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ABSTRACT. Immune cells are sensitive to the microstructural and textural properties of 

materials. Tuning the structural features of synthetic bone grafts could be a valuable 
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strategy to regulate the specific response of the immune system, which in turn modulates 

the activity of bone cells. The aim of this study was to analyse the effect of the structural 

characteristics of biomimetic calcium deficient hydroxyapatite (CDHA) on the innate 

immune response of macrophages and the subsequent impact on osteogenesis and 

osteoclastogenesis. Murine RAW 264.7 cells were cultured, under standard and 

inflammatory conditions, on chemically identical CDHA substrates that varied in 

microstructure and porosity. The impact on osteogenesis was evaluated by incubating 

osteoblastic cells (SaOS-2) with RAW- CDHA conditioned extracts. The results showed that 

macrophages were sensitive to different textural and structural properties of CDHA. Under 

standard conditions, the impact of inflammatory cytokine production by CDHA played a 

significant role in the degradation of CDHA, suggesting the impact of resorptive behaviour 

of RAW cells on biomimetic surfaces. Osteoblast differentiation was stimulated by the 

conditioned media collected from RAW cells cultured on needle-like nanostructured 

CDHA. The results demonstrated that needle-like nanostructured CDHA was able to 

generate a favourable osteoimmune environment to regulate osteoblast differentiation and 

osteogenesis. Under inflammatory conditions, the incubation of RAW cells with less porous 

CDHA resulted in a decreased gene expression and release of pro-inflammatory cytokines.  

KEYWORDS: calcium phosphates, biomimetic hydroxyapatite, osteoimmunomodulation, 

inflammation, osteogenesis, osteoclastogesis 

 

1. INTRODUCTION 

Multiple processes occur during bone healing following the surgical placement of a 

synthetic bone graft. Among them, immune reactions play an important role in determining 
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the fate of the implant. The exogenous nature of biomaterials is recognized by the host as a 

foreign body, which usually triggers the release of cytokines and chemo-attractants by 

immune cells.[1] The osteoimmune environment generated at the vicinity of the bone graft 

by these regulatory molecules is of paramount importance, because it can lead to two 

opposite scenarios. In adverse conditions, it will lead to persistent excessive inflammation. 

On the contrary, in a favourable environment it will contribute to the regeneration of the 

bone tissue. 

Among all immune cells, macrophages have attracted much interest due to their regulatory 

role in innate immune response and great plasticity in cellular polarization. In response to 

various stimuli, macrophages can polarize to pro-inflammatory M1 or anti-inflammatory 

M2 phenotypes.[2] Moreover, the polarization process is generally accompanied with 

changes in cell morphology, the release of inflammatory cytokines, and the production of 

reactive nitrogen and oxygen species.[1,3–6] For instance, the activation into M1 

phenotype is characterised by the expression of pro-inflammatory cytokines such as  

tumour necrosis factor alpha (TNFα), interleukin 6 (IL-6) and interleukin 1 beta (IL-

1β).[7,8] In contrast, polarized M2 macrophages  produce anti-inflammatory cytokines, 

mainly interleukin 4 (IL 4), interleukin 10 (IL-10) and interleukin 13 (IL 13)  accompanied 

with high expression of mannose receptors (CD163, CD206).[9]   

This inflammatory microenvironment created by M1 and/or M2 immune cells was reported 

to greatly modulate bone healing events. The pro- inflammatory signals are recognised to 

stimulate osteoclastic response[10] and mesenchymal stem cell (MSCs) differentiation.[10–

12] However, the prolonged exposure to these molecules will lead to chronic inflammation. 

In turn, the M2 profile participates in osteogenesis and angiogenesis through release of 
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molecules such as bone morphogenetic protein-2 (BMP-2) or vascular endothelial growth 

factor (VEGF).[13,14] This intimate relation between immune cells and bone cells 

highlights the need for better monitoring of the initial stages after biomaterial 

implantation, redefining the requirements that a bone graft should meet. Hence, to trigger 

bone regeneration a bone graft should induce a favourable immune environment that 

results in the appropriate balance between osteogenesis and osteoclastogenesis.[1,15,16] 

The response of immune cells is known to be influenced by various factors including 

topography[17–21], chemistry[16,22–26], porosity[27,28] or stiffness[29–31]. The 

plasticity of macrophages to switch the phenotype in response to subtle changes opens the 

door to potential strategies in the development of bone substitutes with 

osteoimmunomodulatory properties. Hence, modulating the physicochemical features of 

implants will likely induce various cytokine release profile from immune cells, eliciting 

different effects on bone dynamics.  

Calcium phosphate (CaPs) materials are interesting bone substitutes due to their close 

chemical resemblance to mineral phase of bone and osteoinductive/ osteoconductive 

properties. Although countless studies have been devoted to the characterisation of their 

osteogenic and osteoindutive properties, little attention has been paid to their 

osteoimmunomodulatory properties. Only recently Chen et al. shed light on the 

osteoimmunomodulatory features of some CaPs, particularly sintered β-tricalcium 

phosphate (β-TCP) ceramics.[15,16,32]  

On another hand, it has been recently shown, using model surfaces, that nanotopography 

also plays a vital role in regulating immune responses.[21,33] In this context, Xiao et al. 

proposed the concept of "nano-osteoimmunomodulation" as a strategy for the development 
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of nanotopographies with osteoimmunomodulatory properties, able to regulate bone 

dynamics.[6] 

In this work, we intend to combine both concepts, taking advantage of the possibility to 

control the nanostructural features of calcium deficient hydroxyapatite (CDHA) materials 

using biomimetic processing routes. Hence, we investigated the effect of different 

nanostructures of biomimetic CDHA on osteoimmunomodulation by unravelling the role 

that surface nanotopography and porosity of CDHA play on the production of 

inflammatory cytokines and osteoclastic differentiation, as well as the effect of the immune 

environment created by macrophages cultured on CDHA substrates on the osteogenic 

differentiation of osteoblasts.  

2. MATERIALS AND METHODS 

2.1. Synthesis and characterisation of CDHA substrates 

CDHA discs were prepared by the self-setting reaction of an hydraulic paste of α- 

tricalcium phosphate (α-TCP) powder at 37°C, described in a previous work.[34] α-TCP 

was obtained by sintering a 1:2 molar mixture of calcium hydrogen phosphate (CaHPO4, 

Sigma-Aldrich, St. Louis, USA) and calcium carbonate (CaCO3, Sigma-Aldrich, St. Louis, 

USA) at 1400°C for 15 h and subsequent quenching in air.  

In previous studies we showed that it was possible to tune the textural properties of the 

material by modifying the grain size of the starting α-TCP powder and the liquid-to-powder 

ratio of the paste[35], this allowing the preparation of chemically identical CDHA 

substrates that varied in microstructure, specific surface area and porosity. 
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Therefore, two milling protocols were applied with the purpose of obtaining the powder 

with coarse (C: 5.2µm median size) and fine (F: 2.8 µm) particle size.[35] In order to 

obtain a mouldable paste, the solid phase that consisted of α-TCP and 2wt% of precipitated 

hydroxyapatite (PHA; Merck 2143, Merck, Darmstardt, Germany) was mixed with an 

aqueous solution containing 2.5wt% of disodium hydrogen phosphate (Na2HPO4, Merck, 

Darmstadt, Germany). The samples were prepared with two different liquid-to-powder 

(L/P) ratios: 0.35 mL/ g and 0.65 mL/ g, transferred to Teflon moulds (6mm of diameter, 

2mm of height) and left to set in water at 37
o
C for 7 days. The specimens were coded as 

C35, F35, C65 and F65, where C and F stand for coarse and fine powder respectively and 

35 and 65 stand for the liquid to powder ratio of 0.35 and 0.65 ml/g respectively.  

The microstructure of the substrates was characterised by Scanning Electron Microscopy 

(SEM, TESKAN MIRA3) with an acceleration voltage of 5 kV after depositing a thin layer 

of gold-palladium with EM SC005 Gold Coater (Leica). The surface roughness was 

characterized by optical interferometry (Veeco Wyko NT1100), using a 50x magnification 

and a scanned area of 47.5 x 63.4 μm
2
. Images were acquired using Vision32 software. For 

mechanical testing, cylinders of 6 mm of diameter and 12 mm of height were prepared 

following the same protocol described above. Afterwards, the samples (n=10) were 

subjected to a compression test at a crosshead speed of 1 mm/ min in a Universal Testing 

Machine (Adamel Lhomargy DY 34). The Young’s modulus was calculated from the linear 

region of the stress-strain curve. 

2.2. Cell culture 

Two cell lines, the murine-derived macrophage cell line RAW 264.7 (RAW) and human 

osteosarcoma cell line SaOS-2, were used in this study. Both cell lines were maintained in 
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Dulbecco’s Modified Eagle Medium (DMEM; Gibco
®

, Life Technologies Pty Ltd., 

Australia) supplemented with 10% heat-inactivated fetal calf serum (FCS; In Vitro 

Technologies, Australia) and 1% (50 U/ml and 50 µg/ml, respectively) 

penicillin/streptomycin (P/S; Gibco
®

, Life Technologies Pty Ltd., Australia) at 37°C with a 

5% CO2 humidified atmosphere. 

2.3. Osteoimmunomodulatory effect of CDHA on macrophages under standard 

and inflammatory conditions 

The behaviour of macrophages was evaluated after direct exposure to CDHA substrates. 

For that purpose, the discs were sterilised with 80% ethanol, rinsed thrice with phosphate-

buffered saline (PBS, Oxoid) and incubated overnight with complete medium. 

Subsequently, RAW cells were seeded at a density 7x10
5
/ cm

2 
for all experiments unless 

otherwise stated.  

To induce the inflammatory environment 1 μg/ mL of lipopolysaccharide (LPS, Escherichia 

coli 055:B5, R&D Systems) was added following previous protocols.[8,21] Briefly, after 12 

hours of RAW cells seeding, standard medium was replaced with medium containing LPS 

and incubated for 2 hours. Subsequently, samples were thoroughly washed with PBS, 

placed in new well plate and incubated following 6 hours in serum starvation medium.  

2.3.1. Metabolic activity of RAW cells on CDHA substrates 

The metabolic activity of RAW cells under standard conditions, was evaluated at day 1, 3 

and 5 trough MTT [3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] assay 

(R&D Systems). Briefly, the samples were washed with PBS and transferred to a new well 

plate, where 30 µL of 5mg/mL of MTT solution was added to a total volume of 300 µL of 

DMEM leading to a final concentration of 0.5mg/mL of MTT reagent. After 4 h of 
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incubation, MTT-DMEM solution was carefully removed and 150 µL of dimethyl sulfoxide 

(DMSO, Univar USA) was added in order to dissolve formazan crystals. Subsequently, the 

absorbance was read at 570 nm using microplate spectrophotometer (Benchmark Plus, 

Tacoma, Washington, USA). 

2.3.2. Cell morphology 

The morphology of RAW cells on CDHA substrates was observed at day 1 and 3 for 

standard conditions and 6 hours after incubation with LPS for inflammatory conditions. 

Images were acquired by SEM (TESKAN MIRA3) using an acceleration voltage of 5 kV, 

and by confocal microscopy (CLSM, Nikon A1).  

For SEM visualisation, cells were thoroughly washed with PBS and subsequently fixed with 

3% glutaraldehyde. Samples were then rinsed with PBS and post- fixed with 1% osmium 

tetraoxide incubation for 1h. The process was followed by dehydration through consecutive 

washings with increasing concentrations of ethanol solution (50%, 70%, 90%, 100%) 

achieving a complete dehydration in hexamethyldisilazane (HMDS, Sigma-Aldrich). Prior 

to visualisation, the discs were covered with a gold thin layer using EM SC005 Gold 

Coater (Leica). 

For confocal microscopy, the cells were washed with PBS and fixed with 4% 

paraformaldehyde solution (PFA, Sigma-Aldrich). The membrane permeabilization was 

carried out through incubation with 0.1 % Triton X- 100 (Merck) in PBS during 15 min. 

For nitric oxide synthase (iNOS) staining, RAW cells were additionally incubated for 1h 

with blocking solution consisting of 1% bovine serum albumin (BSA, Sigma-Aldrich) in 

PBS followed by 1 h incubation with primary and secondary antibodies, rabbit polyclonal 

iNOS in 1% BSA (1:100, Abcam) and Alexa Fluor488 Conjugate anti-rabbit IgG in 0.1% 
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Triton X-100 in PBS (1:1000, Cell Signaling Technology), respectively. For cytoskeleton 

and nuclei staining, cells were incubated with Alexa Fluor 594 for 1 h (1:300, Life 

Technologies Pty Ltd., Australia) and 4, 6-diamidino-2-phenylindole (DAPI) (1:1000, 

Molecular Probes) for 2 min, both in 0.1 % Triton X- 100 in PBS solution. Between all 

steps, three rinses for 5 minutes with 0.15% glycine in PBS were performed. Images were 

acquired using LASX software and processed using Fiji/Image-J package. Additionally, 

image analysis was performed in order to quantify the spreading area and elongation ratio 

(n=50) of macrophages. 

2.3.3. Response of RAW cells to CDHA substrates 

For standard conditions, RAW cells were seeded at a density of 7x10
5
cells/ cm

2
. After 6 

hours of incubation the cell culture medium was replaced with serum free medium and the 

cells were incubated for additional 6 hours. Then, the substrate-conditioned medium (CM) 

was recovered for further experiments being stored at -80
o
C. For RNA extraction, samples 

were washed with PBS and total RNA from cells was extracted applying TRIzol reagent 

(Ambion
TM

, Life Technologies Pty Ltd., Australia) following manufacturer instructions. 

Subsequently, the concentration of total RNA was quantified by NanoDrop ND-1000 

spectophotometer (NanoDrop technologies, Motchanin, DE, USA) and one thousand 

nanograms of total RNA were used for synthesis of complementary DNA using DyNAmo™ 

cDNA Synthesis Kit (Genesearch, QLD, Australia). Detection of inflammatory genes 

expression (IL-1β, IL-6, TNFα, iNOS, IL-10, CD206) was performed with a QuantstudioTM 

Real-Time PCR machine (Applied Biosystems, Foster City, California, USA) using SYBR 

Green qPCR Master Mix (Life Technologies). In all RT-qPCR runs, the specificity of 

primers was determined by melt curves analysis. The raw values were, then, expressed as 

relative fold applying the 2
-ΔΔCt

 method where ΔΔCt= (Ctsample (gene of interest) - Ctsample 
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(endogenous reference gene)) – (CtTCPS (gene of interest) – CtTCPS (housekeeping gene)) and 

Ct represents the cycle threshold of sample [36]. The 18S ribosomal RNA gene expression 

was used as endogenous reference gene and the RAW cells cultured on TCPS condition 

were used for normalizing RT-qPCR data. The list of primers used for RT-qPCR 

experiments is specified in Table 1. 

Table 1. Primers' sequences used in this study 

Gene 

Gene 

symbol 

Primer’ sequences 

(5’ to 3’) 

18S ribosomal RNA 18S 
F:CGGAACTGAGGCCATGATTAAG 

R:GTATCTGATCGTCTTCGAACCTCC 

Interleukin 1 beta Il-1β 
F:TGGAGAGTGTGGATCCCAAG 

R:GGTGCTGATGTACCAGTTGG 

Interleukin 6 Il-6 
F:ATAGTCCTTCCTACCCCAATTTCC 

R:GATGAATTGGATGGTCTTGGTCC 

Tumor necrosis 

factor alpha 

Tnfa 
F:CTGAACTTCGGGGTGATCGG 

R:GGCTTGTCACTCGAATTTTGAGA 

Nitric oxide 

synthase 

inos 
F:CACCAAGCTGAACTTGAGCG 

R:CGTGGCTTTGGGCTCCTC 

Oncostatin M Osm 
F:ACGGTCCACTACAACACCAG 

R:CCATCGTCCCATTCCCTGAAG 

Transforming 

growth factor beta 1 

Tgfβ1 
F:CAGTACAGCAAGGTCCTTGC 

R:ACGTAGTAGACGATGGGCAG 
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Vascular endotelial 

growth factor A 

Vegf a 
F:GTCCCATGAAGTGATCAAGTTC 

R:TCTGCATGGTGATGTTGCTCTCTG 

Cathepsin K Ctsk 
F:CCAGTTTTACAGCAGAGGTGTG 

R:CTTGCTTCCCTTCTGGGTG 

Carbonic anhydrase 

2 

Car2 
F:AGCAGCGAGCAGATGTCTC 

R:TGAGCTGGACGCCAGTTG 

Matrix 

metallopeptidase 9 

Mmp9 
F:GGGCGTGTCTGGAGATTCG 

R:CACCTGGTTCACCTCATGGTC 

Interleukin 10 Il-10 
F:CAGGACTTTAAGGGTTACTTG 

R:ATTTTCACAGGGGAGAAATC 

Mannose receptor C 

type 

Cd206 
F:AGACGAAATCCCTGCTACTG 

R:CACCCATTCGAAGGCATTC 

Runt-related 

transcription factor 

2 

Runx2 
F:GACGAGGCAAGAGTTTCACC 

R:ATGAAATGCTTGGGAACTGC 

Bone morphogenic 

protein 2 

BMP-2 
F:TGCCATTGTTCAGACGTTGG 

R:GTACTAGCGACACCCACAAC 

Bone sialoprotein BSP 
F:TTTCTGCTACAACACTGGGCTATG 

R:TTGTTATATCCCCAGCCTTCTTG 

Osteocalcin OCN 
F:GCAAAGGTGCAGCCTTTGTG 

R:GGCTCCCAGCCATTGATACAG 

Collagen type I COLL I 
F:AGAACAGCGTGGCCT 

R:TCCGGTGTGACTCGT 
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The same procedures were applied for extraction of the RNA and evaluation of the gene 

expression of RAW cells exposed to an inflammatory environment (after LPS stimulation, 

as explained in section 2.3.  Additionally, cytokine release was analysed using enzyme-

linked immunosorbent assay (ELISA). For that purpose, the supernatants were evaluated 

for the presence of IL-6 and TNF-α using a mouse IL-6 Uncoated ELISA kit and a mouse 

TNF-α Uncoated ELISA kit, respectively (Invitrogen). The different time points for the 

evaluation of the inflammatory response of RAW cells, either with or without LPS 

stimulation, were chosen based on previous studies where the adequate time points for 

detection of cytokine release and gene expression were determined.[8,16]  

2.3.4. Osteogenic and osteoclastogenic activity of macrophages 

The osteogenic and osteoclastogenic activity of RAW cells was determined through 

detection of specific genes (osteogenesis: OSM, TGFβ1 and VEGF; osteoclastogenesis: 

CTSK, CAR2, MMP9) following the specific time points and protocols detailed in section 

2.3.3. The primers’ sequences are those displayed in Table 1.  

To assess cell morphology and substrate degradation, SEM images were acquired at day 3, 

following the fixation and visualisation protocols described in section 2.3.2. Moreover, the 

CDHA discs were incubated in complete DMEM without the presence of RAW cells and the 

microstructure of the substrates was evaluated after 3 days by SEM (Zeiss Neon 40, 

Oberkochen, Germany), in order to discern any physic-chemical degradation from the 

potential degradation caused by cellular activity. 

The ionic concentrations of Ca
2+

 and Pi of cell culture media with and without cells was 

quantified by inductively coupled plasma-optical emission spectrometry (ICP-OES, Perkin 

Elmer, MA, USA). The ionic concentration was determined at day 1 and 3 for standard 
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conditions. Prior to quantification, the cell culture medium was diluted 5-fold with 2% of 

ultrapure nitric acid (Sigma-Aldrich).  

2.4. The effect of the supernatant of RAW cells cultured on the CDHA substrate 

on the osteogenic differentiation of SaOS-2 cells 

In order to investigate the effect of the osteoimmune environment created by the 

macrophages cultured onto the substrate, SaOS-2 cells were incubated with CM from 

section 2.3.3, under standard and inflammatory conditions. For all experiments, except 

where otherwise stated, SaOS-2 cells were plated on TCPS at a density of 2.5x10
4
 cells/ 

cm
2
. After 24h the standard medium was replaced with RAW- substrate CM with 10% of 

FCS and SaOS-2 cells were incubated for up to 3 days. Cells cultured with standard 

DMEM medium were used as a control.  

2.4.1. Osteogenic- related gene expression and protein secretion by SaOS-2 

cells 

The bone-related gene expression was quantified through RT-qPCR at day 3 of cell culture. 

The RNA extraction and RT-pPCR protocols are detailed in section 2.3.3. The relative 

expressions of Runx2, BMP-2, BSP, OCN and COLL I (Table 2) was determined using 

comparative Ct (2
−ΔΔCT

) method. 18S gene expression was used as housekeeping gene and 

SaOS-2 cells cultured on TCPS at day 1, instead of day 3, were used to normalize the data, 

to ensure that the reference values were not skewed by the osteogenic differentiation 

promoted by cell confluence at day 3.   

The evaluation of protein expression was carried out using Western Blot detection. Briefly, 

after incubation with CM, cell lysates were collected using RIPA lysis buffer. Subsequently, 

20 μg of proteins from each sample were separated on SDS-PAGE gel followed by transfer 
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onto nitrocellulose membranes (Pall Corporation, East Hills, New York, USA). The 

membranes were then blocked for 1h in Odyssey blocking buffer (LI-COR Biosciences, 

Lincoln, Nebraska, USA). Afterwards, the membranes were incubated overnight at 4
o
C with 

primary antibodies against ALP, Runx2, COLL I and α-tubulin (all 1:1000, rabbit anti-

human; Abcam, Cambridge, United Kingdom). The protein bands were visualised using the 

Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, Nebraska, USA). The 

relative intensities of protein bands were quantified using Fiji/Image-J package. 

For the visualisation of cell morphology, SaOS-2 cells were seeded on glass coverslips 

placed inside 24-well plate following the seeding and incubation protocols described in 

section 2.4. Cytoskeleton and nuclei were stained using the immunocytochemistry methods 

detailed in section 2.3.2. Additionally cells were incubated with rabbit anti-human ALP 

(1:100, Abacam) followed by Alexa Fluor488 Conjugate anti-rabbit IgG secondary 

antibody (1:1000, Cell Signaling Technology, Danvers, MA) for ALP staining. The images 

were acquired using CLSM (Nikon A1) and processed with Fiji/Image-J package. 

2.4.2. Mineralization of SaOS-2 cells 

For the mineralization assay SaOS-2 cells were seeded at a semi-confluent density of 6x10
4
 

cells/ cm
2
. After 24h, the medium was replaced with CM combined with osteogenic medium 

at ratio 1:2. The supplements for osteogenic medium were 50 µg/ mL ascorbic acid, 10 mM 

β- glycerophosphate and 100 nM dexamethasone. The medium was refreshed every third 

day. At 14 days of culture, SaOS-2 cells were washed with double distilled H2O (ddH2O) 

and fixed with 4% of PFA for 15 min at RT.  Afterwards, cells were stained using Alizarin 

red solution (ARS, Sigma-Aldrich) at pH 4.2 for 20 min. The unbound stain was removed 
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by various washings with ddH2O. The images were acquired using a light microscope 

(Nikon ECLIPSE TS100) after previous air dying of the samples.  

2.5. Statistical analysis 

All statistical analyses were performed using SPSS software (IBM SPSS, Armonk, 

NewYork, USA). The data presented in graphs represents mean ± standard deviation (SD) 

(n=3 unless otherwise stated). Normality was checked through the Saphiro–Wilk test. 

Statistical differences between groups for non- parametric data were analysed through 

Mann-Whitney U test. Statistical differences between groups for parametric data were 

analysed using One-way ANOVA. The homogeneity of variance was assessed using 

Levene’s test. In case of non-significant Levene’s test, the Tukey’s post hoc test was applied 

for data analysis. In case of significance, Tamhane’s post hoc test was used. The level of 

significance for all tests was set at p<0.05. 

3. RESULTS  

3.1. Material characterization 

The detailed physicochemical characterisation regarding crystalline phases, porosity and 

pore size distribution and specific surface area (SSA) of the biomimetic CDHA substrates 

analysed in this study was previously described.[34,37] Table 2 displays the specific 

surface area and porosity of the CDHA substrates studied.   

Table 2. Roughness, Young’s modulus, specific surface area (SSA) and porosity of the 

biomimetic calcium deficient hydroxyapatite substrates used in this study.  

Substrate Roughness Ra Young’s SSA (m
2
/g)[38] Porosity 
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(μm) modulus (GPa)  (%)[38] 

F35 1.12± 0.18 20.40± 1.80 24.43± 0.03 34.3 

F65 1.06± 0.42 5.55± 2.05 27.32± 0.02 53.0 

C35 1.94± 0.25 19.06± 2.88 14.11± 0.01 33.4 

C65 1.93± 0.48 5.31± 2.50 14.42± 0.01 54.4 

 

The microstructure of the fine (F35 and F65) and coarse (C35 and C65) CDHA substrates 

is displayed in Figure 1. Lower magnification SEM images are displayed in Supplementary 

Figure 1. All substrates consisted in crystal agglomerates, but whereas the use of fine α-

TCP particles resulted in needle-like crystals of nanometric size, coarse α-TCP particles led 

to plate-like crystals of micrometric size. Moreover, the different liquid to powder ratios 

used led to different porosities, and subsequently to different stiffness values. The 

substrates with low L/P ratio, and therefore lower porosity, presented 4-fold higher 

Young’s modulus, approximately 20 GPa, compared to the 5 GPa presented by the CDHA 

substrates prepared with high L/P ratio (Supplementary Figure 3). 
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Figure 1. SEM images of the surface microstructure of CDHA substrates. 

3.2. Effect of CDHA substrates on the response of macrophage RAW cells under 

standard conditions 

3.2.1.  RAW cells proliferation and morphology 

Similar metabolic activity was observed when RAW cells were cultured on the different 

CDHA discs for 1,3 and 5 days. The absorbance values at day 3 and 5 in the biomimetic 

substrates were significantly lower than that of the tissue culture polystyrene (TCPS) 

control group (Figure 2A).  

The macrophages showed predominantly a round morphology in all substrates after 1,3 

and 5 days of culture (Figure 2B, Supplementary Figure 4). Moreover, in all conditions 

cells organized into clusters. Higher spreading of RAW cells on all CDHA was observed at 

day 1 in comparison to the control group (Figure 2C). At day 3, the cells cultured on F35 
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and C65 showed significantly different spreading area. Whilst on F35 the cells were less 

spread, on C65 they were more spread compared to control. At day 5, RAW cells presented 

lower spreading area in all biomimetic substrates compared to the control. No significant 

changes of cell elongation ratio were observed (Figure 2D).  
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Figure 2. A) Metabolic activity of RAW cells on CDHA substrates at 1, 3 and 5 days of 

culture, detected by MTT. No significant difference was found between various CDHA 

substrates. * Indicates statistically significant differences (P < 0.05) compared to the 

control TCPS group at the corresponding time point. B) Morphology of RAW cells 

observed by SEM on CDHA substrates at 1,  3 and 5 days. RAW cells cultured on glass 

coverslip were used as a control group. C) Cell spreading at 1, 3 and 5 days of cell culture. 

D) Cell elongation ratio at 1, 3 and 5 days of cell culture. In C and D graphs, symbols 

represent individual cells (n=50), the boxes represent 25th and 75th percentile, the middle 

line is the median and whiskers are standard deviation. * Indicates statistically significant 

difference (P < 0.05) compared to the control group. Statistically significant differences 

between substrates were indicated with letters (a, b, c) where a, b and c indicates 

significant difference (P < 0.05) compared to F35, F65 and C35, respectively. 

3.2.2. Inflammatory response of RAW cells 

The expression of pro-inflammatory (IL-1β, IL-6, TNFα and nitric oxide synthase: iNOS) 

and anti- inflammatory (IL-10 and CD206) genes by RAW cells cultured on the CDHA was 

evaluated using RT-qPCR (Figure 3). Overexpression of IL-1β and TNF-α genes was 

observed for all CDHA substrates compared to TCPS. The upregulation of IL-1β and IL-6 

was more pronounced for F35 whilst both C35 and C65 coarse substrates upregulated the 

expression of TNF-α. The gene expression of iNOS and CD206 was lower when RAW cells 

were cultured on CDHA compared to TCPS. The expression of IL-10 genes was under the 

detection limit (data not shown). 
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Figure 3. Relative expressions of inflammation related genes: IL-1β, IL-6, TNFα, iNOS 

(pro-inflammatory) and CD206 (anti-inflammatory) of RAW cells cultured on CDHA 

substrates for 12 h. The values were normalized with respect to housekeeping gene 18S 

using RAW cells cultured on TCPS as a control sample. * Indicates statistically significant 

difference (P < 0.05) compared to the control group. Statistically significant differences 

between substrates were indicated with letters (a, b) where a and b indicate statistically 

significant differences (P < 0.05) compared to F35 and F65, respectively. 

3.2.3. Osteogenic and osteoclastogenic activity of RAW cells 

The gene expression of osteogenic (oncostatin M: OSM, transforming growth factor beta: 

1TGFβ and VEGF) and osteoglastogenic (cathepsin K: CTSK, carbonic anhydrase 2: CAR2 

and matrix metallopeptidase 9: MMP9) markers are depicted in Figure 4A and 4B, 
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respectively. In general, CDHA substrates showed similar osteogenic gene expression 

compared to the control except for F35 where lower levels of osteogenesis related markers 

were observed. Noteworthy, cells cultured on C65 presented higher levels of osteogenic-

related markers although only TGF-β gene expression was significantly higher compared to 

the other substrates. Moreover, C65 substrate also stimulated the gene expression of 

osteoclastogenic markers, especially for CAR2 and MMP9. Overall, the CDHA with high 

L/P ratio, F65 and C65, induced higher values of osteogenic and osteoclastogenic markers 

compared to their low L/P ratio equivalents, F35 and C35, and the same trend was 

observed when comparing the substrates with low SSA (C35 and C65) with their high SSA 

(F35 and F65) counterparts, the first inducing a higher expression than the last.  

The osteoclastic activity of RAW cells was also studied through visualisation of the 

morphology of the cells and the underlying substrate (Figure 4C) and measurement of ionic 

concentrations in the cell culture medium (Figure 4D). Higher magnification SEM images 

(Figure 4C, right panel) taken at day 3 revealed the presence of degraded crystals of 

CDHA in the regions near the macrophages compared to pristine needle and plate-like 

microstructure of the biomaterials. No degradation was observed in CDHA substrates 

incubated with cell culture medium in absence of RAW cells (Supplementary Figure 3).    
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Figure 4. Osteogenic and osteoclastogenic activity of RAW cells cultured on CDHA 

substrates for 12 h. A) Relative expressions of osteogenesis related genes: OSM, TGFβ1 

and VEGF. B) Relative expressions of osteoclastogenesis related genes: CTSK, CAR2, 

MMP9.  In both A and B graphs, the values were normalized with respect to housekeeping 
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gene 18S using RAW cells cultured on TCPS as a control sample. * Indicates statistically 

significant difference (P < 0.05) compared to the control TCPS group. Statistically 

significant differences between substrates were indicated with letters (a, b, c) where a, b 

and c indicate statistically significant differences (P < 0.05) compared to F35, F65 and 

C35 respectively.  C) SEM images of RAW cells on the CDHA substrates at day 3, showing 

degraded crystals (white arrows) presumably as a result of cell activity. Left panel: general 

view, right panel: detailed view. D) Calcium and phosphate concentrations in the cell 

culture medium in presence of CDHA, with (patterned columns) or without cells (plain 

columns), after 1 or 3 days. The ionic concentrations were evaluated for n=2 samples. For 

each substrate, & indicates statistically significant difference (P < 0.05) between ionic 

concentration of cell culture medium with or without cells. * Indicates statistically 

significant difference (P < 0.05) compared to corresponding control group i.e. cell culture 

medium with or without cells. Statistically significant differences between substrates were 

indicated with letters (a, b, c) where a, b and c indicates significant difference (P < 0.05) 

compared to F35, F65 and C35, respectively. 

The concentrations of calcium and phosphate ions in cell culture medium without cells 

were 1.89±  0.02 mM 1.24±  0.02 mM, respectively. No statistically significant changes of 

Ca
2+

 and Pi content were observed in presence of cells for TCPS group. In general, the 

levels of calcium decreased in presence of CDHA compared to TCPS, the decrease being 

more pronounced for F65. The presence of macrophages counteracted the decrease of Ca
2+

 

increasing its concentration up to 15% compared to the substrate alone (Figure 4D). This 

was observed at all time points for C35 and C65, whereas in F substrates the effect was 

more pronounced at day 3.  
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Little alterations of phosphate were noticed. Overall, Pi levels increased only in presence of 

F CDHA substrates, especially F65. There were no clear trends associated to the presence 

or absence of cells and phosphate concentration in the cell culture medium (Figure 4D). 

3.3. The effect of CDHA and RAW cell conditioned medium on osteogenic 

differentiation of osteoblastic SaOS-2 cells 

To study the effect of the microenvironment created by biomimetic substrates and 

macrophages on osteogenesis, osteoblast-like SaOS-2 cells were incubated with CDHA-

RAW conditioned extracts. SaOS-2 cells were also cultured with conditioned extracts from 

RAW cells cultured on TCPS, “SaOS-2 control+”, and with non-conditioned medium, 

“SaOS-2 control-”.  

The expression of the osteogenic markers alkaline phosphatase (ALP), Runt-related 

transcription factor 2 (Runx2), collagen type I (COLLI), bone morphogenic protein 2 

(BMP-2), bone sialoprotein (BSP) and osteocalcin (OCN) was evaluated using RT-qPCR. 

The results showed an up-regulation of osteogenic-related genes in the cells cultured on the 

F CDHA substrates, this being especially pronounced for BMP-2, BSP and COLLI, and 

also for Runx2 and OCN in the case of F65. SaOS-2 cells incubated with extracts from 

plate-like substrates presented similar gene expression values compared to SaOS-2 

control+, except for a decrease observed in the case of BSP (Figure 5A). In general, 

“SaOS-2 control+” showed slightly higher expression of osteogenic genes compared to 

“SaOS-2 control-” being statistically significant only for Runx2.  

Western blot analyses were performed to evaluate COLLI, Runx2 and ALP protein 

production. In general, no significant differences were observed between SaOS-2 cells 

stimulated with RAW extracts (SaOS-2 control+) and non-treated cells (SaOS-2 control-). 
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Moreover, plate-like CDHA substrates induced lower protein levels compared to needle-

like CDHA. Noteworthy, the protein levels of Runx2 and ALP was significantly higher in 

F35 substrate compared to all the other conditions (Figure 5B). 

The mineralization of SaOS-2 cells were assessed through Alizarin Red staining. Calcium 

deposition and nodule formation was observed to be fostered in the cells cultured in 

conditioned medium compared to SaOS-2 control- (Figure 5C). 
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Figure 5. Effect of CDHA- RAW264.7 conditioned medium on osteogenic activity of SaOS-

2 cells. A) Relative expressions of osteogenesis related genes: ALP, Runx2, BMP-2, BSP, 

COLL I, OCN.  B) Expression of osteogenesis related proteins (COLL I, Runx2, ALP) 

detected by Western blot and their relative intensity. C) Mineralization of SaOS-2 detected 

through Alizarin Red Staining. In all graphs “SaOS-2 control+” refers to osteoblastic cells 

stimulated with RAW cells conditioned medium (without CDHA substrate) whilst “SaOS-2 

control-” refers to osteoblastic cells in their standard cell culture medium. * and & 

indicate statistically significant difference (P < 0.05) compared to the SaOS-2 control+ 

and SaOS-2 control– group, respectively. Statistically significant differences between 

substrates were indicated with letters (a, b, c) where a, b and c indicate statistically 

significant differences (P < 0.05) compared to F35, F65 and C35 respectively.  

The results of gene and protein expression were also confirmed by visualisation of ALP 

staining and semiquantitative analysis of images. Overall, osteoblastic cells incubated on 

RAW extracts from fine CDHA presented more intense ALP staining compared to controls 

or coarse substrates,  being significantly higher for F35 (Figure 6A and B). 
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Figure 6. Effect of CDHA- RAW cells conditioned medium on ALP expression of SaOS-2 

cells. A) Representative confocal images of SaOS-2 morphology after 3 days of exposure to 

CDHA- RAW cells conditioned medium. Cells were stained for F-actin (red), nuclei (blue) 

and ALP (green). Scale bar in all images denotes 200 μm. The brightness and contrast of 

images was modified using Fiji/Image-J package. B) ALP area normalized to cell area 

after 3 days of culture. Symbols represent individual cells (n=20), the boxes represent 25th 

and 75th percentile, the middle line is the median and whiskers are standard deviation.  * 

and & indicate statistically significant differences (P < 0.05) compared to the SaOS-2 
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control+ and SaOS-2 control– groups, respectively. Statistically significant differences 

between substrates were indicated with letters (a, b) where a and b indicate statistically 

significant differences (P < 0.05) compared to F35 and F65 respectively. In both figures, 

“SaOS-2 control+” refers to osteoblastic cells stimulated with RAW cells conditioned 

medium (without CDHA substrate) whilst “SaOS-2 control-” refers to osteoblastic cells in 

their standard cell culture medium. 

3.4. The effect of CDHA substrates on the response of RAW cells under 

inflammatory conditions 

In order to evaluate the behaviour of immune cells on CDHA samples under inflammatory 

environment, macrophages were stimulated with 1 µg/ mL of LPS. Thereafter, 

morphological features of RAW cells as well as the expression of inflammatory, osteogenic 

and osteoclastogenic markers were analysed. Over the following sections, “control+” 

group refers to RAW cells cultured on TCPS and stimulated with LPS, whilst “control-“ 

refers to RAW cells cultured on TCPS without any additional treatment.  

3.4.1. RAW cells morphology 

A combination of round-shaped cells with elongated cells was observed in all conditions 

(Figure 7). Moreover, the rounded cells showed more flattened morphology on CDHA with 

high L/P ratio. Noteworthy, image analysis revealed that LPS activated cells presented 

more spread morphology compared to control- group (Figure 7B). Even though, the 

spreading of macrophages on CDHA were less pronounced than cells cultured without any 

material and stimulated with LPS. The analysis of elongation ratio revealed higher 

elongation ratio for LPS stimulated cells.  
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Figure 7.  A) Morphology of RAW cells observed by SEM on CDHA at 6 hours of post- 

stimulation. RAW cells cultured on glass coverslip were used as control, where “control+” 

represents LPS stimulated RAW cells and “control-“ non-stimulated cells. Upper panel: 

general view. Middle and lower panel: detailed view of macrophages morphology. Both 

rounded and elongated-shape cells were found on CDHA substrates. RAW cells cultured on 

high L/P CDHA i.e. F65 and C65 showed more flattened morphologies compared to F35 

and C35. The white arrows indicate a putative direction of cell spreading B) Cell 

spreading after LPS stimulation C) Cell elongation after LPS stimulation. In B and C 
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graphs, symbols represent individual cells (n=50), the boxes represent 25
th

 and 75
th

 

percentile, the middle line is the median and whiskers are standard deviation. * and & 

Indicate statistically significant differences (P < 0.05) compared to the control+ group and 

control- group, respectively. Statistically significant differences between substrates were 

indicated with letters (a, b, c) where a, b and c indicate statistically significant differences 

(P < 0.05) compared to F35, F65 and C35, respectively. 

3.4.2. Inflammatory, osteogenic and osteoclastogenic gene expression of RAW 

cells 

The inflammatory response of the macrophages cultured on CDHA samples under 

inflammatory environment is depicted in Figure 8A and D. Overall, biomimetic substrates 

showed antinflammatory features downregulating the expression of pro- inflammatory 

cytokines (IL-1β, IL-6, TNFα) compared to control+ group. In general, the downregulation 

was more pronounced in the cells cultured on CDHA with low L/P ratio i.e. F35 and C35 

compared to high L/P ratio equivalents. The evaluation of release of proinflammatory 

cytokines such as IL-6 and TNFα by ELISA (Figure 8D) confirmed similar trends to those 

observed by analysis of gene expression (Figure 8A). The expression of iNOS was slightly 

upregulated on C65 compared to control+.  
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Figure 8. Inflammatory, osteogenic and osteoclastogenic activity of RAW cells on CDHA 

substrates under inflammatory environment. Cells were collected at 6 hours post-

stimulation with 1μg/ mL of LPS. A) Relative expressions of inflammation related genes; 

M1 markers: IL-1β, IL-6, TNFα, iNOS; M2 markers: IL-10, CD206. B) Relative expressions 

of osteogenesis related genes: OSM, TGFβ1, VEGF. C) Relative expressions of 

osteoclastogenesis related genes: CTSK, CAR2, MMP9. Gene expression results 

normalized with respect to housekeeping gene 18S using non-LPS stimulated RAW on 

TCPS as a calibrator sample. D) Release of inflammatory cytokines IL-6 and TNFα by RAW 

cells. Control+ represents LPS stimulated RAW cells cultured on TCPS. * Indicates 

statistically significant differences (P < 0.05) compared to the control+ group. Statistically 

significant differences between substrates are indicated with letters (a, b, c) where a, b and 
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c indicates statistically significant differences (P < 0.05) compared to F35, F65 and C35 

respectively. 

Regarding the expression of antinflammatory IL-10 and CD206, the levels of both were 

slightly lower on biomimetic hydroxyapatite compared to control+. Needle like CDHA 

downregulated the expression of IL-10 to greater extent than plate- like substrate (Figure 

8A).  

Similar trends were observed for the osteogenic and osteoclastogenic activity of 

macrophages on the biomimetic CDHA substrates (Figure 8B and C). Overall, 

downregulation of osteogenetic (OSM, TGFβ and VEGF) and osteoclastogenetic (CTSK, 

CAR2 and MMP) markers was observed on CDHA compared to control+, this trend being 

more pronounced for CDHA with low L/P ratio.  

4. DISCUSSION 

In the field of synthetic bone grafts, biomimetic calcium deficient hydroxyapatite presents 

interesting properties due to its similar composition and structure to the mineral phase of 

bone. Unlike for sintered calcium phosphate ceramics, the microstructure and porosity of 

this material can be easily tuned without modifying the chemical composition, covering a 

broad range of porosities and pore sizes and allowing to obtain nanostructured 

materials.[39] This offers a very versatile platform to study the effect of the textural 

properties of synthetic bone grafts on the interaction with cells and tissues. In this context it 

has been recently reported that the combined effect of nanostructure, poor crystallinity and 

favourable ionic microenvironment created in the proximity of the material confers CDHA 

superior osteoinductive properties in vivo. [40] However, information regarding the 

underlying mechanisms is scarce. Thus, the main motivation of this work was to study the 
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relevance of some textural properties of CDHA i.e. surface topography, SSA and porosity, 

on the immunomodulatory and osteoimmunomodulatory processes in vitro. 

CDHA discs were obtained by cementitious reaction by the hydrolysis of α-TCP.[34] 

Changing the particle size of the α-TCP powder from fine (F) to coarse (C) shifted the size 

of the obtained crystals from the nano- to the micro-sized range, and the crystal 

morphology from needles to plates, respectively (Figure 1). The modification of the textural 

properties of CDHA resulted in significant changes of the SSA, surface roughness and 

stiffness (Table 2, Supplementary Figure 2 and Supplementary Figure 3). F substrates 

presented approximately two-fold SSA values than C substrates. Moreover, using two 

different L/P ratios i.e. low 0.35 mL/ g (F35 and C35) and high 0.65 ml/ g (F65 and C65) 

allowed tailoring the material porosity (Table 2).[34,35]Thus, chemically identical CDHA 

substrates were obtained, with distinct structural features. It is important to highlight that, 

unlike in the case of inert substrates, the variations in surface topography, SSA and 

porosity of CDHA are expected to affect the ionic exchange with the cell culture medium, 

which in turn may influence cell behaviour, as shown in previous studies.[37,41,42] 

Therefore, this creates a more complex scenario, since these indirect effects should be 

taken into consideration in addition to the direct effect of textural properties when 

evaluating immunomodulatory and osteoimmunomodulatory outcome of bioactive 

substrates.  

In the present study we used RAW 246.7 cells as a model to study immune cell response to 

biomimetic hydroxyapatite with tailored characteristics. The evaluation of proliferation 

and morphology of macrophages are interesting tools towards discovering the severity of 

inflammation and immune cells’ activation stage.[43] Our results revealed similar cell 
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adhesion on all biomimetic substrates, in agreement with previous findings (Figure 2A). 

[44] However, RAW cell proliferation was reduced on the CDHA substrates. This is in 

accordance with previous reports where biomimetic hydroxyapatite reduced the 

proliferation of various cell types, which was attributed to a coupled effect of spiky 

microstructure and altered ionic release/ uptake.[37,41,42] Similarly, Mestres et al. 

observed decreased cell number of RAW cells on CDHA at early days of cell culture being 

this scenario more pronounced for needle- like samples.[44] However, we did not observe 

this behaviour, which can be probably due to the use of smaller sample size, which reduced 

the extent of ionic fluctuations (Figure 4D).[45]  

Macrophage morphology is generally associated with their polarization state. The round 

shape is usually related to pro- inflammatory M1 phenotype whereas M2 phenotype exhibit 

more elongated shapes.[46,47] In addition, M1 type is also accompanied with enhanced 

cell spreading after induction with LPS.[48] Nonetheless, it has to be considered that the 

macrophage morphological changes depend on the time of exposure to stimulating factors. 

[49,50] In addition, macrophages can be stimulated by the cytokines they produce and, 

with time, their functional pattern may shift in accordance. [51] Therefore, the evaluation 

of cytokine expression and secretion is a more precise indication of macrophage 

polarization than morphology.[52] Although we did not observe obvious changes in the 

elongation ratio of RAW cells (Figure 2B and D, Supplementary Figure 4), immune cells 

presented different spreading areas, depending of CDHA substrate (Figure 2B and C, 

Supplementary Figure 4). For instance, macrophages cultured on C65 presented enhanced 

spreading compared to the other biomimetic substrates and the control, suggesting a more 

inflammatory state. This agrees with findings by Mestres et al., who reported a higher 
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release of reactive oxygen species (ROS) for RAW cells cultured on plate- like substrates, 

suggesting a more inflammatory state compared to needle-like CDHA.[44] 

Immediately after biomaterial implantation, immune cells are recruited and release pro-

inflammatory molecules.[53] This process is particularly important due to the dual role of 

immune cells. Macrophages not only act as inflammatory mediators but also as wound and 

tissue healing regulators, determining further implant success or leading to chronic 

inflammation and graft rejection. Current strategies to control the foreign body response 

mostly focus on controlling inflammatory cytokines secretion. In this regard, modifications 

of the physicochemical features of biomaterials, including chemistry[24], roughness[54], 

stiffness[55] or geometry[56] have been reported to regulate macrophage activation. 

Interestingly, in our work higher values of pro-inflammatory cytokines IL-1β and IL-6 were 

observed on needle-like surfaces (F35), whereas TNFα was higher on plate-like surfaces. 

These results demonstrate that modifications at the nano- and micro-scale level influence 

differently macrophage activation, although in general the incubation with biomaterials 

fosters a pro-inflammatory status of immune cells as other authors previously 

described.[21,57,58] Our findings suggest that in our substrates there is no clear link 

between surface topography of CDHA and polarization of macrophages. One possible 

explanation might be bioactive nature of CaP substrates. For bioinert biomaterials the 

inflammatory molecule expression can be straightforwardly related to surface features in 

contrast to CDHA which ionic release/ uptake might interfere with the effect of surface 

topography on cytokine expression. Moreover, no correlation was found between the 

stiffness of the substrates and the morphology of immune cells. In fact, the Young’s 

modulus of the substrates seem to be too high to be sensed by immune cells, which are 

usually activated by stiffness values in the range of kPa [29-31]. 
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It is generally accepted that adherent macrophages produce a degradative 

microenvironment that accelerates biomaterial resorption. In our study, both needle-like 

and plate-like microstructures induced the generation of multinucleated cells 

(Supplementary Figure 6), with a morphology compatible with either osteoclastic cells or 

foreign body giant cells (FBGCs)- both known to have potential to dissolve hydroxyapatite 

crystals.[59]. Moreover, some degradation of the hydroxyapatite crystals was observed at 

the cell-substrate interface (Figure 4C), contrary to what happened in the substrates 

incubated with cell culture medium in absence of the macrophages, this suggesting a cell-

mediated degradation. This agrees with our previous findings where prolonged exposure to 

cell culture medium did not affect the surface morphology of plate-like CDHA. [60] Higher 

levels of CAR2 and MMP9 were found when the cells were in contact with C substrates 

compared to their F counterparts with the same L/P ratio (C35 vs F35 and C65 an F65), 

indicating that greater surface roughness may trigger some degradative activity.[60,61]  

Another sign of degradative behaviour was the higher ion concentration, especially 

calcium, in the cell culture media in presence of macrophages compared to the cell-free 

substrates (Figure 4D). In fact, the release of these ions into the medium can be associated 

to the dissolution of CDHA by the activity of immune cells, which counteracts the ionic 

exchange produced by the material itself, similarly to what was found in a previous 

study.[60] As previously reported, the immersion of biomimetic hydroxyapatite in cell 

culture medium resulted in a decrease of the calcium concentration and a slight increase of 

phosphate.[37] This ionic fluctuations are caused by the uptake of calcium by the substrate 

due to the calcium deficient nature of biomimetic apatite, and the replacement of phosphate 

in the CDHA structure by other ions present in cell culture medium, mainly carbonate.[62] 

Interestingly, the higher the porosity and the SSA of the substrate, the higher were the ionic 
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fluctuations, being F65 the more reactive material. In presence of immune cells, an 

increase in Ca
2+

 concentration was observed for all substrates suggesting the cell- induced 

material degradation. However, is must be kept in mind that the differentiation of 

macrophages into fully functional osteoclasts[63] can be only achieved by additional 

stimulation with RANKL, OPG and M-CSF molecules.[64] Moreover, since the osteoclasts 

share many morphological similarities with FBGCs, it cannot be unambiguously claimed 

that CDHA stimulated osteoclastic differentiation of macrophages. However, it can be 

stated that the activity of RAW cells induced the degradation of CDHA surfaces.  

The activation of immune cells and thus the simultaneous release of inflammatory 

molecules such as TNFα, TGFβ, INFγ and IL-17[12] or osteogenic factors like OSM, TGFβ1 

and VEGF can also effectively stimulate osteoblastic differentiation.  For instance, OSM, 

which is a pro-inflammatory cytokine of the IL-6 family secreted by M1 macrophages, was 

reported to promote osteoblastic differentiation and matrix mineralization[10], whereas 

VEGF, an anti-inflammatory cytokine produced by M2 macrophages, was recognised to be 

an osteogenic and angiogenic inducer.[14] In contrast, TGFβ1 exhibits a dual function; it 

can either stimulate osteogenesis[65] or lead to pathological fibrosis when its expression is 

prolonged.[66] Interestingly, in our study macrophages cultured on plate-like CDHA 

surfaces showed higher values of these gene markers compared to needle-like CDHA. On 

another hand, our results revealed an additional effect of substrate porosity on the 

secretion of osteogenic molecules by macrophages; the expression of all three genes was 

smaller in the samples with lower L/P ratio, i.e. low porosity, compared to their high L/P 

ratio, i.e. high porosity, equivalents (Figure 4A). In agreement with these results, Xiao et 

al. showed that that ceramic scaffolds with higher porosity led to increased expression of 

platelet- endothelial cell adhesion molecule (PECAM-1) and VEGF.[66] 
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To evaluate the influence of osteogenic factors and inflammatory molecules released by 

immune cells on osteoblastic differentiation, we cultured SaOS-2 cells with extracts from 

RAW cells cultured alone (control samples) or on the different CDHA substrates (Figure 

5). Surprisingly, little impact of the extracts from RAW cells on the osteogenic gene 

expression of SaOS-2 was observed in the control samples. Although this might seem to 

contradict previous findings regarding the promotion of osteogenic differentiation of bone 

marrow MSCs by RAW cells extracts [16], it has to be considered that in the present study 

osteoblastic SaOS-2 cells were used instead of MSCs. Hence, the already differentiated 

osteoblast might be less sensitive to the effects of the microenvironment.[37] Although the 

expression of osteogenic molecules (OSM, TGFβ1 and VEFG) by RAW cells was generally 

lower for nanostructured needle- like substrates (Figure 4A), our results consistently 

showed that the immunoenvironment created by these CDHA materials stimulated to 

greater extent the expression of osteogenic- related genes as well as protein secretion in 

osteoblastic cells (Figure 5A, 5B and 6). This suggests the involvement of other osteogenic 

factors and inflammatory molecules, as previously observed in work of Chen et al.[21] 

Interestingly, macrophages cultured on needle-like surfaces overexpressed IL-1β and IL-6 

cytokines, which might be responsible for enhanced osteogenesis of SaOS-2 after exposure 

to RAW and needle-like CDHA immunoenvironment. In fact, both cytokines have been 

reported to promote osteogenesis.[67,68,69] On the contrary, plate-like structures did not 

stimulate osteoblast differentiation probably due to the inhibitory effects of TNF-α secreted 

by macrophages.[70,71] However, we cannot overlook the fact that the different substrates 

provoked different ionic fluctuations in the cell culture medium (Figure 4D). Both calcium 

and phosphate, either separately or simultaneously, are known to affect the osteogenic 

commitment of bone forming cells.[72–74] Therefore, the specific response of SaOS-2 cells 
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shouldn’t be interpreted considering only the cytokines released in the supernatant by the 

macrophages. The changes in composition of the cell culture medium induced by the 

different substrates may also play a role, adding further complexity to the system and 

determining cell fate. However, we previously did not observe osteogenic differentiation of 

bone forming cells after exposure to CaPs modified cell culture medium[37], which 

suggests that the osteogenic differentiation is a result of the simultaneous effect of the 

microenvironment created by the substrate and the release of inflammatory molecules by 

macrophages, as observed by Chen et al.[16]   

Finally, the effect of the physiochemical properties of CDHA on the anti-inflammatory 

capacity of RAW cells was also evaluated through the activation of the cells with LPS.[8] 

The activation of the immune cells was confirmed through visualisation of  iNOS 

(Supplementary Figure 7), a common M1 phenotype reactive oxygen intermediate.[5] In 

general, the activation of immune cells led to different morphological (Figure 7, 

Supplementary Figure 8) and gene expression (Figure 8) responses to CDHA. This agrees 

with previous findings of Chen et al., who reported different behaviour of RAW cells 

cultured under standard and inflammatory conditions with mesoporous silica 

nanospheres.[8] The LPS stimulation led to more spread morphologies and elongation 

ratios compared to non- stimulated cells. Interestingly, high L/P ratio CDHA led to larger 

spreading areas compared to the equivalent substrates with low L/P ratio, suggesting that 

higher porosity stimulates the inflammation state to a greater extent. No clear effect of the 

needle- or plate-like microstructure was found. The results of inflammatory gene 

expression (Figure 8A) and cytokine release (Figure 8D) confirmed this trend. 

Interestingly, the incubation of macrophages with CDHA either under standard or 

inflammatory conditions led to different trends in terms of inflammatory gene expression 
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(Figures 3 and 8), which agrees with previous findings, where environment-depending 

response of macrophages to biomaterial was reported.[8] All the CDHA samples produced 

a reduction on the expression of inflammatory genes compared to the control after LPS 

induction, but the effect was more marked for the low L/P, this is, the less porous samples. 

The difference between F and C substrates, i.e. the effect of microstructure, was relevant 

only for the high L/P values, the F substrates showing lower expression of inflammation 

related genes. It has been observed previously that porous implants seem to modulate bone 

healing by inducing a shift in local macrophage phenotype into M1 phenotype, which in 

turn contribute to better vascularization an finally better integration of the implant.[27] On 

the other hand, topography may also play a role on the anti-inflammatory effects of CDHA, 

since needle-like structures reduced the expression of pro-inflammatory genes compared to 

plate-like structures, in agreement with a previous study.[44]  

Activated macrophages cultured on CDHA expressed higher amounts of osteogenic and 

osteoclastogenic genes compared to non-activated macrophages, although the levels were 

lower than those of the control. Overall, our results suggest a predominant role of 

substrate porosity under inflammatory environment; the incubation of macrophages with 

CDHA with high L/P led to higher pro-inflammatory signalling compared to low L/P 

equivalents.  

To further understand the effect of inflammatory conditions on the osteoimminomodulation 

process, SaOS-2 cells were incubated with CDHA-F- RAW conditioned medium in 

inflammatory conditions (Supplementary Figure 9), this is, after LPS-induction of RAW 

cells. Needle-like CDHA substrates were chosen because in standard conditions they 

created the more favourable osteogenic environment (Figure 5 and 6). However, contrary 
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to what happened in standard conditions, under inflammatory conditions the incubation of 

SaOS-2 cells with CDHA F-RAW conditioned medium did not promote the expression of 

osteogenic markers or the ALP production (Supplementary Figure 9). We hypothesize that 

this may be attributed to different cytokine and other inflammatory molecules release 

pattern from LPS-activated macrophages.[9]  

Overall, the present work sheds light on the effect of structural differences of chemically 

identical calcium phosphate substrates on stimulating immunomodulatory, 

osteoimmunomodulatory and antinflammatory functions. The modification of surface 

topography and porosities of substrate will be an interesting tool for designing CaPs that 

trigger specific cellular responses of bone tissue.  

5. CONCLUSIONS  

The results obtained in this study demonstrated that the immune responses of macrophages 

can be modulated through distinct physicochemical properties of CDHA. Surface 

topography of CDHA plays an important role in stimulating the production of pro-

inflammatory cytokines by macrophages, which in turn regulates osteogenic or degradative 

processes. Moreover, the results showed that nanostructured needle-like structures induce 

osteogenic activities of bone forming cells while porosity positively regulates the intensity 

of inflammation in CDHA substrates. Overall, our findings suggest that the favourable 

osteoimmune milieu for bone regeneration is not only related to the inflammatory cytokines 

released from activated immune cells, but also depends on the intrinsic microenvironment 

created by CDHA bioactivity.  

As a proof of concept, the study was performed using well-characterized macrophage and 

osteoblast cell lines, RAW264.7 and SaOS-2 cells respectively, to understand whether the 
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cytokines generated by macrophages stimulated by the intrinsic microenvironment and the 

physicochemical properties of CDHA may influence the differentiation of osteoblasts. 

Considering the limitations of the use of cells lines, further studies using primary cells 

obtained from the same specie should be performed. 
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SUPPLEMENTARY DATA 

 

Supplementary Figure 1. General view of the surface of the different CDHA substrates at 

low magnification. 
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Supplementary Figure 2. Optical interferometry images of surface topography of CDHA 

substrates.  

 

Supplementary Figure 3. Young’s modulus of the different CDHA substrates. * Indicates 
statistically significant differences (P < 0.05) between substrates. For mechanical testing, 
cylinders of 6 mm of diameter and 12 mm of height were prepared following the protocol 
described in section 2.1. Afterwards, the samples (n=10) were subjected to a compression 
test at a crosshead speed of 1 mm/ min in a Universal Testing Machine (Adamel Lhomargy 
DY 34). The Young’s modulus was calculated from the stress-strain curve.   
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Supplementary Figure 4. Representative confocal images of the morphology of RAW 

264.7 cells on nano- and micro-structured biomimetic hydroxyapatite at 1,3 and 5 days of 

cell culture. Cells were stained for F-actin (red) and nuclei (blue). RAW 264.7 seeded on 

glass coverslip were used as a control group. Scale bar in all images denotes 150 μm. The 

brightness and contrast of images was modified using Fiji/Image-J package.  
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Supplementary Figure 5. SEM images of the surface morphology of CDHA after 3 days 

incubation in cell culture medium in absence of cells.  
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Supplementary Figure 6. Numerous multinucleated cells (white arrows) were observed on 

nano- and microstructured hydroxyapatite at 1 and 3 days of cell culture. Cells were 

stained for F-actin (red) and nuclei (blue). RAW seeded on glass coverslip were used as a 

control group. The study revealed greater number of multinucleated cells on CDHA 

substrates compared to the control. Scale denotes 150 μm and for magnified images 20 μm. . 

The brightness and contrast of images was modified using Fiji/Image-J package.  
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Supplementary Figure 7. Presence of iNOS- positively stained cells (white arrows) on 

CDHA substrates 6 hours after LPS stimulation. Cells were stained for F-actin (red), nuclei 

(blue) and iNOS (green). RAW cells seeded on glass coverslip were used as a control 

group. Control+ represents cells with LPS stimulation whilist control- cells without LPS 

stimulation. The iNOS staining of RAW cells confirmed successfully induced inflammatory 

environment on CDHA and control+. Scale denotes 150 μm. The brightness and contrast of 

images was modified using Fiji/Image-J package. 
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Supplementary Figure 8. Presence of multinucleated cells (white arrows) on nano- and 

microstructured hydroxyapatite 6 hours after LPS stimulation. Cells were stained for F-

actin (red) and nuclei (blue). RAW cells seeded on glass coverslip were used as a control 

group. Control+ represents cells with LPS stimulation whilist control- cells without LPS 

stimulation. Scale denotes 150 μm and for magnified images 20 μm. The brightness and 

contrast of images was modified using Fiji/Image-J package.  
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Supplementary Figure 9. Effect of CDHA F- RAW conditioned medium, after induction 

with LPS, on osteogenic activity of SaOS-2. A) Relative expressions of osteogenesis related 

genes: ALP, Runx2, BSP, COLL I, OCN.  * and a indicate statistically significant 

differences (P < 0.05) compared to the SaOS-2 control+ and F35, respectively. B) 

Representative confocal images of SaOS-2 morphology after 3 days of exposure to CDHA 

F- RAW, after induction with LPS, conditioned medium. Cells were stained for F-actin 

(red), nuclei (blue) and ALP (green). Scale bar in all images denotes 200 μm. The 

brightness and contrast of images was modified using Fiji/Image-J package. 
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