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A B S T R A C T   

The influence of surface topography on cellular behaviour and its importance for the development of three- 
dimensional scaffolds for bone tissue engineering are a topic of growing interest. To date, the introduction of 
topographical patterns into the surface of 3D porous ceramic scaffolds has proven difficult, due partly to the 
brittle nature of ceramic materials as well as the currently available fabrication technologies. In this study, a 
grooved pattern was introduced into the surface of 3D multilayer porous ceramic scaffolds by the chemical 
etching technique. The patterned scaffolds were characterised by X-Ray Diffraction (XRD), Scanning Electron 
Microscopy with Energy Dispersive X-Ray Spectroscopy (SEM-EDX) and Digital Holographic Microscopy (DHM). 
Their bioactivity was also evaluated in vitro by immersion in simulated body fluid (SBF) for 12 h, 1, 7, 14 and 21 
days. Scaffolds were constituted mainly with a mixture of the calcium pyrophosphate (Ca2O7P2) and β-tricalcium 
phosphate (Ca₃(PO₄)₂) phases. The pyrophosphate on the external layer was dissolved as a result of the etching 
process, leaving grooves on the surface. Ridges and grooves were nano-/micrometric, with dimensions of around 
900 nm–1.5 μm in width and 200 nm–300 nm in depth. Moreover, the mechanical properties and bioactive 
capacity of the patterned scaffolds were not affected by chemical etching, making them suitable to be used in 
bone tissue engineering.   

1. Introduction 

Tissue engineering has attracted plenty of research interest in recent 
years thanks to the development of more complex biomaterials. Partic
ularly, in the bone tissue engineering field, three-dimensional (3D) 
calcium phosphate (CaP) porous scaffolds are a promising alternative to 
treating damaged bone tissue [1]. 

When developing these porous scaffolds, we need to consider their 
capacity to support new bone tissue formation in bioactivity and 
biocompatibility terms. This capacity is determined by the scaffolds’ 
physicochemical parameters, including pore size and structure, chemi
cal composition, surface topography, degradability rate and mechanical 
strength [2,3]. These properties determine the cell-material interaction 
and are, therefore, essential for the scaffolds’ successful 
osseointegration. 

Pore structure is one of the most important aspects of 3D scaffolds 
because it affects cell migration, attachment and spreading as well as the 
transport of nutrients and metabolic waste. Previous studies have 
revealed that having an interconnected porosity to promote cell 

ingrowth and support ingrown tissue vascularisation is highly desirable 
[4,5]. A porosity of around 80–90% and a pore diameter of at least 100 
μm are required because they allow cell penetration and proper vascu
larisation of the new tissue [6]. Macropores (>100 μm) are required for 
cell migration and nutrient transport, while micropores (<10 μm) in
crease ion exchange, protein adsorption and mineralised tissue forma
tion [3,5]. 

When designing bone substitute scaffolds, we need to consider not 
only the pore structure but also the effect of the surface characteristics 
on the cell behaviour. It has been well established that cellular behav
iour depends on the physical and chemical characteristics of the mate
rials surface, such as topography, particle size, crystallinity, and 
chemical composition [7,8]. 

Many works have focused on the effect of well-defined topographical 
patterns on the nano-/microscale with a range of cell types, including 
fibroblast [9], osteoblasts [10], epithelial cells [11] and endothelial cells 
[12]. 

In particular, topography effects on osteoblasts have been well 
documented, and include changes in adhesion [13], proliferation [8], 
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and differentiation [14–16], which influence bone formation. Under
standing the role that surface topography plays in regulating cell 
behaviour is essential for designing osteoinductive 3D porous scaffolds. 

Different types of nano- and microscale topographical patterns like 
pits, wells, pillars, pores, grooves and ridges, have been studied [17,18]. 
Of these surface patterns, ridges and grooves are very interesting 
because, this type of topographical patterns can be used to mimic the 
biophysical cues provided by the collagen fibres that form the bone 
extracellular matrix (ECM). In vivo, cells interact with the ECM, and this 
interaction is essential for regulating cell behaviour, which is why is 
important to develop new biomaterials that better resemble natural ECM 
features. 

Many studies have been conducted using polymeric substrates to 
determine the effect of groove-like topography on human mesenchymal 
stem cells (hMSCs) and osteoblasts. According to Kirmizidis et al. [14], 
when cultured on grooved surfaces, osteoblasts tend to align in the di
rection of grooves, adhering to and spreading across the top and along 
the base of the grooves. Lenhert et al. [10] also concluded that when 
cultured on grooved topographies, osteoblasts align, elongate, and 
migrate in parallel to grooves. This phenomenon is known as ‘‘contact 
guidance’’ and has long since been observed [19]. Watari et al. [20] 
demonstrated that anisotropically ordered ridges and grooves can pro
mote the osteogenic differentiation of hMSCs in vitro, and even in the 
absence of osteogenic supplements in some cases [21]. It would gener
ally appear that grooved topography provides the most effective struc
tural cues for regulating cell alignment, orientation, adhesion, and 
morphology compared to those cells cultured on smooth surfaces [17, 
22]. 

Our ability to modify the surface topography and to produce nano-/ 
microstructures has increased over the years thanks to the development 
of new fabrication technologies. Several fabrication methods have been 
applied to produce highly controlled, reproducible, and well-defined 
topographical patterns. Currently used nano-/microfabrication tech
nologies include photolithography, electron beam lithography, colloidal 
lithography, electrospinning, polymer demixing, among others [4]. The 
main downside of these techniques is that they are able to generally 
introduce only structured patterns into flat surfaces, they require 
expensive equipment, are generally time-consuming processes and are 
also difficult to scale up. 

Both the complexity of the aforementioned fabrication techniques 
and the fact that ceramic materials are more fragile than polymers or 
metals make introducing these topographical patterns into 3D CaP 
scaffolds difficult [17,23]. In an effort to overcome this problem, in this 
study we applied the chemical etching technique to introduce uniformly 
distributed ridges and grooves on the surface of 3D CaP porous scaffolds 
to be used in bone tissue engineering. 

2. Materials and methods 

2.1. Materials preparation 

The calcium phosphate ceramics herein used were prepared by the 
sol-gel method in combination with the polymeric sponge replication 
method [24]. The core of the scaffolds, whose composition was 
2SiO2–50CaO–48P2O5 (mol%), was prepared with 10.5 mL of 
(C₂H₅)₃PO₄ (TEP, Aldrich-Trietyl Phosphate), 0.2 mL of Si (OC₂H₅)₄ 
(TEOS, Aldrich-Tetraethyl Orthosilicate), 9.5 g of calcium carbonate 
(CaCO₃, Sigma), 5 mL of ethanol 97◦, 20 mL of distilled water and 10 mL 
of hydrochloric acid (HCl 37%, Ensure), employed as reactants of the 
initial sol-gel solution. 

In the initial step, all the reactants except calcium carbonate were 
mixed together and the solution was stirred for 30 min to allow the 
hydrolysis of precursors. Afterwards, calcium carbonate was added to 
the solution and pH was adjusted between 2 and 3 by adding HCl drop 
by drop. Polyurethane sponges (20 ppi, 12.7 mm diameter, 10 mm high) 
were submerged in the solution and dried in a furnace for 10 min at 

180 ◦C. Several immersions were performed, adding new layers after 
each immersion, and removing any excess by centrifugation to avoid 
blocking the porous structure. Next, the sponges were sintered in a 
furnace (Naberthen, Lilienthal/Bremen, Germany) at 950 ◦C at heating 
rate of 19 ◦C/h for 50 h. This temperature was maintained for 8 h. 

Finally, the core was coated with the external layers, whose 
composition was 50CaO–50P2O5 (mol%), to obtain the multilayer 
scaffolds. A new sol-gel solution was prepared by mixing 10.8 mL of 
(C₂H₅)₃PO₄ (TEP, Aldrich-Trietyl Phosphate), 5 mL of ethanol 97◦, 20 mL 
of distilled water, 10 mL of hydrochloric acid (HCl 37%, Ensure) and 
8.32 g of calcium carbonate (CaCO₃, Sigma). The core was coated with 
the new solution for the appropriate number of times following the 
procedure described above. Scaffolds were sintered again at 950 ◦C at a 
heating rate of 119 ◦C/h for 8 h. This temperature was maintained for 3 
h. 

2.2. Scaffolds characterisation 

The multilayer ceramic scaffolds were characterised by Scanning 
Electron Microscopy with Energy Dispersive X-Ray Spectroscopy (SEM- 
EDX) using a Hitachi S – 3500 N with INCA system by Oxford In
struments Analytical. All the samples were palladium-coated before 
being analysed. 

The mineralogical composition of the material was determined by X- 
Ray Diffraction (XRD) in a Bruker- AXR D8 Advance automated 
diffractometer using Cu-Kα radiation (1.54056 Å). Data was collected in 
the Bragg-Brentano thetha-2thetha (θ/2θ) geometry between 20◦ and 
46◦ (2θ) at 0.02 steps, counting 8 s per step. The X-ray tube was operated 
at 40 kV and 30 mA. The obtained diffractograms were analysed with 
the Match! 3 software (v. 3.10.2.173) by the Rietveld method and were 
compared with the Crystallography Open Database (COD). 

Scaffolds’ mechanical strength was determined by a compression test 
using a Simple Manual Test Stand (SVL-1000 N, IMADA). Load was 
manually applied to scaffolds (8.5 mm diameter, 10.0 mm high) until 
their structure collapsed. The results of 10 valid tests were used to 
calculate the ceramic scaffolds’ compressive strength. 

The porosity and pore size distribution of scaffolds was determined 
by the Mercury Porosimetry Technique (Poremaster 60 GT, Quantach
rome instruments) at a pressure range between 72.9 bar and 4063.71 
bar. 

2.3. Surface topography patterning and characterisation 

Ceramic scaffolds’ surface was modified to introduce a topographic 
pattern in the form of ridges and grooves by a chemical etching process. 
An etching solution was prepared by dissolving acetic acid glacial 
(CH₃COOH, PanReac) in distilled water under stirring conditions to 
ensure complete chemical dissolution. Scaffolds were submerged in the 
etching solution under 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 75 ◦C for 1 h. Different concen
trations (3%, 5%, 10%) and etching times (30 s, 60 s, 90 s, 120 s) were 
tested following the same described procedure. The whole process was 
conducted at room temperature. 

The modified scaffolds were characterised by SEM-EDX and XRD. 
The dimensions, width and depth, of the ridges and grooves produced by 
the etching process were determined using a Digital Holographic Mi
croscope (DHM-R2100, Lyncée Tec, Lausanne, Switzerland) with the 
Koala software. Measurements were taken with a 20× lens at wave
length of λ = 684.9 nm. This setup provided a horizontal resolution of 
0.45 μm and a field area of 51.3 × 51.3 μm2 with a height precision of 5 
nm in the centre of the image and one of 20 nm on the edges. Holograms 
were analysed with the ParaView (ver. 5.8.0) and ImageJ (ver. 1.53) 
programmes. 
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2.4. Scaffolds’ in vitro bioactivity 

In order to evaluate the effect of chemical etching on the patterned 
scaffolds’ in vitro bioactive capacity, bioactivity tests were conducted by 
immersion in simulated body fluid (SBF) following the procedure 
established by Kokubo et al. [25]. The samples in SBF were incubated at 
37 ◦C in a water bath for 12 h, 1, 7, 14 and 21 days. After each time 
period, scaffolds were dried at 75 ◦C for 24 h and analysed by SEM-EDX. 
Changes in the calcium (Ca), silicon (Si) and phosphorus (P) ion con
centrations were determined by Inductively Coupled Plasma Optical 
Emission Spectrometry (ICP-OES PerkinElmer Optima 2000™). 

3. Results 

3.1. Scaffolds characterisation 

Fig. 1A shows the microstructure of the multilayer scaffolds’ core 
analysed by SEM-EDX. The core presented an interconnected porosity, it 
was composed of hexagonal and triangular grains of Ca and P and had a 
Ca/P ratio of about 1.0, which is the stoichiometric value of calcium 
pyrophosphate (Ca2O7P2). This type of microstructure is characteristic 
of materials with a high pyrophosphate content. Furthermore, the XRD 
analysis of the core confirmed that it was composed mainly of a calcium 
pyrophosphate phase (COD-96-151-7239). 

Once the core was characterised, it was coated with a more bioactive 
composition to obtain the external layers of the multilayer ceramic 
scaffold. The multilayer scaffolds’ surface was smooth with some hex
agonal grains of calcium pyrophosphate and β-tricalcium phosphate 
(β-TCP) (β-Ca₃(PO₄)₂) (Fig. 1B). The EDX results showed that scaffolds 
were composed of Ca, P, and a small amount of Si. Their Ca/P ratio was 
1.24. Fig. 2A shows the mineralogical composition of the multilayer 
scaffolds determined by XRD. According to the XRD patterns, the main 
constituent phases were calcium pyrophosphate (COD-96-151-7239) 
and β-tricalcium phosphate (COD-96-151-7239), although other minor 
silica phases like CaO5Si2 (COD-96-900-6569) were observed. 

Fig. 3 depicts the scaffolds’ pore size distribution measured by the 
Mercury Porosimetry Technique. The multilayer scaffolds had a total 
porosity of 36.95%, 32.34% of which corresponded to interparticle 
spaces (<300 μm) with a pore size between 173.6 μm and 7.01 μm. The 
remaining 4.60% corresponded to intraparticle spaces (<1 μm), with a 
pore size between 0.07 μm and 0.05 μm. 

3.2. Scaffolds surface topography characterisation 

The multilayer ceramic scaffolds were chemically etched to intro
duce a topographical pattern in the form of ridges and grooves into the 
scaffolds’ surface. Fig. 4 shows the scaffolds’ surface structure at several 
concentrations (3%, 5%, 10%) and etching times (30 s, 60 s, 90 s, 120 s). 
A 3% acetic acid concentration and a 120 s etching time gave the best 
results to consistently obtain a large amount of well-defined nano-/ 

micrometric ridges and grooves that were uniformly distributed along 
the scaffolds’ surface. 

The mineralogical composition determined by XRD after etching is 
shown in Fig. 2B. The peaks corresponding to calcium pyrophosphate 
(COD-96-151-7239) and β-tricalcium phosphate (COD-96-151-7239) 
were slightly different compared to the diffractogram of the untreated 
scaffolds. The peaks corresponding to pyrophosphate were diminished, 
while the peaks for β-TCP were more prominent after etching. According 
to the EDX results, the Ca/P ratio on the surface after etching was about 
1.3, with a Ca/P ratio close to 1.5 on the grooved areas. 

Fig. 5 shows the three-dimensional surface profiles of the etched 
scaffolds analysed by Digital Holographic Microscopy (DHM) with their 
corresponding height profiles. High magnification SEM images were 
also used to determine the width of ridges (Fig. 6). The 3D surface 
profiles, together with the SEM images, further confirmed that ridges 
and grooves were uniformly distributed on scaffolds’ surface. Their di
mensions (width and depth) were nano-/micrometric and varied with 
etching time. After 60s (Fig. 5A), the ridges had a width of ~1 μm and 
the grooves had a depth of about 250 nm. Both ridges and grooves had 
similar widths. In the scaffolds etched for 120s (Fig. 5B), the width of 
ridges and grooves was around 850–950 μm in both cases, and the depth 
of grooves was of 277 nm, as seen in detail in the height profiles. Overall, 
their width decreased with etching time and was around 900 nm–1.5 
μm, while their depth was 200–300 nm and increased with etching time. 

Scaffolds’ compressive strength was measured with a Manual Test 
Stand before and after chemical etching treatment. The untreated scaf
folds’ mechanical strength was 0.46–0.67 MPa, while their resistance 

Fig. 1. SEM micrographs of the initial multilayer scaffolds microstructure: (a) core and (b) core coated with the external layers.  

Fig. 2. XRD patterns of the multilayer scaffolds (a) before and (b) after 
chemical etching. 
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was around 0.56–0.67 MPa after treatment. The etching process did not 
alter the scaffolds’ mechanical properties. 

3.3. Scaffolds’ in vitro bioactivity 

The acid-etched scaffolds’ in vitro bioactivity was tested by soaking 
them in SBF solution for 12 h, and 1, 7 and 14 days. After 12 h (Fig. 7A), 
many precipitates were distributed on scaffolds’ surface, especially in 
the grooved areas. The EDX analysis of precipitates revealed that they 
were composed of Ca, P, and chlorine (Cl), and their Ca/P ratio was of 
about 1.5, which indicates the presence of chlorapatite precipitates. 
After 1 day (Fig. 7B), apatite precipitates started to form a layer on top of 
the grooved areas, with a Ca/P ratio of 1.5–1.6 depending on the area. 
After 7 days (Fig. 7C) and 14 days (Fig. 7D), no bioactivity was observed 
on scaffolds, probably due to the dissolution of the external layer along 
with the newly formed apatite precipitates and, consequently, hexago
nal grains of pyrophosphate from the core, with a Ca/P ratio of 1.0, were 
then visible. 

To enhance the bioactivity of the etched scaffolds, they were coated 
again with a new composition doped with strontium (Sr2+) ions to 
improve their bioactive capacity. Fig. 8 (A – C) shows the SEM images of 
the scaffolds obtained after immersion in SBF for 7, 14 and 21 days. After 

7 days, no bioactivity was observed on scaffolds, but after 14, and 
especially after 21 days (Fig. 8C), spherical precipitates were deposited 
on the scaffolds’ surface. The EDX analysis revealed that precipitates 
were composed of Ca and P and their Ca/P ratio was of 1.69, which 
corresponds to the stoichiometric value of hydroxyapatite (HA) 
(Ca10(PO4)6(OH)2), modified by the presence of Sr, confirming that the 
scaffolds’ bioactive capacity was enhanced after 7 days thanks to the 
incorporation of strontium. 

The changes in the Ca, Si and P ion concentrations in SBF after the 
different immersion times were measured by ICP-OES (Fig. 9). In scaf
folds doped with Sr, for the first 7 days, the calcium concentration in SBF 
slightly lowered. After this time, however, its concentration in the me
dium started increasing because Ca ions were released from the scaffolds 
and went from a concentration of 45.08 mg/L on day 7, to a maximum 
concentration of 87.13 mg/L on the last assay day. The Si and P ions 
displayed the exact opposite behaviour, while the silicon concentration 
in SBF continuously rose throughout the experiment and went from an 
initial concentration of only 0.09 mg/L to one of 36.31 mg/L as Si ions 
were released to the medium, the phosphorus concentration went from 
22.89 mg/L to 1.02 mg/L as it was adsorbed in the scaffolds. These 
changes are related to the formation of apatite precipitates on scaffolds’ 
surface, especially after 14 and 21 days. 

4. Discussion 

In the present study, 3D porous ceramic scaffolds were fabricated by 
the sol-gel method in combination with the polymeric sponge replica
tion method following the procedure previously described in the liter
ature [24]. This methodology allows us to obtain ceramic scaffolds with 
interconnected porosity by a simple low-cost fabrication process. 
Striking a balance between the material’s mechanical resistance and its 
bioactive capacity is very important, which is why we developed 
multilayer scaffolds, as it is well-known that CaP materials with high 
mechanical properties like calcium pyrophosphate are barely bioactive, 
whereas bioactive materials like tricalcium phosphate (TCP) are very 
soluble and offer poor mechanical resistance [26,27]. 

Firstly, the inner layers of the scaffolds, known as “core”, were 
fabricated and characterised. The multilayer scaffolds’ core had inter
connected porosity and, according to the XRD pattern, it was mainly 
composed of calcium pyrophosphate. Having obtained the core, it was 
coated with a new composition in which sol-gel reactants were mixed at 
a Ca/P atomic ratio of 1.3 to obtain a mixture of the calcium pyro
phosphate and TCP phases and, therefore, greater bioactive capacity. 
Fig. 1B shows the final multilayer scaffolds’ microstructure. Compared 
to the core alone, the final multilayer scaffolds had a smoother surface 
with some hexagonal pyrophosphate grains, probably due to a higher 
presence of TCP on the external layers. 

The scaffolds’ chemical and mineralogical composition analysed by 
SEM-EDX and XRD showed that, as expected, scaffolds were composed 
mainly of two phases: a larger calcium pyrophosphate (Ca2O7P2) phase 
and a smaller β-tricalcium phosphate (Ca₃(PO₄)₂) one (Fig. 2A). The EDX 
results revealed a Ca/P ratio of about 1.24, which comes close to 1.3, the 
intermediate Ca/P ratio between TCP and pyrophosphate, further con
firming that the scaffolds’ surface presented a mixture of both phases. 

The final multilayer scaffolds presented interconnected porosity with 
a total porosity value of 36.95% as determined by the Mercury Poros
imetry Technique (Fig. 3). A high volume of mercury intrusion was 
observed in pores whose size was between 173.6 μm and 7.01 μm, fol
lowed by minor mercury intrusion, which corresponded to a pore size 
between 0.07 μm and 0.05 μm (Fig. 3A). More specifically, the largest 
intrusion volume corresponded to interparticle spaces (32.34%), with a 
pore size of about 88.5 μm and a few pores of around 12.63 μm. The 
small mercury intrusion volume corresponded to intraparticle spaces 
(4.60%), with a pore size of 0.06 μm (Fig. 3B). The importance of 
porosity in bone scaffolds has been widely studied, with authors 
reporting that 90% porosity and a pore size from 50 to 100 μm are 

Fig. 3. Mercury porosimetry curves: (a) cumulative and (b) differential 
intruded volume vs. pore diameter. 
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necessary to ensure a proper bone tissue ingrowth in porous scaffolds [5, 
6]. Microporosity (<10 μm) is also essential to ensure a good ionic ex
change and protein adsorption [3]. Our scaffolds presented an adequate 
pore size between 88.5 μm and 0.06 μm, although their total porosity of 
36.95% was lower than the optimal value of 80–90% stated in the 
literature. 

The multilayer CaP scaffolds were chemically etched to modify their 
surface topography in order to introduce a topographical pattern in the 
form of ridges and grooves. Traditionally, ceramic materials like, HA 
and TCP, have been used as coatings on materials with greater me
chanical strength, such as titanium and its alloys, or synthetic polymers 
like poly lactic-co-glycolic acid (PLGA), on which the modification of 
their surface morphology has been previously exerted to increase their 
bioactivity, while maintaining these material’s desired mechanical 
properties. For instance, Akasaka et al. [28] produced grooves on a 
polydimethylsiloxane (PDMS) mold and coated them with α-TCP to 
study the effect of different patterns on the adhesion of SaOS-2 cells. 
Similarly, Lu et al. [29] fabricated microgrooved surfaces by photoli
thography and coated them with HA to study their effect on osteoblast 
behaviour. There have been a few studies reporting the modification of 
the surface topography of ceramic materials [7,8], but in general, 
currently available nano-/microfabrication techniques can only intro
duce topographic patterns into planar surfaces, which makes it 
extremely difficult to modify the surface of three-dimensional porous 

materials, and especially, to create well-defined topographic patterns 
directly on the surface of ceramics. 

Chemical etching has already been used to increase ceramic scaf
folds’ surface roughness, porosity, and interconnectivity [27,30,31]. 
However, as ceramic materials are more fragile than polymers or metals 
given their brittleness, it is more challenging to produce patterned sur
faces on CaP scaffolds. Doi et al. [27] employed chemical etching to 
increase the surface roughness of porous HA, observing higher bone 
formation after in vivo implantation in a rabbit femur. The topographical 
modification is made as a result of the difference in susceptibility of the 
crystallographic phases composing the scaffolds and is directly related 
to the etchant concentration and etching time. The advantage of 
chemical etching over other nano-/microfabrication techniques is that it 
can be used in ceramic materials and is a simple cost-effective method 
with good scalability. To the best of our knowledge, chemical etching 
has not been previously used to introduce a grooved pattern into 3D 
porous CaP scaffolds. 

This technique needs to be carefully standardised to etch multiphase 
ceramic materials as their individual phases have different chemical 
susceptibilities, which is why different acetic acid (CH₃COOH) concen
trations were tested before finding the optimal conditions to introduce 
ridges and grooves that were uniformly distributed on scaffolds’ surface, 
avoiding the over-etching of the material at the same time. Initially a 
10% acetic acid concentration was used for 90 s (Fig. 4B), but only a 

Fig. 4. SEM micrographs of the scaffolds’ surface after different etching times and concentrations: (a) Control; (b) 10% for 90 s; (c) 5% for 90 s; (d, e) 3% for 90 s and 
120 s respectively and (f) detail of the ridges and grooves at high magnification. 
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small amount of not very well-defined ridges and grooves was observed 
on the surface. A concentration of 5% acetic acid was also tested, but 
after 90 s (Fig. 4C) only a few ridges and grooves were visible on the 
scaffolds’ surface. We prolonged the etching time to 120 s at the same 
concentration, but no ridges and grooves were observed. Finally, when 
scaffolds were etched with 3% acetic acid for 90 s (Fig. 4D), and espe
cially 120 s (Fig. 4E), a large number of well-defined ridges and grooves 
were uniformly distributed along scaffolds’ surface. Other etching times, 
30 and 60 s, were also tested for the 3% acetic acid concentration, but 
the ridges and grooves obtained were not distributed as uniformly as 
those obtained after 90 and 120 s. 

When comparing the scaffolds’ mineralogical composition before 
and after chemical etching (Fig. 2), the diffractograms slightly differed. 
The peaks corresponding to the calcium pyrophosphate phase were 
smaller after etching, especially the main peak at 30 2theta, while the 
peaks for the β-TCP phase were more prominent. The Ca/P ratio was 
altered as well and went from 1.24 on the untreated scaffolds to a 

slightly higher value of 1.31 on the etched scaffolds. The Ca/P ratio in 
the grooved areas came close to 1.5; that is, the stoichiometric value for 
β-tricalcium phosphate. Taking this together, we hypothesised that the 
calcium pyrophosphate phase (Ca/P ratio of 1.0) located on the external 
layer was selectively etched off the scaffolds’ surface by the etching 
process, which resulted in grooves forming on the surface where it was 
originally present. We believe that both calcium pyrophosphate and 
β-tricalcium phosphate are distributed on the surface as alternating 
lamellae, forming a lamellar structure which, together with their 
different susceptibility to chemical etching, are responsible for the for
mation of ridges and grooves on the scaffolds’ surface. 

The ridges and grooves produced by the chemical etching treatment 
were characterised by Digital Holographic Microscopy (Fig. 5) and SEM 
(Fig. 6) to determine their main dimensions, width and depth. Fig. 5 
depicts the 3D surface profiles of the etched scaffolds after 60 s (Fig. 5A) 
and 120 s (Fig. 5B). The produced ridges and grooves were on the nano-/ 
micrometric scale and had slightly different dimensions between etching 
times. When comparing the height profiles for each time, we found how 
ridges and grooves became narrower and deeper with longer etching 
times. Altogether, the width of ridges and grooves was between 900 
nm–1.5 μm, and the depth of grooves was around 200 nm–300 nm. The 
width of our ridges and grooves was very similar to those obtained by 
Akasaka et al. [28], who reported that more human osteoblast-like cells 
SaOS-2 were attached to 2 μm wide ridges and grooves compared to 
planar surfaces. Moreover, SaOs-2 cells exhibited an elongated 
morphology on the grooved surfaces. The depth of our grooves was also 
similar to that reported by Azeem et al. [32]. In their work, a groove 
depth of 306 nm was shown to influence the morphology and alignment 
of osteoblasts better than the 35 nm deep grooves, and also on the planar 
surfaces. These studies support the notion that the dimensions of the 
ridges and grooves herein obtained could positively promote osteoblast 
adhesion, alignment, and elongation. 

Scaffolds’ compressive strength before chemical etching was about 
0.46–0.67 MPa, while their resistance was 0.56–0.67 MPa after treat
ment. Even if the calcium pyrophosphate from the external layer was 
dissolved, the etching process did not compromise the scaffolds’ me
chanical properties. These results are similar to other studies performed 
with ceramic scaffolds with similar compressive strength values of 
0.18–0.40 MPa [24] and 0.3–0.4 MPa [33]. The mechanical strength of 
human sponge bone ranges from 0.2 to 4 MPa and even after chemical 
etching our scaffolds’ compressive strength fell within these values. 
Furthermore, this mechanical resistance is expected to increase over 
time as new bone grows into scaffolds [27,33]. 

The in vitro bioactivity of the etched scaffolds was tested by soaking 
them in SBF as established by Kokubo et al. [25] for 12 h, and 1, 7 and 14 
days (Fig. 7) to determine if the etching process affected their bioactive 
capacity. This in vitro bioactivity is determined by an apatite layer 
forming on the material’s surface when it comes into contact with SBF 
[34]. After 1 day, ridges and grooves were still observed on scaffolds’ 
surface and in some areas, were covered by a layer of apatite precipitates 

Fig. 5. Three-dimensional surface profiles and height profiles of the chemically 
etched scaffolds by DHM at different times: (a) 60s and (b) 120s. 

Fig. 6. SEM micrograph of the ridges width at different times: (a) 60s and (b) 120s.  
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(Fig. 7B). The EDX analysis of precipitates showed that they were 
composed of Ca, P and Cl with a Ca/P ratio of 1.5–1.6 depending on the 
area. These precipitates could be chlorapatite (Ca5(PO4)3Cl; Ca/P ratio 
of 1.67), which is a type of apatite with chloride as the dominant anion. 
Their Ca/P ratio was lower than that of stoichiometric chlorapatite, 
probably modified by the presence of β-TCP in the grooved areas. After 7 
days in SBF (Fig. 7C), only a few ridges and grooves were still observed 
on scaffolds’ surface, likely due to the dissolution of the remaining β-TCP 
on the external layer. Only the calcium pyrophosphate from the core, in 
the form of hexagonal grains, remained. Therefore, no bioactivity was 
observed due to the inhibitory effect of pyrophosphate in the apatite 
precipitation process [35]. Some precipitates were present on the sur
face and, according to the EDX analysis, they were composed of mag
nesium (Mg), sodium (Na) and chlorine, and were probably salt deposits 
that originated from the SBF solution. Similarly, after 14 days (Fig. 7D), 
no bioactivity was observed as the external layer had been completely 
dissolved and the surface was entirely covered by hexagonal grains of 
calcium pyrophosphate, with a Ca/P ratio of 1.0. 

We believe that after 1 day, the remaining β-TCP on the external 

Fig. 7. SEM micrographs of chemically etched scaffolds soaked in SBF for: (a) 12 h; (b) 1 day; (c) 7 days and (d) 14 days.  

Fig. 8. SEM micrographs of strontium-doped scaffolds soaked in SBF for: (a) 7 days; (b) 14 days and (c) 21 days.  

Fig. 9. Changes in calcium (Ca), silicon (Si) and phosphorus (P) ion concen
tration after immersion in SBF for 7, 14 and 21 days. 
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layer of etched scaffolds, which formed the ridges, started to dissolve 
along with the chlorapatite precipitates. For this reason, after 7 days 
only a few ridges and grooves were still present on scaffolds’ surface, 
and none were found after 14 days. Due to the dissolution of calcium 
pyrophosphate after etching, β-TCP could have been more exposed to 
SBF and dissolved more rapidly than on the non-etched scaffolds. We 
tested scaffolds’ bioactivity for only 12 h, as it could be possible that 
apatite precipitation occurred mainly during these first few hours before 
β-TCP started to dissolve. After 12 h (Fig. 7A), many chlorapatite pre
cipitates, with a Ca/P ratio of about 1.5, were visible mainly on top of 
the grooved areas. It would seem that at some point between 12 and 24 
h, the dissolution of the external layer started, especially in the grooved 
areas, as they were mostly composed of β-TCP, having as a consequence 
the dissolution of the newly formed apatite precipitates. Therefore, no 
bioactivity was observed after 7 and 14 days as only the calcium pyro
phosphate from the core remained, which inhibited new apatite 
precipitation. 

For this reason, scaffolds were coated again with the same compo
sition used for the external layers but dope with Sr ions, as it has been 
previously described that its incorporation into ceramic scaffolds can 
increase their osteogenic and bioactive capacity [3,36]. 
Strontium-doped scaffolds were then soaked in SBF for 7, 14 and 21 days 
(Fig. 8). After 7 days (Fig. 8A), no bioactivity was observed on scaffolds’ 
surface, and some ridges and grooves were still observed on the surface 
below the new layer doped with Sr. At 14 days (Fig. 8B), many spherical 
precipitates were noted on scaffolds’ surface, as was the case especially 
at 21 days (Fig. 8C), when the number of spherical particles significantly 
rose and covered the whole surface. The SEM-EDX analysis of scaffolds 
showed that precipitates were composed of Ca and P and their Ca/P ratio 
was 1.69, which was slightly higher than the stoichiometric value of 
hydroxyapatite, with a Ca/P ratio of 1.67, probably due to the presence 
of Sr ions [36]. In any case, the strontium-doped scaffolds displayed 
better bioactive capacity and their bioactivity increased with immersion 
time. 

Hydroxyapatite precipitation is directly related to the ionic exchange 
between scaffolds and SBF and, for this reason, changes in the Ca, Si and 
P ion concentrations after the different immersion times in SBF were 
determined by Inductively Coupled Plasma Optical Emission Spec
trometry (ICP-OES) (Fig. 9). For scaffolds doped with Sr, at the begin
ning of the assay, the concentration of the Ca ions slightly lowered for 
the first 7 days. After this time, it continuously increased until the end of 
the experiment, and went from a minimum of 45.08 mg/L to a maximum 
of 87.13 mg/L. This was probably due to Ca ions from the scaffold being 
released, and also to the dissolution of the new unstable apatite layer, 
which precipitated after 7 days in SBF, especially between 14 and 21 
days and, therefore, increased the Ca concentration. This increased HA 
precipitation after 7 days also correlated with a lower P ion concentra
tion in the medium. Phosphorous in SBF constantly lowered throughout 
the experiment from 22.89 mg/L to a minimum value of 1.02 mg/L as it 
was adsorbed in scaffolds and the new apatite layer formed. As the assay 
progressed, Si ions were constantly released from the scaffolds, from an 
initial concentration of 0.09 mg/L to a maximum one of 36.31 mg/L in 
SBF, which likely indicates the scaffolds’ dissolution. The dissolution of 
the calcium pyrophosphate from the external layer could greatly 
improve our scaffolds’ bioactivity, not only by the formation of ridges 
and grooves that positively promote cell behaviour, but also by the 
dissolution of pyrophosphate itself as its inhibitory role in the apatite 
precipitation process has been well established [35]. In future works, it 
would be of interest to obtain more stable ridges and grooves that could 
last longer before starting to dissolve after immersion in SBF. 

The effect of surface topographies like ridges and grooves on the 
cellular behaviour of osteoblasts and hMSCs has been extensively 
studied in the last few decades [29,37]. Topographic patterns in the 
form of ridges and grooves have attracted considerable attention owing 
to their similarity to the collagen fibres composing the bone ECM. Ac
cording to the literature, the dimensions (width and depth) of ridges and 

grooves are a critical factor for inducing contact guidance; that is, to 
promote adhesion, alignment, elongation, and migration along the 
pattern [38,39]. It is known that cells in an ordered alignment are more 
likely to differentiate into an osteogenic phenotype [5,6] and, therefore, 
an optimal ridge/groove dimension that promotes this alignment as well 
as a good cellular response, both in vitro and in vivo, needs to be 
determined. 

According to other authors, the pattern needs to have similar di
mensions to that of the cell to effectively guide their alignment [39–41]. 
Furthermore, this contact guidance effect is not only size-dependent, but 
also cell-type dependent as different cellular types are known to have 
varying sensitivities [29,38], which must be considered when designing 
patterned surfaces. 

Regarding the effect of topography on osteoblast behaviour, many 
studies have been conducted using different pattern sizes within the 
micrometric range. Kirmizidis et al. [14] studied the effect of micro
metric grooved patterns (10–30 μm in width; 7 μm in depth) on osteo
blast behaviour. They found that osteoblasts not only adhere and align 
according to grooves, but also a marker of osteoblasts differentiation, 
alkaline phosphatase activity (ALP), was observed. Lu et al. [40] also 
investigated the groove guidance effect on SaOS-2 cells using micro
metric dimensions (4–38 μm in width; 2–10 μm in depth). They found 
that the guidance effect gradually weakened as groove width increased. 
It would appear that narrow grooves are better at controlling cellular 
behaviour than wide ones [28,29]. 

Although no consensus has been reached between different studies 
about the optimal dimensions needed to induce a proper osteoblasts 
response, some authors believe that cells may respond better to topog
raphies within the nanometric range, probably because the ECM is 
comprised of nanosized collagen fibrils of 50–30 nm [42], and also 
because cell filopodia (250–400 nm), which are responsible for the 
initial cell attachment to the surface, better perceives smaller di
mensions [38]. Nanometric ridges and grooves could, therefore, better 
resemble the “in vivo” interaction of cells with the ECM. For instance, 
Lamers et al. [37] observed that nanometric ridges/grooves within the 
natural bone ECM range were able to induce osteoblast alignment down 
to a width of 75 nm and a depth of 33 nm. These authors also found that 
osteogenic markers like ALP and osteocalcin (OCN) were up-regulated 
on nanometric grooved surfaces. Watari et al. [20] also observed the 
enhanced osteogenic differentiation of hMSCs when cultured on nano
scale (100–400 nm) ridges and grooves. Nanoscale features appear to 
produce more efficient adhesion, alignment and elongation than 
microscale patterns [13,43]. Although many studies have focused on the 
effect of pattern width on cellular behaviour, groove depth has also been 
found to influence cell alignment, with 150 nm grooves inducing a 
statistically higher degree of alignment than 50 nm grooves [44]. 

Several studies have been conducted to elucidate how cells respond 
to topography but, the mechanism by which topographical cues modu
late cell behaviour is still not fully understood. Grooved patterns can 
promote the adsorption of adhesion proteins like fibronectin and vitro
nectin and enhance integrin activation, which are transmembrane re
ceptors that together with these proteins mediate the cell-ECM adhesion 
process through the formation of focal adhesions (FAs) [42,45]. This 
enhancement of the adhesion process can, in turn, influence other 
cellular functions like cell proliferation and differentiation, which can 
lead to increased osteogenesis [46]. Moreover, it has also been reported 
that changes in cell morphology can regulate the cellular differentiation 
process [39]. Grooved topography can induce cell elongation, which can 
subsequently induce changes in the cytoskeleton and nucleus through 
cytoskeletal tensions. These alterations in the nucleus can lead to 
changes in gene expression and might, therefore, influence cell osteo
genic differentiation [20,32]. 

When designing biomaterials to be used in bone tissue engineering, it 
is desirable to make attempts to mimic the original bone tissue condi
tions. Most tissues possess features ranging from the macro-to the 
nanoscale which, in turn, affect cell-tissue interactions. The 

E. Sebastián et al.                                                                                                                                                                                                                               



Ceramics International 47 (2021) 21466–21475

21474

incorporation of surface topographical patterns into ceramic materials is 
a topic of interest because, as we have previously discussed, it is known 
that they can positively promote cellular behaviour, further increasing 
the porous CaP scaffolds’ osteoinductive capacity. To date, researchers 
have fabricated patterned surface mainly on polymers and metals, 
thanks to technologies like photolithography, electrospinning, electron 
beam lithography and colloidal lithography [38]. Better fabrication 
techniques are still required to produce complex surface patterns, 
especially on other materials like ceramics. Chemical etching is a 
low-cost process that has allowed us to obtain highly reproducible 
topographic surface patterns in the form of ridges and grooves and, more 
importantly, it can be used in three-dimensional porous ceramic 
scaffolds. 

The ridges and grooves herein fabricated were nano-/micrometric- 
sized (900–1.5 μm in width; 200–300 nm in depth) and, according to the 
previous literature, we believe that our patterned scaffolds could better 
resemble the ECM in vivo architecture, improving cell-material in
teractions [47] and promoting osteoblasts and hMSC adhesion, align
ment, elongation, and differentiation [20,28,39], better enhancing their 
osteogenic capacity than conventional scaffolds. 

5. Conclusion 

Considering the surface topography effect on cell behaviour, this 
study focused on manufacturing a grooved structure on 3D ceramic 
porous scaffolds’ surface. By means of a simple low-cost chemical 
etching treatment, a topographical pattern in the form of ridges and 
grooves was introduced in scaffolds’ surface without affecting their 
structural integrity. 

Our patterned scaffolds were composed mainly of a mixture of two 
different phases: a calcium pyrophosphate one and a β-tricalcium 
phosphate phase. Both the difference in the constituent crystallographic 
phases’ susceptibility to etching, together with their lamellar structure, 
were responsible for the formation of the grooved pattern as the calcium 
pyrophosphate on the external layer was etched off the surface. 

The dimensions of ridges and grooves were around 900 nm–1.5 μm 
in width and 200–300 nm in depth, and they slightly varied with the 
concentration and etching time. The best results were obtained with 3% 
acetic acid for 120 s. Furthermore, scaffolds doped with Sr were highly 
bioactive after 14 and 21 days in SBF and the etching process did not 
affect their mechanical resistance. 

Ceramic scaffolds’ surface topography modification represents a 
promising strategy to improve their in vivo osteogenic capacity 
compared to conventional scaffolds used in bone tissue engineering. 
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[41] S. Ber, G. Torun Köse, V. Hasirci, Bone tissue engineering on patterned collagen 
films: an in vitro study, Biomaterials 26 (2005) 1977–1986, https://doi.org/ 
10.1016/j.biomaterials.2004.07.007. 

[42] W.B. Tsai, Y.C. Ting, J.Y. Yang, J.Y. Lai, H.L. Liu, Fibronectin modulates the 
morphology of osteoblast-like cells (MG-63) on nano-grooved substrates, J. Mater. 
Sci. Mater. Med. 20 (2009) 1367–1378, https://doi.org/10.1007/s10856-008- 
3687-8. 
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