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Abstract 

Porous materials are becoming more common for bone implants, and it is increasingly important 

to find surface modification strategies that affect both the implant exterior and porous interior. In 

this study, selective laser melting (SLM) was used to create porous stainless steel implants 8 mm 

in diameter, which were subsequently dip coated with a composite polymethylmethacrylate-

alumina (PMMA-Al2O3) film. Imaging with electron microscopy found evidence of the films at a 

depth of 2.2 mm into the porous implants, with dual-scale topography created by the native SLM 

stainless steel substrate and alumina nanoparticles. Energy dispersive X-ray spectroscopy 

confirmed the presence of the coating along the periphery of interior pores. In vitro tests with 

osteoblast-like cells showed greater cell metabolism on composite-coated samples compared to 

uncoated dense samples after seven days of culture. 
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1 Introduction 

Porous metallic implant materials are becoming increasingly common for usage in bone and joint 

replacement due to their ability to mitigate stress-shielding effects[1]. The use of additive 

manufacturing enables effective scaffold design in bone implants by creating tunable mechanical 

performance[2] and channels for mass transport[3] by implementing porosity.  

To encourage bone ingrowth, implants have been coated with composite materials, which can 

contain bioceramic particles such as calcium phosphate[4], rutile[5], and alumina[6]. One key 

limitation of conventional coating techniques, such as plasma spraying, is their line-of-sight 

processing[7], which prevents uniform coating deposition in the interior of porous structures, and 

their high-temperature processing. Changing the surface composition and topography in the 

interior of porous specimens is possible by electrochemical methods, such as micro-arc 

oxidation[8,9], where oxides of the base metal, calcium, or phosphorus are added to the surface. 

Composite materials have also been developed as a feedstock for additive manufacturing processes 

as a means of modifying the interior of porous structures compared to structures produced by 

traditional titanium feedstocks[10]. Recently, immersion techniques[11] and electrophoretic 

deposition[12] have been effective for depositing bioactive and organic coating materials on the 

interior of porous structures. Where alumina-based ceramic materials have been traditionally used 

for bulk implant components due to their excellent biocompatibility in bone applications[13], their 

integration in nanoparticle form on the interior of porous constructs has not been evaluated. 

Polymethylmethacrylate (PMMA), commonly known as a primary constituent in some bone 

cements, has recently been shown to have favourable osteogenic effects as an implant coating[14]. 

The potential for PMMA-Al2O3 organic composite material to coat the interior of porous metallic 

scaffolds remains unexplored. 

The objective of this work was the development of a facile dip coating method to deposit a 

composite PMMA-alumina coating on the interior of an additively manufactured porous scaffold. 

Scanning electron microscopy (SEM) was used to confirm deposition, and the potential for 

improving osseointegration was explored with an in vitro cell metabolism assay. 

2 Methods 

2.1 Scaffold Production 

Cylinders (h = 8 mm, ø = 8 mm) were designed in Autodesk Netfabb and hollowed to create body-

centred cubic lattice struts rotated 45° about the X and Y axes. Fully dense implants as well as 

porous implants with strut diameters of 450 µm with a unit cell spacing of 1.2 mm, and therefore 

pores with an approximate throat diameter of 275 µm were formed. Scaffolds were built using 

304L stainless-steel powder (< 45 µm, Carpenter Additive) using the selective laser melting (SLM) 

process (EOSINT M280, Germany). Laser power was set to 200 W, scan speed 800 mm/s, hatch 

spacing 80 µm, and layer thickness 40 µm during fabrication. Metal scaffolds were cleaned with 

ethanol and deionized water in an ultrasonic bath for 20 min. Scaffolds were either kept whole or 

sectioned longitudinally for subsequent coating. 



2.2 Coating Deposition and Characterization 

Polymethylmethacrylate (MW ~ 120,000, Millipore Sigma) and alumina (0.13µm, Al2O3, 

Baikowski) particles were obtained. Under continuous stirring, 10 g L-1 PMMA was added to a 

mixed solvent containing 20% deionized water and 80% isopropanol (Millipore Sigma) and heated 

to 55°C, at which point the PMMA fully dissolved, only marginally increasing the viscosity. The 

PMMA solution was cooled back to room temperature, and Al2O3 particles were added to a 

concentration of 10 g L-1. Metallic scaffolds were coated whole to produce specimens for cell 

viability assays or in halves for easier investigation of the midplane with electron microscopy. 

Scaffolds were attached to copper tape (see Figure S1), immersed into the PMMA-Al2O3 

suspension under sonication for one minute, removed, and air dried at room temperature for 24 

hours to evaporate solvent.  

The mid-plane of the scaffold was sputter coated with carbon for conductivity, mounted to a SEM 

stub with silver paint and analyzed by SEM imaging (FEI Magellan 400) and energy dispersive 

X-ray spectroscopy (EDS) using an accelerating voltage of 10 kV. 

2.3 Cell Viability 

Saos-2 osteosarcoma cells (ATCC) were seeded on additively manufactured solid implants, porous 

implants, and PMMA-Al2O3 coated porous implants at a density of 10,000 cells/cm2 in McCoy’s 

Modified 5A media. Cells were cultured at 37°C in an atmosphere of 5% CO2 for seven days. After 

one, three, and seven days, a solution of 5% alamarBlue reagent in media (Life Technologies Inc.) 

was added to wells for 60 min. The dye was pipetted into a separate plate and fluorescence was 

measured at an excitation-emission wavelength of 540-580 nm. Statistical significance was 

determined using a two-way ANOVA in R with Tukey’s HSD test and p < 0.05. 

3 Results and Discussion 

3.1 Coating Deposition 

Dip coating with the PMMA-Al2O3 composite produced a coating on both the exterior and interior 

of the scaffolds. Where PMMA bonds to the substrate may be governed by bidentate ligands, the 

mechanical strength of the composite coating on the stainless steel substrate is possibly increased 

compared to other coatings with monodentate bonding coordination. Higher magnification images 

of a representative pore (Figure 1A) illustrate the presence of the composite coating at an interior 

site, where non-uniform thickness is observed around the periphery of the pore. There is also 

evidence of sintered stainless steel particles on the lattice struts within the pores, adding elements 

of microscale topography on both interior and exterior lattice sites. Nanoparticles of Al2O3 were 

observed to be uniformly distributed through the PMMA matrix without aggregation (Figure 1B) 

at interior sites of the scaffolds. These nanoparticles, in conjunction with inherent striations in the 

PMMA matrix, add elements of nanoscale topography to interior and exterior sites in the scaffold, 

which can be favourable for osseointegration[15]. Coating deposition on the interior appears 

consistent with the exterior (Figure 1C), where Al2O3 is evenly distributed through the PMMA.  



 

Figure 1: (A) Image of a representative pore on the interior of the scaffold. Thickness of PMMA-

Al2O3 around the pore periphery is not constant. (B) Surface topography of PMMA-Al2O3 

composite coating at the scaffold interior. (C) Surface topography of the PMMA-Al2O3 

composite coating at the scaffold exterior. The Al2O3 distribution is comparable at scaffold 

exterior and interior sites. 

EDS maps at interior scaffold sites (Figure 2A) on the cross-section are shown in Figure 2B, 2C, 

and 2D. Each site has a different distance to the scaffold exterior. Elemental signals characteristic 

to the uncoated stainless-steel (Fe, Ni) were uniform on the cross-sectional surface, while signals 

characteristic to the composite coating (C, Al) displayed higher intensity directly around the pore 

periphery at depths of 0.4 mm, 1.2 mm, and 2.2 mm.  

 

Figure 2: (A) Cross-sectional SEM image with bright regions representative of the coating. 

Sampling sites at various distances to exterior correspond to EDS maps at depths of 0.4 mm 

(Row B), 1.2 mm (Row C) and 2.2 mm (row D). Increased intensity of aluminum and carbon at 

the pore periphery indicates complete penetration of the coating into the interior pores.  

3.2 Cell Viability 

The results of cell viability assays on the solid implants, porous implants, and PMMA-Al2O3 

coated porous implants are shown in Figure 3. After seven days of culture, the PMMA-Al2O3 

coated scaffolds significantly outperformed dense stainless-steel samples, confirming what has 

been shown previously on two-dimensional substrates[14]. Statistically higher cell metabolism 



was also observed from day one to day seven on both the porous implants without coating and 

PMMA-Al2O3 coated porous implants.  These results suggest that the addition of an interconnected 

porosity network with a diameter of 275 µm allows for rapid cellular proliferation through the 

porous interior of the scaffold relative to the control. The addition of PMMA-Al2O3 composite 

coatings on porous scaffolds further improves osseointegration potential relative to uncoated 

implants. By coating the SLM implant surface, surface topography, chemistry, and wettability are 

modified, and it is probable that metallic particle release is impeded. All of these factors can change 

the dynamics of cell-surface interaction, contributing to the resulting increase in cell viability seen 

here. 

 

Figure 3: Saos-2 cell viability on solid, porous, and coated porous AM parts. Porous implants 

coated with the PMMA-Al2O3 composite coating showed significantly higher cell proliferation 

after seven days compared to solid components, while all porous implants showed significantly 

more cell proliferation after seven days. 

4 Conclusions 

PMMA-Al2O3 composite films were successfully deposited on the porous interior of SLM 

stainless steel implants using a facile dip coating method. SEM and EDS maps confirmed that the 

coating penetrated at least 2.2 mm into the scaffold interior, indicating that this immersion 

technique is suitable for coating the complete interior of porous metallic implants with a 

biomedical composite material. The alumina nanoparticles also contributed to a nanoscale 

topography around the pore periphery. In vitro characterization of the coated scaffolds with Saos-

2 cells showed statistically higher rates of cell metabolism when compared to fully dense structures 

with the same geometry. Therefore, the dip coating method is a promising approach for creating 

composite coatings on porous implants to improve the potential osteoconductivity of their interior 

pores. The successful demonstration of Al2O3 nanoparticles, PMMA, and stainless steel scaffolds 

as pilot materials should lead to investigation of other additives and substrates, such as titanium 



alloys, for polymer-composite coatings on porous SLM implants. Future work should also evaluate 

the limits of PMMA-Al2O3 integration in larger-sized implants. 
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Figure S1: Metallic scaffolds (grey) were either (A) Sectioned longitudinally and mounted along 

their mid-plane to copper tape (red), or (B) Mounted whole by their baseplate, prior to dip 

coating in the PMMA- Al2O3 suspension. 

 


