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ABSTRACT
Calcium phosphates (CaP) have been the subject of several studies that often lack a systematic approach to understanding how their properties affect biological response. CaP particles functionalised with a pH-responsive polymer (BCS) were used to prepare microporous substrates (porosity between 70-75% and pore sizes of 5-20μm) through the aggregation of oil-in-water emulsions by controlling solid loading, emulsification energy, pH, drying and sintering conditions. The combined effect of surface roughness (roughness amplitude, Ra between 0.9-1.7μm) and chemistry (varying Hydroxyapatite/β-Tricalcium phosphate ratio) on human mesenchymal stem cells was evaluated. HA substrates stimulated higher cell adhesion and proliferation (especially with lower Ra), but cell area increased with β-TCP content. The effect of surface roughness depended of chemistry: HA promoted higher mineralising activity when Ra~1.5μm, whereas β-TCP substrates stimulated a more osteogenic profile when Ra~1.7μm. A novel templating method to fabricate microporous CaP substrates was developed, opening possibilities for bone substitutes with controlled features.

1. INTRODUCTION
Millions of people suffer bone injuries every year, either accidental or disease related, that call for the use of bone substitutes with controlled properties to promote cell migration, adhesion, differentiation and ultimately formation of new bone. All this, while they degrade at a controlled rate and stimulate vascularisation of the injury site. Chemical composition, macroporosity (> 100 µm) and pore interconnectivity are all known to be essential for the final outcome of a bone graft in vivo [1]. However, a few studies have addressed the possibility that microporosity in the range of 0.1 to 10-20 µm, i.e. at the cellular level, may play a crucial role on the formulation of cell response, possibly increasing material bioactivity [2]. Furthermore, these features could also prove advantageous in chemical delivery strategies, in which micropores can act as “drug reservoirs”. Integrating features at this scale in large scaffolds with complex shape, while maintaining control of macropores and chemistry, remains a significant challenge. 
Emulsions – the mixture of two immiscible liquids, where one is dispersed as drops in the continuous phase of the other - have a wide range of applications in the food, cosmetic and pharmaceutical industries [3] as well as in processing. The stabilisation of the interface is key for emulsification and long-term stability. This can be provided by different approaches, either by using a surfactant or fine solid particles that tend to segregate at the interface [4]. The latter, known as particle stabilised emulsions or Pickering emulsions [5], are currently used in different ceramic processing technologies [6]. Recent advances demand greater functional control from them, such as the ability to control the rheology for extrusion [7] or to respond to external stimuli [8]. Different stimuli such as temperature [3], CO2 [8], magnetic fields [9], salt concentration [10] and light intensity [11] have been used. pH is another very commonly used external trigger. A particle is referred to as pH-responsive when its surface charge is altered by changes in proton concentration in the environment, which then changes how the material interacts with its surroundings [12]. Whether non-modified particles (organic or inorganic) or surface functionalised particles (both covalently and non-covalently) are used, simply tuning the pH of the system causes protonation or deprotonation of pH-responsive functional groups, changing the behaviour of the particle surface and consequently, altering the stability of the emulsion. An example of particle surface functionalisation is that obtained with a pH-responsive branched copolymer surfactant (BCS) [13], which has been previously used to functionalise the surface of ceramic materials to control their processability [14]. The BCS is a copolymer made of branches with different functionalities: methacrylic acid (MAA), poly(ethyleneglycol) methacrylate (PEGMA), ethyleneglycol dimethacrylate (EGDMA) and 1-dodecanethiol (DDT). EGDMA functionalities allow the crosslinking of polymer chains during BCS preparation, creating its branched character. DDT chain ends are used to provide hydrophobicity, making it an amphiphilic molecule. Overall, the branched architecture of the BCS ensures that multiple potential points of attachment to both water-oil interfaces and ceramic particles in suspension are available [15]. Most systems that use emulsions as structural templates for porous calcium phosphates are concerned with the fabrication of hydroxyapatite microspheres [16-18] and nanoparticles [19]. The feasibility of emulsions containing α-TCP and HA in the aqueous phase [20], as well as β-TCP [21], has also been reported. A more recent study where pH-responsive calcium phosphate particles and fibres were used to make porous materials has been performed, but with poor structural results [22].
[bookmark: _Toc454810188]Several studies have tried to understand the combined effect of structural features and chemical composition of calcium phosphates on bone cell behaviour, with no clear consensus being achieved [2]. For example, cell attachment and adhesion have been shown to increase when roughness increases [23]. The effect on cell proliferation is less clear, as the same study showed osteoblasts proliferate more on HA substrates with increasing roughness, while other study found that human osteoblasts proliferate less on rougher calcium phosphate substrates [24]. Common methods of tailoring microstructural features of calcium phosphates include varying sintering conditions (to obtain intergranular porosity) [25, 26] and polishing surfaces to study the effect of roughness on cell behaviour [23, 27], but these methods are either difficult to reproduce or not translatable into 3D scaffolds. Precipitation of biomimetic HA coatings from saturated solutions has also been used to prepare surfaces with varying roughness [28]. More recent approaches use porogens (e.g. polymethylmethacrylate [29-34] or wax granules [35]) as sacrificial templates to make micropores (2-8 µm) in the bulk material, in combination with other casting techniques, such as robocasting, to produce large pieces capable of filling a bone defect and conduct bone ingrowth. These present limitations in the range of pore sizes and interconnectivity obtained, as well as requiring further thermal treatments to eliminate PMMA particles [30], posing an additional burden on the microstructure. Calcium phosphates with varying composition – usually ranging from pure HA to pure β-TCP, including biphasic compositions – have been investigated for their effect on bone cell response. Bioactivity is related to the dissolution behaviour of the ceramic, which can be controlled by changing the chemical composition, among other properties [36]. In this sense, one would expect TCP-based materials to be more bioactive than HA-based materials due to their increased solubility at physiological conditions [37]. However, some studies have found HA substrates often promote higher ALP activity in human osteoblasts [24, 38]. 
In this study, ceramic substrates were prepared by functionalising CaP powders with BCS to make cellular solids through an emulsification process, thus obtaining great control of their microstructure independently of the chemistry. A framework was designed to understand the combined effect of chemistry and microporosity (1-10 µm) of two-dimensional calcium phosphate substrates with varying HA/β-TCP ratio on the behaviour of hMSCs in vitro.

2. MATERIALS AND METHODS
2.1. Preparation of BCS aqueous solutions at pH=8
pH-responsive BCS with a composition of PEGMA5-MAA95-EGDMA10-DDT10 was synthesised as described elsewhere [13]. Aqueous solutions with various concentrations were prepared: 0.5-8 wt%. BCS was added to distilled water under stirring at room temperature and the pH was adjusted to 8 with 1M NaOH.
[bookmark: _Toc454810191]
2.1.2. Functionalisation of calcium phosphate particles with BCS
Hydroxyapatite and β-Tricalcium phosphate powders (Keramat, Spain) were used. HA had an average crystal size of 200 nm and a surface area of 9.68 m2/g. β-TCP presented an average crystal size of 0.5-1 μm and a surface area of 3.87 m2/g. Powders with varying HA/β-TCP wt% were suspended in a BCS aqueous solution (pH=8) in a range of solid loadings (10-70 wt/v%) and mixed in a bench top ball-miller (low speed, 48h). Density values of 3.15 g/cm3 [39] and 3.07 g/cm3 [40] were used for HA and β-TCP, respectively. Average particle diameter was evaluated on 10 wt/v% suspensions with a Malvern Mastersizer Hydro 2000SM. Suspensions with up to 70 wt% (with respect to water) were prepared. Dolapix CA (Aschimmer & Schwarz GmbH & Co) was used to disperse ceramic particles in aqueous suspensions for comparison.
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2.2. Emulsification of BCS-functionalised ceramic suspensions, aggregation and drying
Emulsions were prepared by adding an equal volume (50 vol% of the final emulsion) of decane (CH3(CH2)8CH3, Sigma-Aldrich) to the BCS-functionalised ceramic suspension. After a 2-3 second step of manual shaking, an additional step of mechanical high-energy stirring was performed at 24000 rpm (IKA S 25 -10 G Dispersing tool connected to an IKA ULTRA-TURAX homogenizer) for 1-10 minutes. Glucono--lactone (GL, ≥99%, Sigma Aldrich) was added to the materials by gently stirring with a spatula to drop the pH. The materials were poured into moulds (greased with vaseline) and allowed 24 hours at room temperature to aggregate. After that, samples were dried for 3-4 days at 37°C.

Figure 1 – General overview of the processing steps adopted to fabricate scaffolds with controlled microstructure from high solid content BCS-functionalised calcium phosphate suspensions. Decane (hydrophobic) is added to the ceramic suspension and emulsified into droplets (right). Alternatively, this emulsification step may be skipped, resulting in materials without oil-derived microporosity (left). Glucono-δ-lactone is added to trigger a homogeneous decrease in pH, after which the materials are cast, allowed to dry and sintered.
Processing of BCS-functionalised calcium phosphates to prepare: Top) microporous materials resulting from the oil templating (emulsified suspensions); Bottom) concentrated ceramic suspensions with no oil derived porosity
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2.3. Fluorescence microscopy
[bookmark: _Toc454810194]The branched BCS architecture was modified with rhodamine for fluorescence. Emulsified suspensions (10 wt/v% HA) containing rhodamine modified BCS (BCSr) were imaged with a Zeiss Axio Scope.A1 optical microscope, using an immersion 100x ocular (N-Achroplan 100x/1.25 Oil iris WD0.29M27), fluorescence-free immersion oil and rhodamine fluorescence filter (FL Filter Set 43 CY 3 Shift free).
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2.4. Thermal treatment of BCS-functionalised materials
All materials underwent the following thermal treatment: slow heating (1°C/min) up to 500°C, with a 2 hour dwell; a faster heating step (5°C/min) was used to reach the sintering temperature (1h dwell), which varied with the initial HA/β-TCP ratio: 1120°C for pure HA, 995°C for pure β-TCP and 1140°C, 1105°C and 1090°C for biphasic compositions 75/25, 50/50 and 27/75 wt% (HA/TCP), respectively. Samples were allowed to cool to room temperature.

2.5. Porosity and mechanical characterisation
The porosity of the ceramic materials was determined by the Archimedes method and their microstructure was studied with Scanning Electron Microscopy (LEO Gemini 1525) images of fracture surfaces. The compressive strength of 5x5x5 mm3 calcium phosphate porous materials (n=10) was measured in a universal mechanical testing machine (model Z010, Zwick Roell, Germany), following the ASTM C133-94 standard at 1.3 mm min-1. Specimens were cut from a ceramic part with a diamond blade and grinded to ensure parallel surfaces. In order to homogeneously distribute the load, a stainless steel hemisphere was placed on top of the samples.
[bookmark: _Toc454810197]
2.6. Substrates for in vitro cell cultures
Flat substrates were prepared using three compositions (pure HA, HA/β-TCP 50/50 wt%, pure β-TCP) with a solid loading of 70 wt% and functionalised in BCS 2 wt%. For each composition, samples with three different microstructures were obtained: 1) “No oil”, prepared from ceramic suspensions to which no decane was added; 2) “2.5 min”, prepared from ceramic suspensions to which 50 vol% of decane was added and stirred for 2.5 minutes; 3) “1 min”, prepared from ceramic suspensions to which 50 vol% of decane was added and stirred for 1 minute. After aggregation (1 wt/v% GδL), drying and sintering, 2mm thick discs were cut with a diamond blade (Buehler IsoMet Wafering Blade 15LC) at low speed. Samples were polished with 1200 grit SiC and washed in a sonicator with deionised water and successive washes in ethanol. Finally, the discs were sterilised by dry heat at 180°C for 5 hours.

2.7. Surface analysis of ceramic substrates
Ceramic discs with three different surface types (no oil, 2.5 min and 1 min) were coated with a 30 nm Au layer and their roughness was measured with a Zygo light interferometer. MetroPro software (version 9.1.1) was used to analyse the results and obtain average roughness amplitude values (n=5).
[bookmark: _Toc454810220]
2.8. Human mesenchymal stem cell expansion and seeding
Human mesenchymal stem cells (hMSCs) were isolated from human bone marrow aspirates obtained from the University Hospital of Bern after approval by the local ethical commission (KEK 188/10) and written consent of the patient. Bone marrow was shipped at room temperature from Bern to Davos and hMSCs were isolated by Ficoll gradient centrifugation and adherence to tissue culture plastic. Cell expansion was performed in α-minimum essential medium (α-MEM) containing penicillin (100 U/mL) and streptomycin sulfate (100 µg/mL) (Gibco, Basel, Switzerland), 10% foetal bovine serum (Sera Plus, Pan-Biotech, Aindenbach, Germany) and 5 ng/mL basic fibroblast growth factor (R&D Systems, Minneapolis, MN, USA) with a medium change twice a week. Early passage (P2–P4) hMSCs from three different donors were used.
hMSCs were seeded on the surface of the samples at a density of 10000 cells/cm2. Samples were cultured in osteogenic medium, composed of Dulbecco's modified essential medium (DMEM) containing 4.5 g/L glucose, penicillin (100 U/mL) and streptomycin sulfate (100 µg/mL) (Gibco, Basel, Switzerland), 10% foetal calf serum (Sera Plus, Pan-Biotech, Aindenbach, Germany), 50 µg/mL ascorbic acid (Sigma-Aldrich, Buchs, Switzerland, cat.n. A8960), 5 mM β-glycerophosphate disodium salt hydrate (Sigma-Aldrich) and 100 nM dexamethasone (Sigma-Aldrich). Samples were cultured in 24-well places with 1 mL medium/well and medium changes three times a week. Thermanox® coverslips (13 mm diameter, Thermo Fisher Scientific, Reinach, Switzerland) were used as controls.
[bookmark: _Toc454810221]Experiments were conducted with hMSCs from three different donors. In each experiment, triplicates of the samples were used for each type of analysis and time point. Blanks (materials without cells) were measured and were <10% of the value of the samples.

2.9. Cell morphology
Cell morphology was characterised after 2 and 48 hours of incubation on ceramic substrates in osteogenic medium. First, samples were washed in PBS and fixed in 0.5mL of 0.1M PIPES (1,4-piperazinediethanesulfonic acid) at pH 7.4 for 2 min. Then cells were incubated in 250µL of 2.5% glutaraldehyde in 0.1M PIPES for 5 min, and rinsed again in 0.5mL of 0.1M PIPES for 2 minutes. Post-fixation was performed with 1% osmium tetroxide (Simec Trade AG, Switzerland) in 0.1M PIPES (pH 6.8) for 1 hour (protected from light). Samples were rinsed with 1mL deionised water for 2 min (3 times), cells were dehydrated in successive ethanol solutions (50, 60, 70, 80, 90, 96, 100%) for 5 minutes each and critical point dried in a POLARON E300 (Agar Scientific, UK) [41]. Cells were coated with a 10 nm layer of Au/Pd (Baltec MED020, Bal-Tec Liechtenstein) and imaged in a S-4700 Field Emission Scanning Electron Microscope (Hitachi, Japan) at a WD of 13 mm (5 kV, 40 µA). SEM images were quantitatively analysed using ImageJ software (1.48v). Cell area and perimeter were determined by manual contour of cells from different images and duplicates (n>40), with the exception of two conditions where cell adhesion was lower (HA “No oil” 48h and BCP “No oil” 48h).
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2.10. DNA content
Cell attachment and proliferation were assessed by quantifying the DNA content with Quant-iT PicoGreen cell proliferation assay (Invitrogen, Basel, Switzerland). At day 1, 7, 14, 21 and 28 of culture, samples were rinsed with phosphate buffered saline (PBS) (pH=7.4) and cells were lysed with 500 µL of 0.1% Triton-X in 10 mM Tris-HCl (pH=7.4) (both from Sigma-Aldrich) for 2 hours at 4°C on a shaker and lysates were stored at -80°C. The assay was performed according to the manufacturer instructions with λ-DNA as standard. Fluorescence of each sample was measured with 485 nm excitation and 530 nm emission filters on a plate reader (Victor 3, Perkin Elmer, Wellesley, MA, USA).
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2.11. Alkaline phosphatase activity and staining
Alkaline phosphatase (ALP) activity was measured on the same cell lysates used for DNA quantification, as described by Tirkkonen [42]. After 15 min incubation at 37°C with p-nitrophenyl phosphate as substrate (Sigma Kit No.104), the absorbance was measured at 405 nm following an incubation time of 15 minutes. The enzyme activity was expressed as µmoles of p-nitrophenol liberated per minute and normalised to the DNA content of each sample. At specific time points (day 7, 14, 21 and 28) cells were rinsed with PBS and stained using a leukocyte alkaline phosphatase kit (Sigma-Aldrich, cat.n. 85L3R-1KT) according the manufacturer instructions. Overview images were obtained with a MacroFluo (Leica). The pixelsize was 15.2 µm.
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2.12. RNA isolation, complementary DNA preparation and quantitative real-time polymerase chain reaction
Total RNA was extracted with 500 µl TRI reagent (Molecular Research Center, Cincinnati, OH, USA) and 2.5 µl polyacrylamide carrier (Molecular Research Center) according to the manufacturer instructions. Complementary DNA was obtained by reverse transcription of 200 ng of total RNA, using TaqMan reverse transcription reagents (Applied Biosystems, Foster City, CA) with random hexamer primers on a Thermal Cycler 9600 (Applied Biosystems, Rotkreuz, Switzerland). Real-time Polymerase Chain Reaction (PCR) was performed on a QuantStudio 6 Flex (Applied Biosystems, Foster City, CA). Genes of interest were detected using specific oligonucleotide primers and TaqMan probes (Microsynth, Balgash, Switzerland) or Assays on Demand (Applied Biosystems) (Table 1), using TaqMan Universal PCR master mix (Applied Biosystems). Quantification of mRNA targets was performed according to the comparative CT method with 18S ribosomal RNA as endogenous control. hMSCs at seeding time were used for relative comparison.

[bookmark: _Toc454798299]Table 1 - Forward (fw), reverse (rv) primers and probe sequences for type I collagen (COL1), runx2 and osteocalcin (OC) gene expression analysis were purchased from Microsynth (Switzerland). Alkaline phosphatase (ALP), Sox9 and 18s gene assays were from Applied Biosystems (USA)
	18S
	Hs99999901_s1

	ALP
	Hs00758162_m1

	Sox9
	Hs00165814_m1

	COL1
	Fw 5'-CCC TGG AAA GAA TGG AGA TGA T-3'
Rv 5'-ACT GAA ACC TCT GTG TCC CTT CA-3'
Probe 5'-CGG GCA ATC CTC GAG CAC CCT -3'

	Runx2
	Fw 5'-AGC AAG GTT CAA CGA TCT GAG AT-3'
Rv 5'-TTT GTG AAG ACG GTT ATG GTC AA-3'
Probe 5'-TGA AAC TCT TGC CTC GTC CAC TCC G-3'

	OC
	Fw 5'-AAG AGA CCC AGG CGC TAC CT-3'
Rv 5'-AAC TCG TCA CAG TCC GGA TTG-3'
Probe 5'-ATG GCT GGG AGC CCC AGT CCC-3'


[bookmark: _Toc454810226]
2.13. Statistical analysis
After testing the normal distribution of the measurements, data were compared using a two-way ANOVA test with Dunnett’s correction. Differences were considered as significant when p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and , p < 0.0001 (****). a (p < 0.05), b (p < 0.01), c (p < 0.001)  and d (p < 0.0001) refer to differences between Control and ceramic substrate at the same time point. * refers to the same group at different time points. # refers to differences between different chemical compositions, but same surface type.

[bookmark: _Toc454810202][bookmark: _Toc454810203]3. RESULTS
3.1. CaP particle functionalisation with BCS
From DLS measurements, BCS-functionalised HA has a monodisperse distribution and seems to be better dispersed when using a BCS concentration of 4 wt% (D50 = 3.169±0.048 µm), with a small variation in the range 1-4 wt%. In the case of β-TCP, agglomerates are formed when higher BCS concentrations (4 and 8 wt%) are used, and the best dispersion is obtained for BCS concentrations between 1 and 2 wt%. Therefore, 2 wt% of BCS was chosen as an adequate concentration for both materials. Suspensions dispersed with Dolapix present the highest average particle size (4.103±0.004 µm). Figure 2C demonstrates how BCS 2 wt% disperses and stabilises the ceramic materials in a similar way to Dolapix.
The effect of GδL - used to lower the pH and promote the aggregation of ceramic suspensions - was evaluated in two conditions: BCS in water solutions (Fig. 2D); and BCS aqueous solutions with ceramic particles (Fig. 2E). The pH of BCS 2 wt% solutions in water (Plot D), followed for 24 hours, decreased faster and to a greater extent for higher amounts of GδL. Considering the initial pH (before GδL addition) of the BCS solution was 8, it becomes clear that a sharp pH reduction occurred in the first minutes. Plus, the solution with 4 wt/v% GδL became opaque between 2 and 4 hours, 5.06 > pH > 4.38 (area in blue). The same occurred with the 2 wt/v% GδL solution after 12 hours. Hence, 1 wt/v% GδL was the standard concentration used. Plot E shows that, before the addition of GδL (time = 0 min), higher solid content lead to a slightly higher pH for both HA and TCP. After GδL addition, in the 24h of pH stabilisation, suspensions made with TCP suffered a larger pH decrease (pH<6) than HA. Overall, the pH of ceramic suspensions is lower than that of the BCS 2 wt% solution with no particles (thick line). In the case of emulsions (dashed lines), pH decreases more slowly in the first minutes, but it eventually reaches the values of the correspondent ceramic suspension, being identical after 24 hours. Therefore, a period of 24 hours was considered enough for pH to reach a stable value in the preparation of ceramic scaffolds.

[bookmark: _Toc454810204]Figure 2 – Effect of BCS and GδL concentration on ceramic suspensions prepared with HA and β-TCP. A, B and C) BCS acts as a dispersant in aqueous suspensions of HA and β-TCP (70 wt%) at basic pH (~8). BCS 2 wt% results in a lower D50 than with Dolapix. D) pH variation in aqueous solutions of BCS 2 wt% after addition of different amounts of GδL (0,1 to 4 wt%). E) pH evolution of ceramic suspensions (HA and β-TCP) and emulsions prepared with BCS 2 wt% and different solid content (45, 60 or 70 wt%)
 
[bookmark: _Toc454810205]3.2. Interface stabilisation
Figure 3A-C shows how BCSr (rhodamine modified BCS) performs in low solid content emulsions before GδL-triggered aggregation. With the oil droplets in the same plane of depth, it is possible to observe how the system promotes the tight packing of the oil droplets. At first, one can observe the continuous phase, i.e., where the fluorescent BCSr-functionalised HA particles are. Focusing on the plane that crosses the oil droplets, only a thin layer separates adjacent oil droplets and no droplet coalescence is observed. Going further down, the volume of the continuous phase is observed again, with the appearance of some smaller droplets between the larger ones. Individual BCS-functionalised particles – of the same size as indicated by the DLS measurements – are evidenced by a local increase in fluorescence, and can be seen through large oil droplets (Fig. 3B). Fig. 3C shows a local increase of BCSr at the interface between the oil droplets and the continuous phase. 

3.3. Solid content
Fig. 3D shows representative SEM images of microporous HA and β-TCP materials prepared with solid content of 60-70 wt%. Top row presents images of green bodies, held together by the BCS adsorbed to the particles, where the micropores left after oil evaporation are discernible. The 70 wt% sintered constructs present the final microstructure that resembles the organisation seen in the fluorescence microscopy images more closely. The porosity is highly interconnected, with openings between adjacent pores where a layer of BCS prevented two oil droplets from coalescing. Reducing the solid content (60 wt%), the structure provided by the oil droplets is still visible. However, walls have occasional defects. By lowering the solid loading to 45 wt% (not shown), the microstructural organisation is severely compromised and the integrity of the sample deteriorates during drying and sintering. Overall, the structures are more self-supporting when prepared with higher solid loading and their organisation is similar for HA and TCP.

Figure 3 – A, B and C) Fluorescence microscopy images of emulsified HA 10 vol% functionalised with BCSr 2 wt%. A) Series of images of a single location at different depths of focus; B) Arrows show fluorescent particle-BCSr agglomerates at the oil droplet/ceramic suspension interface across the oil droplet; C) Arrows show increased fluorescence at the oil droplet/ceramic suspension interface; D) SEM images of porous HA and β-TCP scaffolds after emulsification with 50 vol% decane, aggregation with 1 wt/v% GδL, drying and sintering. (top) 70 wt% green bodies; (middle) 70 wt% sintered; (bottom) 60 wt% sintered
[bookmark: _Toc454810208]
3.4. Emulsification energy
After the manual agitation step, during which the o/w emulsion was formed, further oil droplet breakdown was obtained with a stirrer for different periods (1, 2.5 and 10 minutes) with no temperature increase detected. Figure 4A shows the evolution of the microstructure of HA and β-TCP constructs emulsified with increasing energy. The average pore size in the final materials decreases when more energy is introduced into the mixture of ceramic suspension and decane (Fig. 4B). After manual agitation, the average pore size is around 20 μm for both materials, with a wide distribution. When stirring mechanically, droplet breakdown occurs quickly. The average pore size of emulsions stirred for 2.5 minutes (4.19 ± 1.42 μm for HA, 4.67 ± 2.12 μm for β-TCP) is only slightly higher than that of structures emulsified for 10 minutes (3.83 ± 1.75 μm for HA, 4.22 ± 2.01 μm for β-TCP). A significantly higher average pore size is obtained when stirring only for 1 minute: 7.18 ± 1.61 μm for HA and 7.32 ± 1.97 μm for β-TCP). Total porosity of the ceramic constructs is constant (72-74%) for all conditions, with closed porosity in the range 4-7%. Linear shrinkage of HA and β-TCP (before β→α transformation) during sintering was of 12% and 11%, respectively, with chemistry thus not having a significant effect in porosity. Furthermore, compressive strength of the materials decreases with decreasing pore size, an effect more evident in HA materials (Fig. 4C).

[bookmark: _Toc454810209]3.5. Aggregation, drying and sintering
[bookmark: _Toc454810210]Among the GδL concentrations studied (0.1, 0.5, 1, 2 and 4 wt/v%), materials aggregated with 0.1-0.5 wt/v% GδL were not able to keep their shape after 3-4 days of drying and their structure collapsed. Higher GδL amounts (1 to 4 wt/v%) provided fast (less than 24 hours) aggregation with complete preservation of external shape and volume. Therefore, 1 wt/v% GδL was the best compromise between the necessary stiffening of the materials, while not reducing the pH too much (possibly causing the dissolution of calcium phosphate). After the 24 hours aggregation period, ceramic constructs were placed in a convection oven at 37°C for up to 4 days, rendering pieces with no cracks or other visible defects. Sintering follows at specific temperatures depending on chemical composition. Fig. 4D shows the microstructure of “no oil” HA samples. The SEM images show necking between grains, with residual inter-grain porosity. The sintering conditions provide good construct consolidation without compromising porosity and the microstructural features that result from the decane droplets. Plus, phase composition is not altered by the processing and final thermal treatment. 
 
Figure 4 – A) SEM images of porous 70 wt% HA (left) and β-TCP (right) scaffolds emulsified at different speeds: manual agitation (MA), MA + 1 min at 24000 rpm,  MA + 2.5 min at 24000 rpm, MA + 10 min at 24000 rpm; B) Pore diameter of HA and β-TCP microporous materials decreases with increasing emulsification energy; C) Pore diameter of materials with varying composition (HA, biphasic compositions and β-TCP) is reproducible for each set of emulsification conditions; D) SEM image of 70 wt% HA sample prepared without oil (“no oil”)

[bookmark: _Toc454810211]3.6. Discs for in vitro cell cultures
Figure 5A presents the surface maps and representative roughness profiles of the three different surface types. First, the samples fabricated without emulsification (“no oil”) are smoother than the two emulsified materials, where round pits are observed. The correspondent surface line profiles show the “no oil” samples have a narrower range between peaks and pits (Ra = 0.923±0.64 µm), as well as a narrow distribution of feature size. When comparing the two surfaces resulting from emulsions, the surface of the material prepared with the shortest emulsification time (1 min, Ra = 1.691±0.071 μm) shows both a higher amplitude and wider spacing between features. The substrates emulsified for 2.5 min (Ra = 1.475±0.035 μm) show slightly lower amplitude difference between pits and peaks and narrower features. The Ra values of the three surface types studied are significantly different from each other and very reproducible (Fig. 5B). SEM images C and D show the microstructure of biphasic materials (50/50 HA/β-TCP wt%). The shape and dimensions of pores are very similar to those obtained in single-phase materials.

Figure 5 – A) Surface maps (left) and surface line profiles (right) of β-TCP discs. (Top) no oil; (middle) 1 min emulsification; (bottom) 2.5 min emulsification. Colour map indicates depth of the features: red represents peaks, blue represents pits. Area: 290x220 µm2; B) Ra of the three surface types: no oil, 2.5 min and 1 min). p < 0.001 (***) and p < 0.0001 (****); C and D) SEM images of biphasic porous constructs prepared with 50/50 HA/β-TCP wt% and two different emulsification times (1 and 2.5 min)
[bookmark: _Toc454810228]
3.7. hMSCs culture on CaP substrates in osteogenic medium
3.7.1. Cell morphology
Figure 6 shows representative SEM images of hMSCs cultured for 48h on surfaces with varying chemistry and microstructure. After 2 hours (not shown), cell populations on all materials present varied phenotypes with small and round cells. After 48 hours, differences can be detected in the morphology of hMSCs. Cells seeded on substrates with no microporosity are larger and present a more elongated phenotype than those cultured on rougher substrates, independently of chemical composition. Cells cultured on HA 2.5 min materials are a good example of how the surface features that result from the emulsion templating promote the formation of pseudopodia. These results are supported by the quantitative analysis of SEM images (overviews) of all conditions, which provided information about cell area and perimeter (Fig. 6B-C). After 2h, cell populations are very similar and have not had time to spread and/or elongate yet. However, after 48h, the area of hMSCs cultured on flat substrates increases considerably, with a notable effect of chemistry: cell area increases with β-TCP content in the materials composition. Cell perimeter on flat substrates is also higher than on rougher ones.

Figure 6 – A) Representative SEM images of human mesenchymal stem cells cultured on calcium phosphate substrates with different surface properties (no oil, 1 min and 2.5 min) for 48h; B) cell area and C) cell perimeter of hMSCs cultured on ceramic substrates for 2 and 48 hours. Data are presented as mean ± standard error of mean (n>10). Significant differences are reported when p<0.01 (**), p<0.001 (***) and p<0.0001 (****). * refers to the same group at different time points. # refers to different chemical compositions, but same surface type
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3.7.2. hMSC attachment, proliferation and alkaline phosphatase activity
Cell attachment (Fig. 7A) was measured 24 hours after seeding. hMSCs of all donors attached significantly more to the Control (Thermanox®) than to any of the calcium phosphate materials. Throughout the 28 days incubation period (Fig. 7B), the calcium phosphate substrates promoted significant cell proliferation – often more than in Control. Within each composition, the substrates without oil-derived microporosity promoted higher cell proliferation (the other two donors presented a similar trend). A combined effect of chemistry and topography was observed. Comparing the microporous samples, cell proliferation on HA is higher on substrates with smaller Ra (2.5 min), whereas on β-TCP it is higher on substrates with higher Ra (1 min). There is no significant difference in the case of the biphasic composition.

Figure 7 – A) Cell attachment (24h after cell seeding) and B) cell proliferation up to day 28. Data are presented as mean ± standard error of mean (n=3). Significant differences are reported when p<0.05 (*), p<0.01 (**), p<0.001 (***) and p<0.0001 (****). a (p<0.05), b (p<0.01), c (p<0.001)  and d (p<0.0001) refer to differences between Control and ceramic substrate at the same time point. * refers to the same group at different time points. # refers to different chemical compositions, but same surface type

Figure 8A shows how ALP activity peaks at Day 21 for the materials with no oil microporosity, while no peak was observed on the emulsified materials, independently of the composition. Considering only the microporous substrates, a similar trend to that verified in cell proliferation is observed. On HA, ALP activity was higher for substrates with smaller porosity (i.e. emulsified for 2.5 min), while an opposite trend was observed for TCP. The ALP staining (Fig. 8B) supports this trend. Cells grown on substrates with the lowest Ra (no oil) consistently show earlier and higher mineralising activity than the rougher substrates with similar composition. As to the other two experiments, cells from one donor behaved in a similar fashion, while cells from a third donor presented limited ALP activity.

Figure 8 - A) ALP activity of hMSCs on HA, BCP and β-TCP substrates. Data are presented as mean ± standard error of mean (n=3). Significant differences are reported when p<0.05 (*), p<0.01 (**), p<0.001 (***) and p<0.0001 (****). a (p<0.05), b (p<0.01), c (p<0.001)  and d (p<0.0001) refer to differences between Control and ceramic substrate at the same time point. * refers to the same group at different time points. # refers to different chemical compositions, but same surface type. B) ALP staining of hMSCs. Control is a Thermanox® slide. Scale bar = 5mm

[bookmark: _Toc454810231]3.7.3. hMSC gene expression profile
Osteogenic differentiation of hMSCs was evaluated using early (Col1, Runx2), intermediate (ALP) and late (OC) genetic markers. Additionally, the ratio between the transcription factors Runx2/Sox9 was calculated as an indicator of in vitro osteogenic potential [43]. Expression of Col I (Fig. 9A) decreases throughout the experiment for Control and all conditions, with no particular trends being detected with chemistry and/or surface properties. ALP expression (Fig. 9B) also peaks early (day 7-14) for Control and “no oil” HA and β-TCP substrates. However, some emulsified substrates appear to promote later ALP peaks (day 21-28). As to OC (Fig. 9C), cells seeded on calcium phosphate materials tend to express lower levels with time. The only exception is β-TCP 1 min substrates, where OC expression is highest after 28 days, similarly to Control.

Figure 9 – Representative gene expression profile of hMSCs cultured for 28 days on ceramic substrates: A) type I collagen (Col1), B) alkaline phosphatase (ALP), C) osteocalcin (OC). mRNA levels are expressed relative to 18S endogenous control and normalised to cells at Day 0. Data are presented as mean ± standard error of mean (n=3). Significant differences are reported when p<0.05 (*), p<0.01 (**), p<0.001 (***) and p<0.0001 (****). a (p<0.05), b (p<0.01), c (p<0.001)  and d (p<0.0001) refer to differences between Control and ceramic substrate at the same time point. * refers to the same group at different time points. # refers to different chemical compositions, but same surface type

Runx2 (Fig. 10A) and Sox9 (Fig. 10B) expression is generally lower on ceramic substrates than on Control. However, β-TCP materials (especially “no oil”) promote an increased Runx2/Sox9 ratio (Fig. 10C) up to Day 28.

Figure 10 – Representative gene expression profile of hMSCs cultured for 28 days on ceramic substrates: A) runx-related transcription factor 2 (Runx2), B) sex determining region Y-box (Sox9), C) Runx2/Sox9 ratio. mRNA levels are expressed relative to 18S endogenous control and normalised to cells at Day 0. Data are presented as mean ± standard error of mean (n=3). Significant differences are reported when p<0.05 (*), p<0.01 (**), p<0.001 (***) and p<0.0001 (****). a (p<0.05), b (p<0.01), c (p<0.001)  and d (p<0.0001) refer to differences between Control and ceramic substrate at the same time point. * refers to the same group at different time points. # refers to different chemical compositions, but same surface type

[bookmark: _Toc454810232]4. DISCUSSION
A system to fabricate microporous calcium phosphate substrates using particles functionalised with a branched copolymer surfactant and emulsified was presented. The interplay between variables like BCS concentration, solid loading, emulsification and pH (controlled by GδL addition) determines the properties of the ceramic slurry and, consequently, those of the final ceramic construct. The BCS, which adsorbs to the surface of particles enables the control of the attraction/repulsion balance between them, allowing the preparation of ceramic suspensions with very high solid loading (up to 70 wt% HA or β-TCP). BCS functionalisation presented the best results at 2 wt% in water (pH=8), with D50 around 3.5 µm and 1.6 µm for HA and β-TCP, respectively (Fig. 2C). These are considerably higher than the average crystal sizes (200 nm for HA and 0.5-1 µm for β-TCP particles), which means agglomerates are still formed in these conditions. Higher BCS amounts lead to the formation of large agglomerates (around 100 µm), as shown in light scattering measurements (Fig. 2B), likely due to flocculation.
GδL was shown to have an effect on 2 wt% BCS solutions (no particles, Fig. 2D) proportional to its concentration, similarly to previous work [15]. When 2-4 wt/v% GδL was used, BCS solutions reached pH<5, a range where the solubility of calcium phosphates (especially β-TCP) is very high [37, 44-46], which could compromise initial chemical composition. Plus, polymer gelation occurred, a phenomenon previously described [13]. Therefore, 1 wt/v% GδL was chosen as standard concentration to promote aggregation of ceramic suspensions and emulsions. Indeed, Fig. 2E confirmed that this GδL concentration lowers pH to a range that does not compromise chemical compositions (pH~6), with β-TCP suspensions reaching slightly lower values. In the first 20 minutes, pH in the emulsions decreases more slowly, suggesting that the presence of the dispersed oil droplets somehow slows down GδL dissolution and hydrolysis. However, after 24h, the pH of emulsions is very similar to that of the correspondent ceramic suspension (no oil) with the same composition.
β-TCP particles increase the pH of the system more than HA powders before adding GδL (Fig. 2E) and, in both cases, higher solid loading leads to a larger increase. Several authors have tried to understand how calcium phosphates behave at different pH. In particular, different values for the isoelectric point (IEP) of HA have been proposed in the range of 6.5-10.2 [47], 10.2 [48], 8.5 [49], 7.3 [50, 51], 6.6 [52] or 6.2 [53]. This is justified by the complex surface charges of HA, which may vary with the preparation method [54]. Fewer studies have investigated surface charge and effect of pH on TCP, with isoelectric point values around 6 being suggested for a form of apatitic tricalcium phosphate [55]. Because the pH of the suspensions increases above 8 with the addition of ceramic particles, it is possible that we are working above their IEP, where both HA and β-TCP particles present negative surface charges. However, once functionalised with BCS, the polymer provides steric dispersion and the functionalised particles present neutral charge.
A local increase of ceramic particles, noticeable by the increase in BCSr fluorescence, at the interface between the oil droplets and the continuous (hydrophilic) phase (Fig. 3C) confirms the amphiphilic character of BCS is essential to stabilise the emulsion. Considering the effect of solid loading, pore walls become thinner and have less structural integrity when it decreases (Fig. 3D), following the same trend verified in a previous study where BCS was used to make Al2O3 and SiC porous structures [56]. Sturzenegger et al. [57] have shown how increasing solid loading has a positive impact in both the probability of particles to hit the oil-water interface (Phit) and on the adsorption rate of particles during emulsification (Rad). In fact, the degree of particle coating of freshly ruptured droplets is greatly determined by Rad. If Rad is below a certain critical value, newly formed oil droplets will not be covered by particles quickly enough, causing droplet coalescence (coalescence controlled domain). If, on the other hand, Rad is equal to or higher than such critical value, the freshly formed interface is covered by particles and oil droplets maintain their size (rupture controlled domain). Higher emulsification energy (through longer emulsification) has a similar effect, by increasing Phit. The fact that (for 70 wt% materials) there is a correlation between oil droplet size (as shown by final pore size of the porous materials) and emulsification energy (Fig. 4B) proves that the mixing takes place in the rupture controlled domain. The average pore size was very similar for all compositions: pure HA, pure β-TCP and the biphasic mixture 50/50 wt% HA/β-TCP (Fig. 4). Porosity was constant over all formulations, with closed porosity of 4-7%. The roughness of flat substrates (quantified by the average of height absolute values, Ra) was found to differ significantly and reproducibly between the three processing conditions. The Ra values that characterise the substrates are within a range that has been shown to affect cell behaviour [58].
This study demonstrates the combined effect of surface microroughness and chemical composition of CaPs on the osteogenic differentiation of hMSCs. After 48 hours, hMSCs grown on flat substrates are larger than on rough samples with similar composition. This agrees with results by Anselme et al., who showed that human osteoblasts spread more on surfaces with low roughness amplitude than on rough ones [59]. In our study, cell area increases for increasing amounts of β-TCP, similarly to what has been observed by dos Santos et al., who studied the growth of human osteoblasts on dense calcium phosphate substrates [24]. Cells on rougher substrates (with oil-derived microporosity) are small and round, extending pseudopodia that interact with the micropores on the material surface (Fig. 6A). These features are smaller than the cell size, in a range that has been shown to promote the formation of focal adhesions [60-62].
Surface roughness at the micrometre scale (1 < Ra < 2 µm) reduces cell adhesion, as more cells adhere to substrates without oil-derived microporosity (Fig 7A). A review by Anselme and Bigerelle [58] states that, in the majority of studies, adhesion of bone cells increases when roughness increases, although other studies suggest otherwise. Chemistry appears to have no significant effect on cell adhesion. Although hMSCs generally grow exponentially for all materials, cell proliferation (Fig. 7B) is affected by early cell adhesion, as total cell number on flat substrates is higher than on rough surfaces until day 28. hMSCs proliferate more on pure HA substrates (HA > BCP > β-TCP), with a clear correlation to HA content. This has been observed in another study with SaOS-2 cells by Wang et al., although the authors suggest microtopography may have an effect as well [38]. The effect of roughness on bone cells has been widely studied on Ti-based surfaces. An example is the work of Deligianni et al. [63],  who quantified proliferation of osteoblast-like cells and human bone marrow-derived cells on titanium surfaces with Ra between 0.32-0.87 µm and showed that cell proliferation increases with roughness. In another study, cell proliferation (MC3T3-E1 and human osteoblasts) on Ti surfaces with Ra in the range 0.16-3.4 µm decreased as roughness increased [64]. The obvious difference is in the range of roughness at which these studies evaluated cell behaviour. This is a subject previously discussed by Bigerelle et al. [65]. They introduced the concept that surface roughness can be separated in two categories: one concerned with the surface features with which cells establish adhesions and interactions; other, at a larger scale, that takes into account the landscape around cells. When considering topography below the cell scale, cells proliferate more on smooth surfaces. On the other hand, when topography is considered above the cell scale, they proliferate (and adhere) more on rough isotropic surfaces. Analysing our results in the light of this approach, the range of surface features used falls in the smallest category, i.e., surface roughness below cell size. And, in that sense, the fact that the “no oil” substrates (Ra = 0.923 ± 0.064 µm) promote higher cell adhesion and proliferation than the rougher substrates 2.5 min (Ra = 1.475 ± 0.035 µm) and 1 min (Ra = 1.691 ± 0.071 µm) agrees with the findings of Bigerelle et al.
ALP activity, a key indicator of osteogenic behaviour [66], peaks at later time points (day 14-28) for hMSCs cultured on ceramic substrates than on Control, especially on the rough ones (Fig. 8). Considering chemistry HA seems to stimulate higher mineralising activity than materials containing TCP, similarly to previous studies [24, 38]. An important trend concerns the combined effect of chemistry and topography on ALP activity: optimal roughness will vary depending on the surface chemistry. In particular, cells grown on HA have higher ALP activity when cultured on surfaces with lower Ra (2.5 min), while cells grown on rougher TCP samples (1 min) present higher ALP activity than on those emulsified for 2.5 min. Yuan et al. [67] make a comprehensive study of the effect of chemistry (HA, BCP and β-TCP) and microstructure (grain size and density controlled by sintering) on the in vitro behaviour of human bone marrow-derived stem cells and on in vivo osteoinduction (ectopic implantation in dog muscle tissue). They showed that TCP induced the most osteogenic profile on MSCs in vitro, unlike what was observed in our study. Finally, ALP (Fig. 9B) and the Runx2/Sox9 ratio (Fig. 10C) were upregulated when compared to control on most TCP-containing substrates. Overall, HA substrates promoted higher cell attachment, proliferation and mineralising activity, but the effect of chemistry is dependent on surface topography.

[bookmark: _Toc454810233]5. CONCLUSIONS
This study provided an important insight into the phenomena that control the organisation of emulsions stabilised by BCS-functionalised calcium phosphates. A novel reproducible method to fabricate microporous calcium phosphate substrates was developed, which allows the control of the average pore size (between 3-20 µm) independently of the chemistry used: from pure HA to pure β-TCP, including biphasic compositions. Variables like BCS concentration, solid content, emulsification energy, GδL concentration, drying conditions and final thermal treatment all have an impact in the properties of the calcium phosphate substrates. The study evaluated the osteogenic potential of CaP substrates with controlled microstructural features and chemistry on hMSCs. Overall, thorough characterisation of systems and materials must be performed to allow studies to be compared and trends to be inferred. This study demonstrated that HA substrates stimulate more cell proliferation and mineralising activity when they present a Ra ~1.5 μm, whereas those prepared with β-TCP promote that same behaviour when they have higher roughness (Ra ~1.7 μm), thus suggesting an interdependence of the two variables studied.
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