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Abstract 

Triply periodic minimal surfaces (TPMS) are known for their advanced mechanical 

properties and are wrinkle-free with a smooth local topology. These surfaces provide suitable 

conditions for cell attachment and proliferation. In this study, the in vitro osteoinductive and 

antibacterial properties of scaffolds with different minimal pore diameters and architectures 

were investigated. For the first time, scaffolds with TPMS architecture were treated 

electrochemically by plasma electrolytic oxidation (PEO) with and without silver 



nanoparticles (AgNPs) to enhance the surface bioactivity. It was found that the scaffold 

architecture had a greater impact on the osteoblast cell activity than the pore size. Through 

control of the architecture type, the collagen production by osteoblast cells increased by 

18.9% and by 43.0% in the case of additional surface PEO bioactivation. The manufactured 

scaffolds demonstrated an extremely low quasi-elastic modulus (comparable with trabecular 

and cortical bone), which was 5 - 10 times lower than that of bulk titanium (6.4-11.4 GPa vs 

100-105 GPa). The AgNPs provided antibacterial properties against both gram-positive and 

gram-negative bacteria and had no significant impact on the osteoblast cell growth. Complex 

experimental results show the in vitro effectiveness of the PEO-modified TPMS architecture, 

which could positively impact the clinical applications of porous bioactive implants. 

 

1. Introduction 

Additive manufacturing opens new opportunities for the development of bone scaffolds 

with different architectures obtained from a wide range of metals. The architecture, topology 

and mechanical properties of additively manufactured (AM) meta-biomaterials are still under 

intensive investigation [1]. The new scaffold design and its surface bioactivity enhancement 

still need improvement [1–4]. 

One of most popular materials used for titanium implant production is Ti6Al4V alloy. 

Its Young’s modulus is 100-105 GPa, which is superior to the cortical (18.6-20.7 GPa) and 

trabecular (10.4-14.8 GPa) bones [5–7]. Young modulus mismatches cause stress-shielding 

syndrome followed by implant-associated complications and implant failure [5,8–11]. The 

bioinspired scaffolds with triply periodic minimal surface (TPMS) architecture offer the 

ability to control the mechanical properties by varying the porosity, wall thickness and cell 

size of AM devices to resolve stress-shielding syndrome complications [4]. 



TPMS are known for their advanced mechanical properties and are wrinkle-free with a 

smooth local topology. The smoothness results from a local area minimization principle, 

which causes the disappearance of the mean curvature and the Young–Laplace pressure [12]. 

The scaffolds with TPMS architecture are advantageous at that stage due to zero mean 

curvature. It has been proposed that the tissue growth process is curvature-driven [13–15]. 

This means that growth increases with local curvature, resulting in a round opening regardless 

of the initial substrate shape. Moreover, porous implants might have osteoconductive 

properties, as some studies have suggested [14]. The mass transport and mechanical 

properties of primitive (P), I-WP (I), gyroid (G), and diamond (D) structures were 

investigated by F. S. L. Bobbert [15]. They showed extremely high fatigue resistance 

compared to other AM structures (60% of their yield stress). Moreover, high rate mass 

transport properties promise high osteoconductive properties. Despite numerous studies 

[1,2,4,14–20], in which mass transport, mechanical properties, and surface precipitation of 

scaffolds with TPMS architecture were investigated, additional studies are needed to gain 

knowledge regarding the dependence of the osteoconductive properties on the minimal pore 

diameter. The parameter of minimal pore diameter impacts tissue growth as well as scaffold 

surface properties [21]. Previous studies have shown the successful application of TPMS 

structures in orthopedics and bone regeneration [15,22–26]. However, there are limited data 

regarding osteoinductivity and osteoconductivity with respect to minimal pore diameter and 

TPMS structure types. 

The bioactivity of implants strongly influences their surface properties. One 

methodology to improve the bioactivity is to enrich the implant surface with elements such as 

calcium and phosphorus. Materials based on calcium and phosphates can provide additional 

stimulation for osteogenic cell adhesion and proliferation [27–29]. Different amorphous, 

hydroxyapatite and brushite coatings encourage osteoblast adhesion, alkaline phosphatase 



(ALP) and collagen synthesis and enhance MSC differentiation [30–33]. Plasma electrolytic 

oxidation (PEO) is a promising, precise and effective method to obtained Ca-P ceramic 

coatings for orthopedics and dental implants [34]. PEO allows for the incorporation of 

chemical compounds soluble in water or ceramic particles from the anodizing solution. This 

method can reduce the treatment time and cost and provide strong adhesion between the 

metallic substrates and the coatings, which have been found to resist failure during the 

implant service time [35]. Despite the chemical composition, the PEO surface can provide 

additional micropores to enhance cell adhesion and tissue growth [36]. There are many 

studies of nanoparticle (NP) incorporation, particularly silver NPs, in metal implants during 

the PEO process [17,37] to provide additional antibacterial properties. Implant-associated 

infections carry a high risk of unsuccessful medical treatment, especially the formation of 

resistant bacterial biofilms [38]. Targeted delivery to the peri-implant area is beneficial to 

reaching therapeutic levels of antibacterial drug concentrations [17,39]. Silver nanoparticles 

show a pronounced bactericidal activity for eukaryotic cells, which affects osseointegration. 

This property promoted the widespread use of silver in orthopedics [17,39]. Ag is widely used 

as an antibacterial coating due to its excellent antimicrobial properties against a wide variety 

of microbes, including gram-positive and gram-negative bacteria [40]. However, antibacterial 

AgNP coatings with high concentrations of Ag have also been found to be cytotoxic and 

inhibit osteointegration [41,42], and it is therefore required to balance the NP concentration. 

The plasma electrolytic oxidation of titanium or its alloys is broadly described in the 

literature; however, there is a lack of information on the anodization of titanium-based SLA 

printed scaffolds [43,44]. Anodization of 3D scaffolds with different architectures was 

performed in solutions based on calcium acetate and calcium glycerophosphate or sodium 

phosphate monobasic dihydrate, ethylenediaminetetraacetic, and sodium hydroxide in 



different electrical modes. The obtained layers were uniform and composed of oxides with 

incorporated calcium and phosphorus. 

In the present article, we demonstrated the in vitro behavior of 3D printed scaffolds with 

different TPMS architectures, with a focus on directed bone regeneration and achievement of 

desirable mechanical properties (similar to natural bone). Additionally, for the first time, we 

showed that antibacterial coatings can be formed on 3D scaffolds using the PEO process in a 

solution containing Ag nanoparticles. 

2. Materials and methods 

2.1. Triply periodic minimal surfaces and production of scaffolds 

The samples were produced from medical certificated DIN EN ISO 22674 Rematitan® 

CL powder (Ispringen, Germany). The chemical composition of the powder was Ti – 90%, Al 

– 6%, V – 4%, and the other elements were N, C, H, Fe, and O <1% (weight %). The 

scaffolds with TPMS architecture were manufactured with a Concept Laser mlab cusing R 

selective laser melting (SLM) machine (Lichtenfels, Germany). The printing parameters were 

as follows: laser power 95 W, laser focus point 25 µm, and scanning speed 800 mm s-1. The 

sample dimensions were 5×5×2 mm. The basic cell dimension was 2×2×2 mm (Fig. 1). The 

size of the minimal pore was 330 µm and 520 µm according to osteogenic cells physiology 

[45]  and previous studies provided on ceramic biomaterials [21,46]. The pore sizes >300 μm 

are recommended for scaffolds to afford the cells growth and bone tissue regeneration 

[24,45]. The samples for mechanical testing were manufactured according to the ISO13314 

standard for compression of porous and cellular metals. The printed scaffolds was heat-treated 

in a vacuum oven, where they were heated to 820°C over a period of 4 h, kept at 820°C for 

1.5 hours and cooled to 500°C. 

The TPMS structures of primitive (P) – equation 1, I-WP (I) – equation 2 and diamond 

(D) – equation 3 were modeled by MathMod software [47–49]: 



P: 𝑐𝑜𝑠(𝑥) + 𝑐𝑜𝑠(𝑦) + 𝑐𝑜𝑠(𝑧) = 0;       (1) 

D: 𝑐𝑜𝑠(𝑥) 𝑐𝑜𝑠(𝑦) 𝑐𝑜𝑠(𝑧) − 𝑠𝑖𝑛(𝑥) 𝑠𝑖𝑛(𝑦) 𝑠𝑖𝑛⁡(𝑧) = 0;    (2) 

I:2𝑐𝑜𝑠(𝑥) 𝑐𝑜𝑠(𝑦) + 2cos⁡(𝑥)𝑐𝑜𝑠(𝑧) + 2 cos(𝑦) cos(𝑧) − 

−cos(2𝑥) − cos(2𝑦) − cos⁡(2𝑧) = 0;      (3) 

The solid surface mesh was modeled and scaled-up (to sizes of 5×5×2 mm for PEO and 

for the in vitro experiments, 15×20 mm cylinders for the mechanical test) by the Materialise 

Magics software and after was printed on 3D printer in same sizes. 

 

Figure 1. The basic cells parameters of different samples with TPMS architectures 

2.2. Mechanical testing 

The mechanical properties of the porous scaffolds were measured with an LF TTM 

1000 universal testing machine with a 150 kN extensometer (Lohningen, Switzerland). Static 

compression was applied on five samples for each type of scaffold architecture. 

According to the compression test standard for porous and cellular metals (ISO13314 

standard), the samples were subjected to deformation with a compression ratio of 10-2 s-1, 

which corresponds to a speed of 1.2 mm min-1 for all types of samples with a height of 20 

mm. 



The strain-stress diagram of highly porous metals contains a number of features, in 

particular, the presence of a plateau-like region, where plastic deformation of partitions 

between the pores occurs. The plateau stress σpl determines the average stress in the interval 

of relative deformation of 20–30% or 20–40%. Other mechanical properties determined in 

accordance with this standard are related to σpl. The value of σ130 characterizes the transition 

from elastic deformation to plastic deformation. The value of σ130 is calculated as 1.3σpl. The 

quasi-elastic gradient determines the tangent of a straight line drawn between the points on 

the diagram that correspond to the stresses σ20 and σ70. 

2.3. Characterization of the scaffolds 

The surface morphology was investigated using a JSM-6390 LV microscope (Tokyo, 

Japan) with an INCA Energy Penta FET X3 energy dispersive microanalysis system 

(Abingdon, UK) at a 20 kV acceleration voltage. The crystallographic structure investigation 

of the 3D printed samples were performed by a PanAnalytical X’PertPro diffractometer 

(Almelo, Niederlande) with special prepared samples with bulk structures and flat surfaces 

(without pores). This way, a high level of signal noise was avoided. The SLM process and 

heat treatment parameters were the same as those of the other samples. The sample size for 

the XRD study was 10×10×2 mm. The detector diffraction hole was 100 µm, and the anode 

material was Cu/K-Alpha 1,54060 Å. 

2.4. Plasma electrolytic oxidation (PEO) of scaffolds 

Plasma electrolytic oxidation of the scaffold surface was performed using a DC power 

supply (PWR 800H, Kikusui, Japan) at a limiting voltage of 300 V for 5 minutes. Details of 

the PEO process were described in [50]. All samples were rinsed with distilled water and 

ultrasonically cleaned in deionized water and 2-propanol for 5 minutes prior to PEO 

treatment. As the electrolyte, a suspension of Ag nanoparticles (180 mg L-1) in a solution 

containing an organic chelating agent (nitrilotriacetic acid), KH2PO4, and Ca(OH)2 was used 



[51].As the cathode, a titanium mesh was used, and as the anode, the treated scaffold sample 

was used. To remove any unattached AgNPs, the treated samples were ultrasonically cleaned 

after the PEO process in 2-propanol for 5 minutes and rinsed with deionized water. Next, the 

samples were dried in air. Ag nanoparticles were obtained from Nanopure, Poland. The 

characterization of the AgNPs was described in [51]. 

2.5. Characterization of the scaffold surfaces after the PEO process 

The SEM images of the PEO-coated samples were obtained by an FEI Inspect S50B 

(FEI, Brno, Czech Republic) with the Everhart–Thornley secondary electron detector. To 

avoid surface charge accumulation in the electron probe, the samples were covered with a thin 

(30–50 nm) layer of carbon with a vacuum setup VUP-5M (SELMI, Sumy, Ukraine). EDX 

measurements were carried out using a Zeiss EVO ED15 microscope coupled with an Oxford 

X-MaxN EDX detector. The structural analysis of the test samples was performed by Raman 

spectroscopy with a laser source of 532 nm and power of 10 mW (Sentera, Bruker, Germany). 

The samples, one of each type, were immersed in a resin (Presi, France) to prepare the 

metallographic cross-sections. After resin drying, the cross-sections were polished using 

abrasive SiC paper up to 1000 grit. These samples were then sputtered with gold (sputter 

coater Cressington 108auto) for 90 s. The cross-sections were analyzed using a scanning 

electron microscope (applied voltage: 15 kV, Phenom Pro-X). 

2.6. In vitro experiments 

2.6.1. Cell culture experiments 

The cells (U2OS cell type) were grown in 75 cm2 cell culture flasks under standard 

culture conditions of humidified air containing 5% CO2 at 37°C with medium renewal every 

2–3 days. Dulbecco's modified Eagle medium/nutrient mixture F-12 (DMEM/F-12) with L-

glutamine was used, containing 100 units mL−1 penicillin, 100 µg mL−1 streptomycin, 2.5 µg 

mL−1 amphotericin B and 10% fetal bovine serum. The AM scaffolds were sterilized in an 



autoclave, and each scaffold was placed in a separate well of a 24-well cell culture plate and 

immersed in DMEM overnight. On the next day, the medium was removed, and the U2OS 

cells were seeded on each sample and in the wells without samples (as positive control) at a 

cell density of 10⁴ cells per well. Cell adhesion at 24 h and cell proliferation on the samples 

were assessed by an Alamar blue colorimetric assay used to measure cell viability. Alamar 

blue (Invitrogen) was added to each well with an amount equal to 10% of the medium 

volume. As a negative control, Alamar blue solution was added to the wells containing only 

culture medium without cells. As a positive control, Alamar blue solution was added to the 

wells containing only cells without samples (TCP control). The plates were incubated for 8 h 

at 37°C in the dark. The medium was then transferred to another 96-well plate, and the 

absorbance was measured using a Multiskan FC (Thermo Fisher Scientific, Waltham, MA, 

USA) plate reader at wavelengths of 570 and 595 nm. The cells were quantified at different 

time intervals: 1, 3, and 7 days. All experiments were repeated 3 times. 

Fluorescence microscopy of the scaffolds after the cell culture experiment was 

performed. The scaffolds were washed with 1x PBS for 1 minute without shaking. After that, 

the samples were incubated with 1:35.000 4′,6-diamidine-2′-phenylindole dihydrochloride 

(DAPI, Roche) in PBS for 2 minutes in the dark followed by washing in 1x PBS for 1 minute 

without shaking. After that, the scaffolds were placed on a glass slide and analyzed with a 

fluorescence microscope (Axio Imager A1 microscope, Carl Zeiss) in the DAPI channel. 

Collagen, which is synthesized by U2OS cells and accumulated on the AM scaffolds, 

was detected through staining with Sirius Red dye. Staining was performed as follows: on the 

7th and 14th days of incubation, the samples were transferred to another 24-well plate and 

washed 3 times with ice-cold PBS (4°C). Then, 1.5 mL of Bouin’s solution was added to each 

well for 1 hour at room temperature. After the solution was removed, the samples were rinsed 

with cold tap water and dried in a fume hood overnight. The next day, 1.5 mL of Sirius Red 



dye was added to the samples for 1 hour and then removed, and each well was washed 4 times 

with a 0.01 M HCl solution. One milliliter of a 0.1 M NaOH solution was added to each well 

to recover the bound dye. The plate was placed on the shaker for 30 minutes, after which 100 

µL of the eluted dye from each well was transferred to a 96-well plate, and the absorbance 

was measured using a Multiskan FC (Thermo Fisher Scientific, Waltham, MA, USA) plate 

reader at a wavelength of 550 nm. 

2.6.2. Bacterial assay 

S. aureus (strain B 918) obtained from the National Collection of Microorganisms (D.K. 

Zabolotny Institute of Microbiology and Virology, Kiev, Ukraine) were cultivated on nutrient 

agar for 24 h. The suspensions of the overnight strains were mixed with nutrient broth, and 

the final concentration of microorganisms was adjusted to 105 CFU (colony forming unit) 

using a McFarland standard. Sterile 3D samples were placed horizontally into plastic 24-well 

plates containing 2.0 mL of bacterial suspension. All test samples, negative (media) and 

positive (bacteria) controls were incubated at 37°C for 24 h. Ten-microliter aliquots from each 

well were pipetted onto the nutrient agar for 2 h, 4 h, 6 h and 24 h using the streak plate 

technique. The colony forming units (CFU) were calculated by counting the visible colonies 

and expressed as log units. All measurements were performed in triplicate. 

3. Results and discussion 

3.1. 3D scaffolds characterization 

The microstructures of the printed Ti6Al4V scaffolds after heat treatment showed a  

beta phase (β-phase) diffusion in the alpha phase (α-phase) matrix (Fig. 2a) [52].  The 

segregation of alloy components is observed (Fig. 2b-c, Tab. 1). The vanadium segregation 

takes place by α stabilizer aluminum depletion [53], which has higher diffusion ability. The 

secondary total α-phase transition did not occur because there was no subsequent aging heat 

treatment [52,54]. There was no significant change in the chemical composition at different 



measurement points of the samples analyzed by EDX, and we concluded that the composition 

was close to homogenous. The compositional SEM images and tables of EDX data are given 

in supplementary data. 

The XRD studies confirmed that the samples exhibited a binary structure containing two 

Ti phases (Fig. 3). The main phase was α –Ti (hcp) with lattice parameters a = 2.939 Å, b = 

2.939 Å, c = 4.641 Å, α = 90.000°, β = 90.000°, and γ = 120.000°. The secondary phase was 

β-Ti (bcc) with lattice parameters a = 2.906 Å, b = 2.906 Å, c = 2.906 Å, α = 60.000°β = 

60.000°, and γ = 60.000°. 

 

Figure 2. The microstructure of the exemplary scaffold (a, b) as well as the exemplary EDX 

spectra (c) 

Table 1. The EDX analysis results of the scaffold in points marked in Fig 2b, wt.% 

Spectrum Al Ti V Sum 

Spectrum 1 4.3 84.9 10.9 100.0 

Spectrum 2 6.1 89.2 4.7 100.0 

Spectrum  3 6.9 90.1 3.1 100.0 

Spectrum  4 6.5 91.3 2.2 100.0 

Spectrum  5 6.9 91.1 2.0 100.0 

Spectrum 6 6.9 91.9 1.3 100.0 

Average 6.3 89.7 4.0 100.0 



 

 

Figure 3. The XRD pattern of the Rematitan®CL titanium alloy after the SLM process and 

heat treatment 

The deformation curves obtained after conducting static compression tests were used 

to determine various mechanical properties of the material, such as plateau stress, quasi-

elastic gradient and other characteristics. The stress-strain curves of the scaffolds were 

characterized by subsequent stages of deformation as well as features including a linear 

increase in stress with strain, a relatively long plateau region with stress oscillating, and 

finally a region of rapid increase in stress (Fig. 4). The peaks and troughs in the stress-strain 

curves (Fig. 4) were caused by the formation of shear lines and the accumulation of stresses 

after the load was transferred to the following layer or unit cell with a minimal surface. The 

stress–strain curves essentially were the same in all cases. The most elastic scaffold was the 



I330 architecture, despite a thinner wall size; however, the P330 architecture had the lowest 

elasticity among scaffolds with 330 µm pores (Fig. 5a). In general, scaffolds with larger pore 

sizes demonstrated poorer mechanical properties. Sample D520 showed the lowest elasticity 

and the lowest compressive strength among the scaffolds. Architecture I330 demonstrated the 

best compressive strength, despite its thinner wall size (Fig. 5b). There is no direct correlation 

between wall thickness and structures’ mechanical properties, for example the wall thickness 

of P330 is higher than I330 or D330 (510 µm vs 340 and 350 µm), at the same time the 

compressive strength lower for ~ 1.5 times. The scaffold’s architecture type has an essential 

role in samples mechanical properties. 

 

 

Figure 4. The stress-strain curves for Primitive, I-WP, Diamond structures with different 

minimal diameters of pores (a – 330 µm; b – 520 µm) 



 

Figure 5. Derived mechanical characteristics of Primitive, I-WP, Diamond structures with 

different minimal diameters of pores (a – quasi elastic modulus; b – compressive strength - 

σ130) 

The destruction behavior of the porous scaffolds are presented in Fig 6. The P330 and 

P520 samples were deformed in the form of a barrel, and in the P330 samples cell destruction 

was observed along a diagonal of ~ 45 degrees. In case of diagonal distruction the average 

height of the samples after test was different, pore displacement and compaction were 

observed (Fig. 6 a, b, c). The D330 and D520 samples were not subject to severe destruction; 

however, a shift of ~ 45 degrees and compaction of the layers were also observed (Fig. 6 a, 

d). However, this did not lead to crack propagation. D330 revealed a developing crack and 

defects, which ultimately led to the complete destruction of the sample at ~45 degrees (Fig. 

6a). A complete displacement of the cells with respect to each other was observed for I520. In 

this case, the weak parts of the geometry are the bonds between two vertical and horizontal 

supports of the unit cell. These cracks occurred in the uprights on the periphery of the sample 

and propagated to the center through the vertical uprights and further along the entire 

perimeter of the sample (Fig.6 e). 



  

Figure 6. The destruction behavior of porous scaffolds with different architecture 

According to obtained results of mechanical tests the scaffolds with TPMS structure 

destroy by same way as were shown previously in [15,55]. The scaffolds, obtained by us, 

have higher mechanical properties for 20% in average, than the scaffolds developed by [15]. 

It could be explained by difference in printing regimes and thermal treatment after printing 

process, that was not been done. 

Printing thin-walled structures with minimal surface area is a difficult task. Due to the 

high temperature gradient during the SLM process, martensitic structure and surface 

spheroidization occurred. The elemental distribution was close to homogenous. However, we 

observed segregation of vanadium, where the β-phase diffused into the α-phase matrix. The 

mechanical properties of human bone are quite relative due to a number of parameters, such 

as age, sex, depth of test area, anatomical uniqueness, etc. Moreover, it is impossible to 

develop materials with low elasticity and high strength because both parameters are positively 



correlated with each other. The obtained TPMS scaffolds exhibited a quasi-elastic modulus 

between 6.4-11.4 GPa, which matches that of the trabecular bone (10.4-14.8 GPa) and is close 

to the elastic modulus of the cortical bone (18.6-20.7 GPa) [5–7]. The compressive strength of 

the produced TPMS scaffolds deviated between 321 and 691 MPa, which was higher than that 

of human cortical bone (95-165 MPa) [56]. Taking into account the principal role of the 

elastic module in stress-shielding syndrome, new TPMS scaffolds offer great potential as 

bone-grafting materials. 

3.2. Plasma electrolytic oxidation of the 3D scaffolds 

The 3D printed TPMS scaffolds had rough surfaces caused by spheritic drops of melted 

Ti powder. This is typical in TPMS structures printed by the SLM method because several 

effects occur during the process. These are 1) partial melting due to curved struts of varying 

angles and 2) thermal diffusion due to a substantial temperature gradient [55]. The SEM 

images of the PEO-coated scaffolds with different architectures are shown in Fig. 7. The 

scaffold surface was well-developed with the characteristic porosity of PEO-formed oxides. 

The differences in the coating morphology can be explained by changes in the surface 

gradient, which provides uneven current density and distribution of discharges [57], resulting 

in different coating thicknesses (Figs. 7b, e, h). Cracks could be observed in the coating after 

the addition of the silver nanoparticles regardless of the scaffold type. These cracks occurred 

due to the effect of thermal stresses caused by the rapid solidification of molten oxides by 

electrolytes with higher conductivity [57,58]. 

The silver nanoparticles were uniformly distributed on the coating surface. The 

nanoparticles had a crystallite form, probably due to aggregation with sizes between 100-200 

nm (Fig. 7 l) [50]. 



 

Figure 7. The SEM images of scaffolds after the PEO treatment; a, b) D330-PEO; c) D330-

PEO-Ag; d, e) D520-PEO; f) D520-PEO-Ag; g, h) I330-PEO; i) I330- PEO-Ag; j, k) I520-

PEO; l) I520- PEO-Ag; m, n) P330-PEO; o) P330-PEO-Ag 

 



The semiquantitative chemical composition of the scaffolds after PEO processing is 

shown in Tab. 2. The addition of silver nanoparticles to the electrolyte decreased the oxygen, 

titanium, aluminum, and vanadium concentrations and increased the chlorine content. The 

decrease in oxygen content was also indirectly proven by Raman analysis (Fig. 8.). The 

presence of chlorine was related to the Ag nanoparticle preparation method [50]. The 

concentration of phosphor decreased after silver nanoparticle incorporation; however, the 

calcium content fluctuated in an unpredictable manner. In general, scaffolds with the “I-WP” 

architecture exhibited an elemental distribution similar to the “diamond” structure, and the 

“primitive” architecture showed a different distribution in the case of silver nanoparticle 

addition. 

Table 2. The semi-quantitative EDX analysis of scaffolds after the PEO process, wt.% 

 Sample O Al P Cl Ca Ti V Ag Ca/P ratio Sum 

P330-PEO 37.9 3.1 2.7 0.1 0.4 53.6 2.2 - 0.2 100.0 

P330-PEO-Ag 34.7 2.1 2.2 4.2 1.6 41.7 1.8 11.7 0.7 100.0 

D330-PEO 37.9 3.1 2.7 0.1 0.4 53.6 2.2 - 0.2 100.0 

D330-PEO-Ag 34.0 2.7 1.4 3.9 - 48.8 2.3 6.8 - 100.0 

I330-PEO 39.2 2.2 3.7 0.2 2.6 50.7 1.5 - 0.7 100.0 

I330-PEO-Ag 37.2 3.2 2.2 1.0 1.0 46.8 2.4 6.1 0.5 100.0 

 

The Raman spectra of the coatings on the scaffolds are presented in Fig. 8. Titanium 

dioxide has three polymorphic phases: rutile, anatase (tetragonal), and brookite 

(orthorhombic). The Raman-active fundamental modes for rutile (TiO2) are 143 cm-1, (B1g), 

447 cm-1 (Eg), 612 cm-1 (A1g), and 826 cm-1 (B2g) [59]. However, the polymorph phase of 

TiO2 brookite has a complex of 17 characteristic bands at 127, 153, 194, 247, 412, 640 cm-1 

(A1g), 133, 159, 215, 320, 415, 502 cm-1 (B1g), 366, 395, 463, 584 cm-1 (B2g) and 452 cm-1 

(B3g) [60,61]. The strongest band for brookite is 153 cm-1[60]. Anatase has a very strong band 



at 144 cm-1 and six Raman-active fundamentals: 144 cm-1, 197 cm-1 (Eg), 400 cm-1 (B1g), 507 

cm-1 (A1g), 519 cm-1, 640 cm-1 (Eg) [60,62]. The Raman spectra of the scaffolds showed a 

similar pattern with a broad strong band at 140-165 cm-1 and broad Raman group bands with 

lower intensities, 380-420 cm-1, 500-535 cm-1, 575-650 cm-1. By analyzing the Raman 

spectra, we assumed that the phase compositions of the coatings were a mixture of brookite, 

anatase and rutile phases. The addition of silver nanoparticles shifted the maximum, which is 

attributed to brookite, from ~154 cm-1 to 144 cm-1, the strongest band of anatase, and to 95, 

143, 190 cm-1 related to silver chloride [63]. The insignificant influence of the silver 

nanoparticles on the resulting spectra was reasonable, as the silver content based on the 

elemental composition was low, and there were only minor changes of the intensities in the 

spectra of the silver-added sample. The lack of the main bands of silver oxide at 390, 540, and 

560 cm-1 suggested its absence [64]; however, the presence of silver oxide was shown in our 

previous paper [65]. The calcium and phosphorus compound bands were not visible in the 

Raman spectra. We can conclude that these compounds in the form of apatites were present in 

an amorphous form [66]. 



 

Figure 8. The Raman spectra of scaffolds after the PEO process; a) Diamond; b) I-WP; c) 

Primitive 



The uniform oxide coating was successfully formed along the substrate border and 

mostly uninterrupted (Figs. 9 and 10). This is a great benefit of the PEO process because it 

allows forming oxide layers on samples with difficult shapes, such as dental implants [67]. 

 

 

Figure 9. The SEM image of I330-PEO-Ag sample cross section 

 



Figure 10. The SEM images of cross-sections of scaffolds after the PEO process; a) D330-PEO; b) 

D520-PEO; c) I330-PEO; d) I520-PEO; e) P330-PEO; f) P520-PEO; g) D330-PEO-Ag; h) D520-

PEO-Ag; i) I330-PEO-Ag; j) I520-PEO-Ag; k) P330-PEO-Ag l) P520-PEO-Ag 

 

3.3. In vitro biocompatibility and antibacterial properties 

There was no significant difference in U2OS cell adhesion on day 1: the as-cast and 

PEO-modified samples showed the same resazurin reduction, and the AgNPs in the PEO layer 

did not affect the cell adhesion. The as-cast TPMS samples provided appropriate conditions 

for cell proliferation within 7 days of cultivation: the resazurin reduction increased to 

82.5±4.8% (Fig. 11, 1). It should be noted that the pore size of the as-cast TPMS scaffolds did 

not influence the cell adhesion and proliferation. The PEO modification leads to a pore size 

reduction that could influence the cell migration inside the pores. We observed a slight 

reduction in the cell proliferation on day 7 for the D330-PEO and I330-PEO samples. On the 

other hand, the 520 pore sizes maintained the cell proliferation from the 1st to 7th day of the 

experiment compared to the 320 pore sizes (Fig. 11, 1a, 1b). Silver nanoparticles had no 

influence on the cell adhesion and proliferation from the 1st to 3rd day of the experiment. The 

proliferation rate of U2OS decreased compared to that of the non-Ag groups on day 7, 

possibly due to silver release from the ceramic coating. Samples with 520 pore size showed a 

significant reduction in the cell viability due to high contact surface area and possible faster 

silver ion release. Despite cell proliferation inhibition, the silver-incorporated surface was 

nontoxic and could be used for orthopedic and dental implant modification. 

Fluorescent DAPI staining (Fig 11, 2) demonstrated a high cell number in the as-cast 

scaffolds and the PEO-coated samples and a significant reduction in the number of U2OS 

cells in the Ag-incorporated groups. The fluorescent images revealed the cell migration and 

their preferred location within the pores, demonstrating the osteoconductive abilities of the 

TPMS structures. DAPI staining revealed no difference between cell migration in the 



diamond, primitive and I–WP architectures but a significant influence of Ag on the cell 

proliferation at the final time point. 

 

Figure 11. Resazurin reduction assay demonstrating U2OS adhesion on day one and 

proliferation in 3 and 7 days (1) with fluorescent DAPI staining in day 7 (2) and the 

absorbance intensity of Sirius red demonstrating collagen production rate in 1 and 2 weeks 

after cell seeding (3) 

* - significant difference with non-treated samples (p≤0.05); x – significant difference 

between 330 and 520 pore sized samples (p≤0.05) 



Collagen production is one of the significant signs of osteoblast cell line activity. As 

shown in Fig. 11 (3), an increase in Sirius red absorbance demonstrated significant growth 

after two weeks of U2OS cultivation in the PEO-coated samples (both with and without 

AgNPs) on the diamond and I-WP architecture (Fig. 11, 3d, 3e). The silver-incorporated 

surface did not influence the collagen production. The collagen production at week 2 

depended mainly on the pore size, and the 520 sample provided a better environment for cell 

penetration, as indicated by a significant increase in the Sirius red absorbance. To summarize 

the results of the cell proliferation experiment and collagen assay, the calcium-phosphate 

ceramic coating and the pore size were the main factors influencing the U2OS proliferation 

and activity. The diamond and I-WP architecture resulted in a significantly higher collagen 

production than the other samples but had no influence on the cell proliferation. 

A 24-hour experiment demonstrated a significant reduction in the bacterial adhesion, 

which could be observed as early as 2 hours after S. aureus coculturing on silver-incorporated 

samples. The bacterial count ranged between 2.0 and 4.69 Log10 CFU in 4 and 6 hours. At 24 

hours, the bacteria slightly proliferated, but their proliferation was still significantly lower 

than that of the nontreated and PEO-coated samples. The scaffold architecture had no effect 

on the bacterial survival rate (Fig. 12). 

Despite the complex morphology of the TPMS scaffold, PEO allows for the formation 

of a uniform coating with calcium-phosphate ceramic, which could induce additional stimuli 

for osteoblast cell adhesion and proliferation [68]. The addition of AgNPs to the PEO solution 

had a notable influence on the coating microstructure.. Our studies prove that there was an 

antibacterial effect of silver in the PEO layer to prevent postoperative bacterial complications 

[65]. There have been some reports about the cytotoxic effect of AgNPs, but our data 

demonstrated the safety of the PEO-Ag layer during a 7-day osteoblast cell culture 



experiment. Balanced AgNP concentrations coupled with low silver release could prevent 

cytotoxic effects during long-term implant application. 

 

Figure 12. Bacteria survival rate in different time-points (2, 4, 6 and 24 hours) after S. aureus 

co-cultivation calculated in Log10 CFU (upper row) and visible colonies of S. aureus in Petri 

dishes for as-cast, PEO-coated and Ag-doped groups (low row)  

* - significant difference with non-treated samples (p≤0.05) 

 

The mechanotransduction principles are the basis for most theories that correlate pore 

architecture and bone growth [24]. It is known that pore shape and size accompanied with the 

surface chemistry are the main factors influencing osteoblast cell growth [69,70]. Firstly, after 

scaffold-to-tissue interaction, blood and interstitial fluid accumulate inside the pores [71]. At 

this stage, the surface wettability and chemical composition play crucial roles [72]. Some 

studies have suggested that PEO-coated implants are a suitable surface for protein adsorption, 

and PEO-TPMS scaffolds are advantageous at this stage [73]. The second stage is the primary 

attachment of cells by focal adhesion on the surface [74] and consequent cell network 

generation due to contractile forces [75]. The PEO coating provides additional stimuli for cell 

attachment due to its free functional groups, such as -OH, -COOH and calcium-phosphates 

[65]. Our experiment showed that the pore size played an important role in cell attachment – 

520 µm pores provided more sites for cell attachment than 330 µm pores. Additionally, the 



PEO process leads to a decrease in the pore dimensions, and TPMS scaffolds with large pores 

have significant advantages for clinical application. The next stage, cell proliferation, is a 

complex process requiring osteoinductive stimuli for appropriate bone tissue formation. A 

higher rate of osteoblast proliferation was observed for structures with larger pore sizes 

[45,76]. However, larger pores might not be beneficial in the stage of primary cell attachment 

due to the high rate of permeability as a result of high fluid flow and mass transport. The last 

stage of bone regeneration is coupled with the previous stage of angiogenesis, and mature 

bone formation occurs with further remodeling. We did not observe this stage in our 

experiment, but sufficient osteoblast cell attachment and proliferation could provide 

appropriate conditions in vivo for new tissue development. The collagen production rate was 

measured by assessing the osteoblast cell activity. A high rate of collagen production was 

observed for both the D520 and I520 architectures. PEO coatings containing calcium and 

phosphate were found to increase the cell activity, which in turn resulted in a higher rate of 

collagen production. This may be due to better cell adhesion and bioactive media conducive 

to cell growth. Although the silver nanoparticles did not stimulate collagen production, they 

played an important role in controlling bacterial contamination. Fluorescent DAPI staining 

confirmed the osteoconductive properties of TPMS structures that allow primary cell fixation 

inside pores with further extracellular matrix deposition. Additional calcium-phosphate 

coating could provide stimuli for osteogenic cell adhesion and proliferation. Bacterial 

elimination in Ag-incorporated samples may allow cells to efficiently adhere to substrates 

with reduced infection complications in real clinical situations. 

We believe that osteoblast cell activity primarily depends on the permeability 

coefficient (TPMS structure type) followed by the pore size. It has been shown that collagen 

production is inversely proportional to the permeability coefficient [15]. 

4. Conclusions 



3D scaffolds with three types of triply periodic minimal surfaces and different minimal 

pore diameters and porosities were additively manufactured and functionalized via plasma 

electrolytic oxidation with silver nanoparticles. The mechanical parameters of the newly 

produced scaffolds matched the biomechanical properties of natural bone, which might 

eliminate the risk of premature implant failure caused by the stress shielding effect. The 

bioactive ceramic coating did not significantly affect the cell proliferation but stimulated the 

collagen production, an important parameter for new bone formation. The silver nanoparticles 

incorporated into the ceramic oxide coating demonstrated a high rate of antibacterial activity 

against gram-positive and gram-negative bacteria and did not exert a significant effect on 

osteoblast cell growth and collagen production. We can conclude that both bioactive coating 

and scaffold architecture type are the main factors to enhance the cell proliferation. These 

experimental results might have a great impact on the application possibilities of scaffolds in 

orthopedics as bioactive implants. 
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