponding to 124.8 μm, 20.8 μm, 8.1 μm and 6.3 μm. 
The control presents a mercury porosity of 30.3 % (<300 μm) and 
Arquimedes porosity of 50 % (>300 μm).

For samples C-60 s and C-30 s, Fig. 3 (a) shows two regions of volume 
intruded on both curves; the first region with an increased intruded 
mercury volume from 0 to 0.1585 cc/g and 0.1732 cc/g, respectively, 
within the range of pore diameters 215 μm and 4.8 μm. Additionally, C- 
45 s scaffolds presented a bigger intruded mercury volume than the 
control and samples C-30 s and C-60 s, from 0 to 0.2757 cc/g, which was 
almost double the volume intruded within a similar range of pore 
diameters.

In Fig. 3 (b), C-30 s samples have four pore diameter peaks at 80.0 
μm, 8.1 μm, 6.3 μm and 4.9 μm. These samples present mercury porosity 
of 36.0 % (<300 μm) and Arquimedes porosity of 59 % (>300 μm). The 
C-45 s samples have the four biggest pore diameter peaks at 46.6 μm, 
14.0 μm, 8.1 μm and 4.9 μm, with mercury porosity of 49.0 % and 
Arquimedes porosity of 62 % (>300 μm).

Finally in Fig. 3 (b), C-60 s samples show two of the biggest diameter 
peaks at 124.8 μm and 40.9 μm. For these samples, mercury porosity was 
38.5 % (<300 μm) and Archimedes porosity of 64 % (>300 μm).

Regarding mechanical properties, the compressive strength of the 
different samples was between 0.5 ± 0.1 MPa and 0.7 ± 0.1 MPa. While 
the width lamellar showed a decreased behavior in the function of the 
etched chemical times (C-30 s, C-45 s and C-60 s) of 1.44 μm, 0.8 μm and 
0.73 μm, respectively.

Fig. 4 shows the FTIR spectra of the control sample, while Table 4
presents the vibration modes assigned to each observed signal band. 
Within the spectrum, the signal observed at 1115 cm-1 corresponded to 
the Si-O-Si asymmetrical stretching, which has been reported between 
1000 and 1300 cm-1 [20–22]. Although the signals between 1081 cm-1 

and 1005 cm-1 correspond to the overlap of the asymmetrical stretching 
of groups Si-O-Si and PO4

3− , the last one usually presents a vibrational 
mode of 1000–1100 cm-1 [20]. The signals observed at between 902 
cm-1 and 970 cm-1, and those at 542 cm-1 and 603 cm-1, correspond to 
the symmetrical stretching and bending stretching PO4

3− reported at 
900-970 cm-1 [20] and 520-660 cm-1 [3,20,21], respectively. The 
presence of Si-O-Si is corroborated by 793 cm-1, and corresponds to 
symmetrical stretching or bending vibrations reported between 760 
cm-1 and 850 cm-1 [20–22].

3.2. In vitro bioactivity

In relation to in vitro bioactivity, scaffolds were tested by soaking 

Fig. 1. XRD patterns of the multilayer scaffolds (a) before chemical etching and (b), (c) (d) after the 30 s, 45 s and 60 s chemical etching, respectively. (Main phases: 
• Ca2P2O7, ○ β-Ca3(PO4)2, ◊ Ca9,95Li1,05(PO4)7, ◆ CaLi(PO4)).

Table 2 
RIR analysis of the phases in scaffolds.

Sample/ 
%

Ca2P2O7 β-TCP Ca9,95Li1,05(PO4)7 CaLi 
(PO4)

Minority 
phases

Control 19 44 16 10 11
C-30 s 18 56 12 4 10
C-45 s 1 41 44 5 9
C-60 s 3 33 49 1 14
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them in SBF solution for 1, 3 and 7 days. The control scaffolds did not 
show any HA-like precipitate or significant change on the surface during 
the test (Fig. 5a–e and i).

Fig. 5(b–f and j) depicts C-30 s samples after SBF immersion at 1, 3 
and 7 days, respectively. After immersion, the sample still presented 
hexagonal grain and lamellar structure, observed before being soaked in 
SBF (Fig. 2 (b)). At 1 day, no HA precipitate was observed on scaffolds. 
However, from day 3 to day 7, samples were partially covered by a HA- 
like precipitate with a Ca/P ratio of 1.44.

Fig. 5(c–g and k) also shows the C-45 s scaffold surface after SBF 

immersion at 1, 3 and 7 days. Samples presented a Ca-P precipitate with 
globular morphology on the surface. The EDX indicated variation in the 
Ca/P ratio from 1.45 at 1 day, to a Ca/P ratio of 1.65 at day 7, which 
corresponds to carbohydroxyapatite. The Ca/P ratio value was slightly 

Fig. 2. FESEM micrographs of the scaffold surface: (a) control, (b) C- 30 s, (c) C- 45 s and (d) C- 60 s.

Fig. 3. Representative optical image of scaffolds (window). Mercury Porosimetry curves: (a) Cumulative and (b) Differential intrusion vs. pore diameter in scaffolds.

Table 3 
Summary of the porosity, compressive strength and width lamellar of the con
trol, C-30 s, C-45 s and C-60 s scaffolds.

Sample Porosity 
<300 μma

Porosity 
>300 μmb

Compressive strength Lamellar width

(%) MPa μm

Control 30.3 50 ± 1 0.6 ± 0.1 –
C-30 s 36.0 59 ± 2 0.6 ± 0.1 1.44 ± 0.04
C-45 s 49.0 62 ± 2 0.7 ± 0.1 0.8 ± 0.2
C-60 s 38.5 64 ± 2 0.5 ± 0.1 0.73 ± 0.08

c Simple Manual Test Stand.
a Obtained by the Mercury Porosimetry Technique.
b Obtained by Archimedes Principle in mercury.

Fig. 4. The scaffold FTIR spectra. The Control Sample.
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lower than the stoichiometric HA. At that time the surface was 
completely covered with a HA-like precipitate layer.

Finally, Fig. 5(d–h and l) presents C-60s scaffold after SBF immersion 
at 1, 3 and 7 days, respectively. The sample shows the same morphology 
on the surface as in Fig. 2 (d), but was partially covered by a Ca-P pre
cipitate from day 1 to day 7. EDX revealed variation in the ratio Ca/P 
from 1.40 to 1.52.

EDX also showed other ions, such as Na+ and Mg2+, present in SBF, 
which could change the Ca/P ratio.

To evaluate in vitro bioactivity, the changes in the Ca2+, Li+, Si4+ and 

Fig. 5. FESEM images obtained after the in vitro bioactivity evaluation of the control scaffolds and the chemically etched scaffolds (C-30 s, C-45 s and C-60 s) at days 
1, 3 and 7.

Fig. 6. The ion concentration in SBF at different times after soaking scaffolds: (a) C-30 s, (b) C-45 s and (c) C-60 s.

Table 4 
The scaffold FTIR vibrational modes.

Wavenumber (cm-1) Vibrations References

1115/1081/1024/1005 Si-O-Si asymmetrical stretching [20,22]
1081/1024/1005 PO4

3− asymmetrical stretching [20]
970/941/902 PO4

3− symmetrical stretching [20]
793 Si-O-Si symmetrical stretching or 

bending
[20,22]

603/592/583/564/550/ 
542

PO4
3− bending stretching [3,20,21]
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P5+ concentrations in SBF were measured by ICP-OES. Fig. 6 shows the 
data obtained after immersion in SBF for each C-30 s, C-45 s and C-60 s 
sample at different times.

The ionic behavior of C-30 s samples in SBF (Fig. 6 (a)) showed that 
the: (i) calcium concentration generally remained constant from day 1 to 
day 7; (ii) phosphorus concentration slightly lowered until day 3 and 
then slightly increased to day 7; (iii) the lithium and silicon concen
trations, whose initial concentrations were zero, progressively increased 
during the assay.

The curve of C-45s samples (Fig. 6 (b)) showed that: (i) the calcium 
concentration remained almost constant from day 1 to day 3 because at 
this time, this concentration significantly increased to day 7; (ii) at 7 
days, the concentrations of the phosphorus and silicon ions displayed 
specular behavior, while the silicon ions were released and the phos
phorus ions were adsorbed by the scaffold; (iii) lithium, whose initial 
concentration was zero, increased to day 7 days and Li+ ions were 
released from scaffolds.

Fig. 6 (c) shows the ionic behavior curve of C-60 s samples in the SBF: 
(i) the concentrations of the calcium and lithium ions were similar to 
those of C-30 s; (ii) the concentrations of the phosphorus and silicon ions 
remained almost constant until day 3. Then the concentration of the 
silicon ions increased, but the concentration of the phosphorus ions 
decreased to day 7.

4. Discussion

In this study, new 3D porous ceramic scaffolds were developed by the 
sol-gel and polymer sponge replica methods as described by other au
thors [7,15]. These combined methods allow interconnected pores and 
large surface area scaffolds to be obtained for tissue engineering [16]. 
The new multilayer scaffolds consisted of a core with a C3S composition, 
which was coated with Ca5Li2(PO4)4 external layers. After sintering, the 
following phases were obtained in the control: β-TCP, Ca9.95Li1.05(PO4)7, 
Ca2P2O7, CaLi(PO4), C2S, CS and SiO2.

The formation of these phases depends on the presence of the Li⁺ on 
the external layers. As Li+ is a monovalent ion with a smaller radius than 
Ca2+ (Ca2+: 1.04 Å; Li+: 0.68 Å) [23], it generates stress when incor
porated into the crystal lattice of phosphate groups. This stress leads to 
the formation of the most stable phases based on the calcium and 
phosphate groups present. TCP is known to be a highly stable phase 
when there is high calcium content. As the external layer was formulated 
from TCP with the Ca2+ substituted by the Li+, the composition was 
deficient in Ca2+, which was why the phases with a Ca/P ratio lower 
than 1.5 were also obtained, which was the case of CaLiPO4 and the 
iso-structural of β-TCP (Ca9.95Li1.05(PO4)7). Other researchers, such as C. 
Q. Zhao et al. and O. Kaygili et al., have successfully synthesized 
structures with similar phases, but the resulting microstructures 
differed. This variation may be attributed to multilayer composition, 
differences in the sintering temperatures of lithium calcium phosphates, 
fabrication processes and lack of chemical etching, which highlights the 
novelty of the proposed scaffolds [24–26].

Additionally, SiO2 is derived from C3S, which suggests that the 
initially formulated C3S acts as an additional source of calcium. The 
main phosphate phases interact to form the lamellar structure revealed 
by chemical etching. This lamellar structure consists of β-TCP and 
Ca9.95Li1.05(PO4)7, while the Ca2P7O2 and CaLi(PO4) phases are 
removed in varying proportions depending on the chemical etching time 
(Table 2). Sebastian et al. investigated scaffolds with a composition of 
2SiO2-50CaO-48P2O5 and observed a similar structure characterized by 
ridges and grooves. By varying chemical etching times and solution 
concentrations, they achieved the dissolution of the calcium pyrophos
phate phase. However, the modification of the ridge widths in the 
microstructure was limited [7]. In our study, apart from dissolving the 
calcium pyrophosphate phase, the results indicated that chemical 
etching also dissolved CaLiPO4. This behavior arises because the β-TCP 
phase, and its isostructural phases, exhibit a lower dissolution rate at 

acid pH compared to other calcium phosphate phases. Generally, as the 
Ca/P ratio decreases, the dissolution rate of the phases increases 
[27–29]. The dissolution of this phase allowed the better modulation of 
lamellae widths.

The degree of dissolution of phases was determined by the chemical 
etching time, with the peaks of the Ca2P7O2 and CaLiPO4 phases 
generally tending to decrease in the diffractogram of XRD (Fig. 1). In this 
way, all the chemically etched samples presented the same phases as the 
control. However, the peaks corresponding to Ca2P7O2 and CaLiPO4 
presented less intensity by going from 19 % in the control to 3 % in C-60 
s, and from 10 % in the control to 1 % in C-60 s, respectively (Table 2). In 
C-45 s samples and C-60 s, the Ca2P7O2 phase was almost completely 
eliminated due to the dissolution of this phase in the 3 % CH3COOH 
solution. Depending on the immersion time, the dissolution of these 
phases revealed the lamellar microstructure, which modified lamellar 
width and porosity <300 μm.

The FESEM study of the control scaffolds’ surface microstructure 
revealed the presence of calcium pyrophosphate and β-TCP phases 
(Fig. 2 (a)). The tricalcium phosphate phase often shows a hexagonal 
grain with a Ca/P ratio of 1.5 [30]. This study also allowed the obser
vation of a rod structure with a Ca/P ratio of 1, which corresponded to 
the calcium pyrophosphate phase. Another grain type was also observed 
by FESEM and it presented a different Ca/P ratio from the center to the 
edges: 1.3 to 1.2, respectively. This could mean that the grain was not 
stoichiometric β-TCP, but a combination of phosphate phases.

Morphologically similar lamellar structures, albeit with different 
phases, have been observed in other studies [7]. However, the structures 
obtained in this study, modulated with a lower concentration of chem
ical etching solution and shorter immersion times, indicated a higher 
dissolution rate of the involved phases.

One of the most important factors in designing the scaffold is the 
porosity because the control of this feature, macroporosity (pore size 
>100 μm) and microporosity (pore size <10 μm), allows the develop
ment of important cellular processes to promote bone growth and 
optimal ionic exchange [31–33].

Fig. 3 shows that the control scaffolds had four significant averages 
of different pore sizes, over 124.8 μm, 20.8 μm, 8.1 μm and 6.3 μm, and 
this porosity was also observed between the grains in the image corre
sponding to the control microstructure. These scaffolds also presented 
porosity <300 μm of 30.3 %, but the resulting porosity was 50 % at the 
macrolevel (>300 μm).

Once scaffolds had been chemically etched, pore size averages were 
also modified. The C-30 s scaffolds had higher pore size averages, with 
80.0 μm, 8.1 μm and 4.9 μm, while C-45 s showed relevant data of 46.6 
μm, 14 μm and 4.9 μm. Finally, C-60 s scaffolds obtain average pore size 
distributions of 124.8 μm and 40.9 μm.

The elimination of the Ca2P2O7 and CaLi(PO4) phases generally led 
to an increase in both macro- (>300 μm) and micro- (<300 μm) po
rosities. In line with this, previous studies have demonstrated that 
porosity above 50 μm has beneficial effects on osteogenic quality, while 
porosity below 10 μm creates a large surface area that stimulates ion 
exchange and bone protein adsorption [34,35].

In this context, we aimed to create a scaffold by simple methods, such 
as sol-gel and the polymeric sponge technique, which involve different 
porosity levels that can be adapted to requirements. The obtained 
porous lamellar structure of β-TCP and Ca9,95Li1,05(PO4)7 is expected to 
evolve once implanted because the main bone tissue phase is similar to 
TCP and has been successfully used when doped with other ions. Thus 
the scaffolds herein developed can form a hierarchical structure capable 
of mimicking bone tissue.

These characteristics are extremely relevant because scaffolds are 
intended to be used for bone regeneration and, thus, for optimal cell 
growth and development, and it is important to consider these physical 
characteristics [31].

Despite discrepancies in the literature on the ideal porosity, it is 
generally accepted that pores smaller than 10 μm promote protein 
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adsorption, ion exchange and HA-like formation [36]. However, pores of 
around 100 μm favor the initial adhesion of osteoblasts [37], and pores 
larger than 300 μm are necessary for promoting new bone formation 
[37].

Another essential aspect considered in scaffolds design was resis
tance to compression. The control’s compressive strength was 0.6 ± 0.1 
MPa. After chemical etching at different times, compressive strength 
continued to lie within the same range: between 0.5 ± 0.1 MPa and 0.7 
± 0.1 MPa. This finding means that chemical etching did not damage 
resistance to compression. This phenomenon can be explained by the 
mechanical process because, when the scaffold is chemically etched, the 
pyrophosphate phase is removed. However, it revealed a new lamellar 
microstructure that was distributed in the complete scaffolds. These 
lamellar structures can stop or deflect the propagation of surface cracks 
due to induced compressive loading. These compressive strength values 
for porous scaffolds are consistent with the literature. Indeed Gibson 
et al. report a compressive strength range of 0.2–4 MPa when relative 
density was low [38].

4.1. Scaffolds’ in vitro characterization

Scaffolds were immersed in SBF to evaluate their ability to show 
bioactivity. The control scaffolds did not show any HA-like precipitate 
over the entire study time range, probably due to the presence of the 
calcium pyrophosphate phase that can inhibit in vitro bioactivity [30]. 
This calcium pyrophosphate can be found in the human body and plays 
an important role as a regulator of bone mineralization. The calcium 
pyrophosphate phase has been demonstrated to block calcium from 
crystallizing with phosphate and to form HA in vitro, but not in vivo [39]. 
Pyrophosphate is also considered poorly resorbable and can inhibit 
osteoclastic resorption [30].

The chemically etched scaffolds’ in vitro bioactivity was tested by 
soaking in SBF for 1, 3 and 7 days. As C-30 s samples showed no HA-like 
precipitate at 1 day (Fig. 5 (b)) due to the short exposure time (30 s, 
insufficient to eliminate the pyrophosphate phase). At days 3 and 7 
(Fig. 5 (f and j)), a globular precipitate on the surface of the hexagonal 
grain and on the lamellar structure was observed, and the EDX analysis 
of precipitates revealed that they were composed of Ca and P, with 
traces of Na and Mg and a Ca/P ratio of 1.44. Their Ca/P ratio was lower 
than stoichiometric hydroxyapatite (the stoichiometric value of the Ca/ 
P ratio is 1.67 for pure HA) [39,40]. However, biological HA was 
generally calcium-deficient and Ca2+ could also be substitution by other 
ions like Mg2+, Na+, K+, among others. The substitution of the ions in 
HA led to changes in characteristics, crystallinity, morphology and sol
ubility, and also in physical, chemical and biological properties [36,40,
41].

In the case of the C-45 s samples (Fig. 5(c–g and k)), the HA-like 
precipitate developed and covered the surface, with a Ca/P ratio from 
1.45 at day 1 to one of 1.65 at day 7, which corresponded to the almost 
stoichiometric HA value. At day 7, the hexagonal grains and lamellar 
structure were completely covered by the HA-like precipitate. In this 
case, in Fig. 5 (k), which corresponds to C-45 s at day 7, that the HA-like 
precipitate showed a thick collapsed layer, which did not allow the 
surface to be seen.

Furthermore, C-60 s samples (Fig. 5(d–h and l)) displayed a thin 
layer of the HA-like precipitate at day 1 (Fig. 5 (d)) with a Ca/P ratio of 
1. At day 3 however (Fig. 5 (h)), the precipitate grew to day 7 (Fig. 5 (l)), 
at which time the observed HA-like precipitate slightly covered both the 
β-TCP grains and lamellar structure, and had a Ca/P ratio of 1.52. EDX 
showed Mg2+ and Na + ions. These ions can replace Ca2+ by causing: (i) 
a lower Ca/P ratio, (ii) decreased crystallinity or (iii) with the Mg2+, an 
increased extent of synthetic apatites dissolution [40].

The ionic exchange between scaffolds and SBF explained the 
behavior of the HA-like precipitation. Because of this, the changes in the 
concentration of the Ca2+, Li+, Si4+ and P5+ after different immersion 
days in SBF were analyzed by ICP-OES (Fig. 6). On day 1, C-30 s scaffolds 

showed no significant changes, but on day 3, the concentration of the 
P5+ concentration lowered, while the Si4+concentration increased. This 
means that these scaffolds absorbed phosphorous ions and released sil
icon ions, which allowed HA-like precipitations to start, as observed in 
the FESEM image (Fig. 5 (f)). Furthermore on testing days, the con
centration of the Li+ always increased in SBF, which implies that scaf
folds gradually released Li+.

At the earlier days, C-60 s samples (Fig. 6 (c)), the concentrations of 
the Ca2+, Li+, Si4+ and P5+ did not significantly change. From day 3 to 
day 7, the concentration of the SBF phosphorus ions lowered, while that 
of the silicon ions increased, and scaffolds absorbed phosphorus and 
released silicon to allow the HA-like precipitate to cover the surface. In 
this case, lithium ions were released to SBF during the assay.

It was also necessary to study the in vitro behavior of the cells in 
contact with scaffolds to evaluate these structures’ performance for bone 
regeneration.

5. Conclusion

A new multilayer ceramic scaffold was developed using a combined 
sol-gel and polymeric sponge replica technique by incorporating a core 
of C3S and external Ca5Li2(PO4)4 layers. Chemical etching at various 
time intervals successfully created a lamellar surface microstructure 
with optimal physical properties, including mechanical strength and 
porosity. The resulting scaffold exhibited both a similar microstructure 
and macrostructure to the hierarchical trabecular bone structure. 
Additionally, this method allowed the precise control of the chemical 
composition of the different scaffold layers.

Calcium pyrophosphate, β-TCP, nonstoichiometric and stoichio
metric calcium/lithium phosphate were obtained as the main phases. 
Chemical etching was performed with 3 % acetic acid solution. This 
chemical etching process removed the calcium pyrophosphate and 
stoichiometric lithium calcium phosphate phases, and revealed the 
lamellar microstructure constituted by β-TCP and nonstoichiometric 
calcium/lithium phosphate. Lamellar width varied from 1.44 ± 0.04 μm 
to 0.73 ± 0.08 μm depending on chemical etching times. This chemical 
etching did not affect compressive strength, but allowed scaffold 
bioactivity to be modulated. Thus all the scaffolds showed bioactivity 
with HA-like precipitation for 3 and 7 days. At day 1, only the scaffolds 
that were chemically etched for 45 s (C-45 s) and 60 s (C-60 s) showed 
bioactivity.

The modification of ceramic scaffolds’ surface microstructure is an 
important and promising strategy for improving their in vivo osteogenic 
capacity and improving cell proliferation. It was also possible to modify 
and modulate scaffolds’ lamellar width, which could be used for drug 
delivery. Finally for a specific aim, cellular and in vivo studies are 
necessary to prove their potential applicability.
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Ángel Murciano: Writing – original draft, Investigation, Formal anal
ysis. Piedad N. De Aza: Validation, Supervision, Funding acquisition, 
Formal analysis.

Funding

This work is part of Project PID2020-116693RB-C21, funded by 
MCIN/AEI/10.13039/501100011033 Spain.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

M.A. Barbudo et al.                                                                                                                                                                                                                            Ceramics International xxx (xxxx) xxx 

7 



Acknowledgments
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