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Abstract 

Implants for orthopedic applications need to be biocompatible and bioactive, with mechanical 

properties similar to those of surrounding natural bone. Given this scenario titanium (Ti) 

scaffolds obtained by Direct Ink Writing technique offer the opportunity to manufacture 

customized structures with controlled porosity and mechanical properties. Considering that 3D 

Ti scaffolds have a significant surface area, it is necessary to develop strategies against the 

initial bacterial adhesion in order to prevent infection in the early stages of the implantation, 

while promoting cell adhesion to the scaffold. The challenge is not only achieving a balance 

between antibacterial activity and osseointegration, it is also to develop a homogeneous coating 

on the inner and outer surface of the scaffold.  

The purpose of this work was the development of a single-step electrodeposition process in order 

to uniformly cover Ti scaffolds with a layer of calcium phosphate (CaP) loaded with chlorhexidine 

digluconate (CHX). Scaffold characterization was assessed by scanning electron microscopy, 

Energy dispersive X-ray spectroscopy, X-ray diffraction, micro-Raman microscopy and 

compressive strength tests. Results determined that the surface of scaffolds was covered by plate-

like and whisker-like calcium phosphate crystals, which main phases were octacalcium phosphate 

and brushite. Biological tests showed that the as-coated scaffolds reduced bacteria adhesion (73±3% 

for Staphylococcus aureus and 70±2% for Escherichia coli). In vitro cell studies and confocal 

analysis revealed the adhesion and spreading of osteoblast-like SaOS-2 on coated surfaces. 

Therefore, the proposed strategy can be a potential candidate in bone replacing surgeries. 
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1. Introduction 

The overall rise in life expectancy has resulted in an increase in the use of medical devices such 

as orthopedic prostheses. These implants require an excellent osseointegration and stiffness 

similar to that of natural bone [1]. Titanium (Ti) has been widely used as a biomaterial due to 

its biocompatibility and good mechanical properties [2]. Excessive stiffness and lack of 

osseointegration, however, can be a problem for Ti-based implants [3].  

The use of open-cell titanium structures has been considered a promising candidate in 

orthopedic implants to reduce the mismatch in elastic modulus between metallic implant and 

bone [4]. Additive manufacturing technologies based on building layer-by-layer structures with 

controlled geometries, such as open-cell structures, have become more accurate and more 

accessible [5–7]. These fabrication processes have already allowed the production of 

customized orthopedic implants such as acetabular cups or intervertebral discs [8].  

Among the different 3D printing existing techniques, direct ink writing (DIW) fabrication 

process using Ti pseudoplastic inks is considered a promising methodology to build 3D Ti 

scaffolds at room temperature, followed by an appropriate thermal treatment. In a previous 

study, the preparation of such scaffolds and the optimization of the fabrication parameters were 

discussed [9]. The main advantage of this technique compared to powder-bed processes rests 

on the fact that no depowering process is needed. In consequence, post-production time, 

material waste, and the risk of the presence of remaining particles associated to inflammatory 

responses are reduced. 

Another factor to consider is that Ti is an inert material. Therefore, it is ineffective for defeating 

infections nor promoting bone cell adhesion. Surface functionalization is one of the strategies 

to change surface properties such as surface bioactivity and implant-related infections. 

To this end, different coating strategies have been proposed to overcome these drawbacks. One 

approach is to mimic the inorganic part of the bone by covering the Ti surface with a calcium 

phosphate (CaP) coating [10]. An existing strategy for coating Ti scaffolds is based on reverse 

pulsed electrodeposition, which presents several advantages compared to other coating 

methodologies such as plasma spraying, sol-gel or biomimetic processes [11–17]. Since the 

process takes place at low temperature, a higher control of the thickness and chemical 

composition of the coating is achieved while maintaining a high efficiency [18].  
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Besides, in comparison with conventional electrodeposition, the production of hydrogen 

bubbles deleterious to the coating formation is reduced and the ion depletion in the boundary 

layer close to the treated surface is avoided because of the pulses of reverse polarities [19]. It 

should be emphasized that, while some line-of-sight technologies such as plasma spray coating 

can only coat simple geometries, pulsed electrodeposition has not such limitations and can coat 

3D structures, including micropores or recesses [20]. Moreover, compared with other non-line-

of-sight techniques, e.g, biomimetic coating, that requires soaking the scaffold for 3 days, 

electrodeposition is much faster, wholly coating a surface after only 30 minutes [16]. 

Another important aspect related to implant osseointegration is the prevention of implant-

related infections, which may produce local inflammation and eventually implant rejection. 

Among the different strategies, the local release of an antibacterial agent is the best alternative 

to systemic administration. In this regard, a CaP coating can act as a carrier for drug delivery 

in order to improve not only metallic implant limitations related to bioactivity but also 

antibacterial response by reducing bacterial colonization [21]. Several authors have reported 

the benefits of the adsorption of antibiotics on biomaterials surfaces. However, the use of 

antibiotics have to be rationalized in order to prevent microbial resistance [22, 23]. For that 

reason, chlorhexidine digluconate (CHX) is an antiseptic which has been used as a model of 

antibacterial agent [24]. It is active against an array of microorganisms, including 

Gram-positive and Gram-negative bacteria, and has a low risk of associated drug resistance. 

CHX antibacterial activity is due to the interaction of the cationic group of the molecule with 

negatively charged bacteria cell wall. This effect is concentration-dependent: bacteriostatic at 

low concentrations and bactericidal at high concentrations [25]. Furthermore, it has been shown 

that CaP and CHX can be co-deposited during the electrodeposition, unlike other two-steps 

strategies that consist on immersing CaP layer in a CHX-loaded solution [16, 26]. However, 

designing a one-step homogeneous coating on a scaffold surface with antibacterial response 

that simultaneously enhances cells adhesion remains a challenge.  

In the present study a Ti scaffold, manufactured with a novel DIW technique, was 

functionalized with a multifunctional calcium phosphate coating with the aim to promote 

implant osseointegration by reducing bacterial adhesion and stimulating bone cell adhesion. 

The main novelty of this work was to obtain a uniform CaP coating loaded with CHX by 

single-step pulse reverse electrodeposition in a 3D structure. Thus, the main challenge related 

with the electrodeposition process was to achieve enough throughput potential to permit the 

layer formation inside the scaffold architecture and not only on its surface. Moreover, the 

concentration of CHX in the coating must be adjusted in order to combine the bioactivity of 



5 
 

CaP with antimicrobial effect of CHX. The biological response of the coating was tested in 

vitro with sarcoma osteogenic cells (SaOS-2) and the antibacterial activity was evaluated 

against both Gram-positive Staphylococcus aureus (S. aureus) and Gram-negative Escherichia 

coli (E. coli) models. 

 

2. Materials and methods 

2.1. Scaffolds fabrication by direct ink writing 

Ti ink was prepared by mixing irregular Ti powder (~325 mesh, 99.5 % purity, Alfa Aesar, 

USA) with Pluronic® F127 hydrogel 30 % w/v. The development of the Ti ink and the posterior 

thermal treatment was previously optimized [9]. Briefly, 69 % w/w of Ti powder was mixed 

with 31 % w/w of Pluronic® hydrogel in a centrifuge (Speedmixer, DAC 150.1 FVZ-K) for 5 

min at 3500 rpm. The resulting Ti ink was introduced in a 3 cm3 syringe and placed in the 3D 

printing machine (Pastecaster, BCN3D Technologies, Spain). G-codes of a 0-90º pattern were 

loaded to the 3D printing machine in order to obtain cylindrical samples of 13 mm diameter 

and 5 mm height. For mechanical properties tests, samples of 13 mm diameter and 18 mm 

height were prepared with the same pattern. Once printed, samples were introduced in an oven 

for 12 h at 275 ºC to eliminate the binder and finally sintered in a tubular furnace (Carbolite, 

UK) at 1350 ºC under vacuum (10-5 mbar) for 2 h. 

 

2.2. Coating of the scaffolds with CaP by pulsed reverse electrodeposition 

Coating of 3D printed scaffolds was performed by pulsed reverse electrodeposition. Before the 

electrodeposition process, scaffolds were soaked in a 5 M NaOH solution for 24 h at 60 ºC to 

generate a thin titanate layer and finally rinsed with ultrapure water and dried in a desiccator. 

Calcium phosphate coatings were obtained by applying a current to the treated Ti scaffolds in 

an electrolyte prepared by mixing 0.042 M of Ca(NO3)2·4H2O and 0.025 M of NH4H2PO4 

solutions with a Ca/P molar ratio of 1.67, at pH 4.2. All reagents were analytical grade (Sigma-

Aldrich, USA). The pulsed reverse electrochemical deposition was carried out in an individual 

cell using a three-electrode configuration in which a platinum electrode was used as an anode, 

a saturated calomel electrode (SCE) as reference electrode and the Ti scaffolds as cathode. 

Electrodeposition was conducted by using a potentiostat (PARSTAT 2273, Princeton Applied 

Research, Oak Ridge, TN, USA) and pulsing the current for 30 min at 40 ºC [16]. A current 

density of 10 mA/cm2 was first applied for 1 s, then current was switched off for 1.6 s (time 

off). Subsequently, current was regulated to -20 mA/cm2 for 0.2 s and raised again to 0 mA/cm2 

for 0.2 s.  
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Samples loaded with chlorhexidine digluconate 20 % w/v (Sigma-Aldrich, USA) were prepared 

by adding 0.75, 1.5 and 3 mM CHX to the electrolyte solution at concentrations, hereafter 

named CaP+0.75mMCHX, CaP+1.5mMCHX and CaP+3mMCHX, respectively. Different 

concentrations of CHX were tested in order to study the minimum concentration required to 

have an antibacterial response. After electrodeposition process, Ti scaffolds were rinsed with 

distilled water and dried in a desiccator. 

 

2.3. Scaffolds characterization 

Scaffolds architecture was observed by micro-computed tomography (micro-CT, SkyScan 

1272, Bruker, Belgium) at a source voltage of 90 kV and current of 111 µA, using an image 

pixel size of 15 µm. Subsequently 3D reconstruction was carried out using Nrecon software 

(Bruker). Surface morphology of both coated and uncoated scaffolds were analyzed by 

scanning electron microscopy (SEM, Zeiss Neon 40, Carl Zeiss, Germany), using a working 

distance of 12 mm and an acceleration voltage of 5 kV. Furthermore, the coating thickness were 

analyzed by studying cross-sectional SEM images of three samples that were previously 

immersed in liquid nitrogen and fractured. Energy-dispersive X-ray spectroscopy (EDX) 

analyses of cryofractured samples were acquired with a FE-SEM JEOL JSM-7001F (Jeol, 

Tokyo, Japan) complemented with an energy dispersive X-ray spectrometer using a working 

distance of 10 mm and an acceleration voltage of 20 kV. 

Calcium phosphate crystalline phases of the coating were identified by X-ray diffraction (XRD) 

using a monochromatic Cu Kα radiation (D8 Advance Instrument, Bruker, Germany) at a scan 

rate of 0.25º/s, in the 2θ range of 4-45º with rotation. 

Moreover, coated scaffolds were analyzed using Micro-Raman spectroscopy combined with a 

confocal microscope (LabRam HR 800 Confocal Raman, Horiba Jobin Yvon, UK) that 

permitted to focus on a specific area, using a 532 nm laser, a 600 gr/mm grating and a 100X 

magnification objective. Acquisition of single spectrum from points of interest was performed 

by taking 20 accumulations of three-second integration periods. Spectra were plotted from an 

average of three scans of 60 s each. 

Surface roughness of Ti scaffolds and CaP-coated scaffolds was observed by using a white light 

interferometer Wyko NT9300 Optical Profiler (Veeco Instruments, Plainview, NY, USA) in 

vertical scanning interferometry mode (VSI). Three measurements of the average surface 

roughness (Ra) were obtained at three different zones of the scaffold, using a 10X objective lens 
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and a scanning area of 316 x 237 µm. Roughness data was analyzed with Wyko Vision 4.10 

software (Veeco Instruments).  

The response of the scaffolds to a compressive load, with and without coating, was also 

evaluated. Five scaffolds (n = 5) of 18 x 13 mm were tested for each condition using a 

compression testing machine (Microtest machine EM1/20/FR, Microtest, Spain) at a speed of 

2.5 mm/min, in accordance with ISO 13314:2011 [27]. The elastic modulus and ultimate 

strength were determined from the stress-strain curves as defined in the ISO standard. 

2.4. Antibacterial properties  

2.4.1. Bacterial growth curve 

The antibacterial activity was studied on Ti scaffolds loaded with CHX at 0.75, 1.5 and 3 mM. 

All antibacterial assays were performed against Gram-positive S. aureus (CCUG 15915, 

Culture Collection University of Göteborg, Sweden) and Gram-negative E. coli (CECT 101, 

Colección Española de Cultivos Tipo, Spain) bacteria, both grown in brain-heart infusion (BHI, 

Scharlab, Spain).  

Diluted bacterial suspensions were adjusted to an absorbance of 0.02 ± 0.01 at 600 nm using a 

photometer (Laxco MicroSpekTM DSM, USA) corresponding to a bacterial concentration of 107 

colony-forming units (CFU)/mL. Then, samples were immersed in 2 mL of inoculated media 

using a 48 double-well culture well-plate previously prepared [28]. The antibacterial activity 

was monitored for 16 h by measuring absorbance at 600 nm with a multimode microplate reader 

(Synergy™ HTX Multimode reader, USA). Negative and positive culture controls were 

prepared with medium without bacteria and bacterial suspension, respectively. Ti scaffolds 

without coating were used as control. Moreover, for future applications of the implant in vivo, 

it is indispensable to check their stability after sterilization. In this regard, CHX-loaded 

scaffolds were sterilized with gamma radiation (25 kGy, Aragogamma S.L., Spain) and 

challenged with S. aureus bacterial strain in order to detect any effect of the sterilization 

technique on the antibacterial response. 

2.4.2. Inhibition of bacterial adhesion 

Coated scaffolds were immersed in 500 µL of bacteria suspension previously adjusted to an 

absorbance of 0.2 ± 0.1 (108 CFU/mL) and incubated for 2 h at 37 ºC. Then, specimens were 

rinsed with PBS and incubated in Alamar Blue solution (10 % v/v in medium) (AB, 

ThermoFisher, Belgium) for 1 h at 37 % in dark [29]. After this time, 100 µL supernatant for 



8 
 

each condition were introduced in a 96 well-plate in order to measure the absorbance by using 

a microplate reader at λ1 = 570 nm and λ2 = 600 nm. The following formula was used to calculate 

the percentage difference of reduction:  

[((εox)λ2 A0λ1-(εox)λ1 A0λ2) test / ((εox)λ2 Aλ1-(εox)λ1 Aλ2) untreated] x 100  (Eq.1) 

In Eq. 1, εox is the molar extinction coefficient of Alamar Blue oxidized form ((εox) λ1 = 80.586 

and (εox) λ2 = 117.216), A0 and A represent the absorbance of negative control well (media + 

AB without bacteria) and absorbance of positive control well, respectively. Untreated 

corresponds to untreated positive growth control and test, to target samples.  

Finally, samples were fixed with 2.5 % glutaraldehyde in PBS for 1 h at 4 ºC. Afterwards, 

samples were dehydrated by immersing them successively in ethanol series (50 %, 70 %, 96 % 

and 100 %) in order to be observed by SEM at 5 kV. 

2.5. Cell biocompatibility 

2.5.1. Cell adhesion 

Cellular tests were performed with human osteoblast-like SaOS-2 cells (ATCC, USA) cultured 

in McCoy´s 5A medium (Sigma-Aldrich) supplemented with 10 % v/v fetal bovine serum 

(FBS), 50 U/mL penicillin, 50 µg/mL streptomycin, 20 mM HEPES and 2 mM L-glutamine, 

all from Invitrogen. 

Cell adhesion on Ti scaffold surfaces loaded with CHX was conducted at a density of 8·104 

cells/well, on quintuplicate specimens and incubated for 6 h at 37 ºC, 5 % CO2 in a humidified 

environment. After incubation, cells were lyzed with mammalian Protein Extraction Reagent 

(m-PER, Pierce, Rockford, IL, USA). The number of attached cells was quantified by analyzing 

the lactate dehydrogenase (LDH) activity using the cytotoxicity detection kit LDH (Roche 

Applied Science, Germany). The absorbance values were measured at 492 nm with a microplate 

reader (Synergy™ HTX Multimode reader, USA) and then, the number of attached cells was 

determined using a calibration curve. Uncoated Ti scaffolds were used as controls. 

Additionally, one specimen of each condition was prepared as described above, for studying 

cell spreading and morphology by SEM at 2 kV. 

2.5.2. Fluorescence staining 

A fluorescence staining was performed in order to study cell morphology and distribution on 

Ti and CHX-loaded Ti scaffolds surfaces. After 6 h incubation, cells were fixed with 
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paraformaldehyde 4 % w/v in PBS, permeabilized for 20 min in Triton X-100 0.1 % w/v in 

PBS in order to allow the molecules diffusion into the cell, and finally a blocking step was 

conducted by immersing the specimens in bovine serum albumin (BSA 1 % w/v in PBS) for 30 

min. Alexa Fluor 546 Phalloidin (1:300 in triton 0.05 %) was used to stain actin filaments for 

1 h and 4’,6-diamidino-2-fenilindol (DAPI 1:1000 in PBS-glycine 20 mM) for 2 min to stain 

the nuclei, both in the dark. Specimens were washed with PBS-glycine solution three times for 

5 min, between each step. Specimens were mounted with Mowiol 4-88 (Sigma-Aldrich) and 

visualized using a Zeiss LSM 800 confocal microscope (Carl Zeiss, Jena, Germany). A laser 

emission at 640 nm was used to obtain a reflection image of the scaffold. 

2.6. In vitro drug release 

CHX release studies were carried out by immersing scaffolds loaded with CHX in 1 mL of 

Tris(hydroxymethyl)methylamine buffer solution (TRIS, VWR International Ltd., UK) at 

physiological pH, for 14 days and 37 ºC, under SINK conditions (sufficient media is present in 

relation to the drug to be dissolved). At each time point, all solution was removed and replaced 

by new medium. For the quantification of the CHX released, absorbance was measured with a 

UV-spectrophotometer (λ = 254 nm; Shimadzu model 3600, Tokyo, Japan). Triplicates of each 

condition were used. Moreover, in order to calculate the percentage of released CHX at each 

time point, the real amount of loaded CHX was obtained by adding released and unreleased 

values of CHX. To this end, unreleased CHX was quantified by immersing a sample from the 

final time point in 1 mL of HNO3 0.1 M and subsequently determining the amount of CHX that 

remains in the coating using the corresponding calibration curve. 

CHX release profile was studied by using different mathematical models (Korsmeyer-Peppas 

model and Kopcha).  

2.7. Statistical analysis 

All data presented in this study are given as mean value ± standard deviation. At least triplicate 

samples (n = 3) were used for statistical analysis, except for compression test study and cell 

adhesion assay where five samples were analyzed. A non-parametric Kruskal-Wallis test 

followed by Mann-Whitney test with Bonferroni correction was used to determine the 

statistically significant differences (p < 0.05) between group means. 
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3. Results and discussion 

3.1. Scaffolds characterization 

Micro-CT reconstruction of the obtained scaffolds, as well as SEM micrographs are presented 

in Figure 1. The surface of scaffolds without coating showed the presence of neck formation 

between particles produced during the sintering. Interestingly, SEM images of coated scaffolds 

revealed the presence of a homogeneous CaP coating which also covers the internal architecture 

and even the open pores of the scaffold (Fig. 1D). Cross-section measurements resulted in a 

coating thickness of 10.1 ± 0.6 µm. Coating homogeneity was probably achieved by working 

with pulsed reverse current during the electrodeposition process, which reduces hydrogen gas 

generation at the cathode surface and enhances the ion penetration in the 3D scaffold. It is 

important to highlight that the coated area inside the scaffold will be protected against shear 

stress during implant insertion as it will not be in contact with the surrounding tissues. 

Analyzing in detail the surface morphology, three different crystal morphologies are observed: 

a region with large platelet-like crystals of around 30 µm in length, another with platelet-like 

crystals of 15 µm and an area composed of needle-like crystals of approximately 5 µm in length 

(Fig. 1C). Roughness of the surface may be affected by this grain size of the CaP crystal 

structure. However, although coated scaffolds showed a higher roughness (Ra = 5.6 ± 0.7 µm), 

the difference with non-coated surfaces is not significant (Ra = 5.3 ± 0.3 µm) probably because 

the original 3D scaffold roughness is quantitatively higher than the increased roughness due to 

the coating.  
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Figure 1. A) Micro-CT image reconstruction of a Ti scaffold (type of scaffolds used for the compression 

test), B) SEM image of the scaffold printed using a 90º pattern, C) Representative SEM image of coating 

morphology, three different zones are shown: 1) needle-like area, 2) platelet-like crystals of around 

30 µm and 3) smaller platelet-like crystals of around 15 µm, and D) SEM images of the cross-section 

of the coated scaffold with a higher magnification image of an open pore covered and filled with calcium 

phosphate. 

 

An EDX mapping of a cryofractured Ti scaffold (Fig. 2A), showed mostly the presence of 

titanium on both the external surface and the freshly created fractured surface, with only a minor 

presence of C in the surface on the strut, as reported in a previous characterization of these type 

of scaffolds [9]. In contrast, the EDX mapping of a cryofractured coated scaffold (Fig. 2B) 

reported a homogenous coating of Ca, P and O only on the external surface of the strut. Besides, 

since no Ti was detected on the surface of the strut, but only on the cryofracture, the coating 

must be some micrometres thick, corroborating the previously commented SEM measurements. 

 

A detailed observation of the coated scaffold revealed zones with the presence of large crystals, 

as those seen in point 2 of Fig. 1C. The EDX mapping of one of these areas (Fig. 2C) clearly 

distinguished two regions with respect to the phosphorus presence (and for extension to the 

Ca/P ratio), one for the large crystal and the rest for the area with smaller crystals. In order to 

quantify this effect, Ca/P ratios were calculated from EDX spot measurements carried out on 

both the large and the small crystals (points 1 and 2 in Fig. 2C). The Ca/P ratios calculated from 

the EDX spectra were Ca/P = 1.30 for point 1 and Ca/P = 0.95 for point 2, respectively 

(Supplementary information, Fig. S1 and Table S1).  Both ratios are close to those expected for 
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an octacalcium phosphate (Ca/P = 1.33) and brushite (Ca/P = 1.0) [30]. Considering the semi-

quantitative nature of the EDX ratio estimations, however, other techniques are required to 

confirm the phases present in the coating.  

 

 
 
Figure 2. EDX mapping of cryofractured samples: A) Ti scaffold, B) CaP-coated Ti scaffold and C) 

detail on the surface on the coated Ti scaffold with different crystal morphologies. Scale bar: 100µm. 
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To further confirm the crystallography of the observed structures, XRD data of a coated scaffold 

was studied (Fig. 3). Results revealed the presence of sharp peaks assigned to brushite phase 

(DCPD, CaHPO4·2H2O, according to JCPDS no. 72-0713 brushite standard) and small peaks 

that may be attributed to octacalcium phosphate phase (OCP, Ca8(HPO4)2(PO4)4·5H2O), 

according to JCPDS no. 79-0423 octacalcium phosphate standard). However, strong diffuse 

background, especially at low diffraction angles may hamper the identification of this phase. It 

is worthwhile to mention that the peaks relative intensity can differ from standard patterns since 

in electrochemical deposition crystal growth perpendicularly to scaffold surface is favored. 

Even though, these results strengthen the hypothesis suggested by the EDX analysis concerning 

the type of crystals present in the CaP coating. Peaks associated to the alpha titanium substrate 

were also detected (JCPDS card no. 89-2762). 

 
Figure 3. XRD pattern of a coated scaffold.: Brushite (DCPD); : Octacalcium phosphate 

(OCP);: α-Titanium (α Ti). 

Micro-Raman spectroscopy was used to obtain complementary information to XRD results (Fig 

4). For point 3 in Fig. 1C, the strongest peaks were observed at ≈ 958 and 966 cm−1 which 

correspond to characteristic bands of the ν1 PO4
3− vibration mode in OCP. For point 2 (Figs. 1C 

and 4B), the strongest peak was observed at ≈ 986 cm−1 which is characteristic of DCPD. 

Moreover, for point 2 a peak of around 966 cm−1 was also present, which means that small 

crystals of OCP are covered by bigger crystals of brushite, as shown in point 2 (Figs. 2C and 

4B) [31]. This result can shed some light on the mechanism of CaP formation on the scaffold 

surface.  
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Figure 4. A) Raman spectra of coated scaffolds in 800-1200 cm-1 domain, two points of interest were 

analyzed B) crystals area corresponding to point 2 and 3 observed in the SEM image (Fig. 1C). 

 

These results confirmed the XRD results and are also in agreement with the phases obtained by 

several authors that have characterized the calcium phosphate phases obtained from an 

electrochemical process [32, 33]. The presence of these phases might favor bone ingrowth 

around the coated scaffold due to their potential as precursors of hydroxyapatite formation [34]. 

Several electrochemical and chemical reactions take place during the electrochemical 

deposition. The CaP deposition on the scaffold surface is due to the pH-dependent solubility of 

CaP phases during the electrodeposition process.  First, water and/or oxygen reduction near the 

cathode leads to hydroxyl ions generation that locally increases the pH [35]. Subsequently, 

according to literature, formation of PO4
3- anions can occur due to the reduction of HPO4

2- and 

H2PO4
- (Eq. 2 and 3) or also produced chemically as the concentration of OH- increases in the 

electrolyte (Eq. 4 and Eq. 5) [36]. 

2H2PO4
- + 2e-        2HPO4

2- + H2  (Eq. 2) 

2HPO4
2- + 2e-          2PO4

3- + H2  (Eq. 3) 
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H2PO4
- + OH-                      HPO4

2- + H2O  (Eq. 4) 

HPO4
2- + OH-          PO4

3- + H2O  (Eq. 5) 

DCPD is stable for pH < 5.5. For that reason, it is likely to be the first CaP phase to be deposited 

(Eq. 6):   

Ca2+ + HPO4
2- + 2H2O                   CaHPO4·2H2O  (Eq. 6) 

At the first stage of electrodeposition, the concentration of OH- is probably not sufficient to 

convert HPO4
2- into PO4

3-
, thus reactions Eq. 2, 4 and 6 will be the predominant ones.  

8Ca2+ + 2HPO4
2- + 4PO4

3- + 5H2O             Ca8(HPO4)2(PO4)4·5H2O  (Eq. 7) 

When the concentration of OH- is increased, OCP could precipitate easier than DCPD according 

to reactions Eq. 3, 5 and 7. Thus, the abovementioned mechanism could explain the presence 

of both OCP and DCPD phases observed by SEM and micro-Raman. 

Scaffolds mechanical properties were evaluated testing scaffolds with and without CaP coating. 

The measured Young’s modulus and compressive strength values were statistically comparable 

between both groups, illustrating that the coating process did not change the mechanical 

properties of the scaffold (Fig. 5).  

 

Besides, Young’s modulus values are higher than those measured in previous studies (0.63 ± 

0.01 GPa) [9]. The differences may be attributed to differences in the sintering process. In this 

work scaffolds were sintered under vacuum instead of Ar atmosphere. One sintering mechanism 

is the evaporation/condensation, which is more effective when sintering under vacuum. For that 

reason, this mechanism have more relevance when sintering under vacuum and thus the 

densification of the scaffold is improved by pore movement during grain coarsening when 

compared to sintering in Ar atmosphere [37]. Moreover, sintering under Ar atmosphere can 

lead to gas trapped in closed pores that will also reduce densification [38]. 

 

The measured Young’s modulus of the scaffolds were similar to those of cancellous human 

bone. It has been reported that cancellous bone with porosity of 50-90% and pores of 200-600 
µm possesses Young´s modulus of 0.3-3.0 GPa [39]. Concerning to ultimate strength results, 

the measured values were closer to those described in the literature for human cancellous bone 
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(∼40MPa) than to cortical bone (∼190MPa) [39, 40]. Therefore, the tested scaffolds, with a 

porosity of 73.9%, may be considered as potential substitutes for human cancellous bone [9]. 

 
Figure 5. Mechanical properties of CaP-coated and non-coated scaffolds: A) Young´s modulus and B) 

Ultimate strength. 

 

3.2. Antibacterial response  

Concerning the antibacterial activity, the response of the CHX-loaded CaP coating against two 

bacteria strains was analyzed. The optimal concentration was defined as the one that inhibits 

bacteria proliferation of Gram-positive and Gram-negative bacteria. To this end, increased 

concentrations of CHX were added to the electrolyte solution implemented to coat the porous 

scaffold and bacteria growth was monitored for 16 h. Results showed that for S. aureus all the 

tested concentrations avoided bacteria proliferation (Fig. 6A). For E. coli, however, 

concentrations above 0.75 mM were needed (Fig. 6B). For this reason, 1.5 mM was determined 

as the minimal CHX concentration required for inhibition of both bacteria growth.  

In order to check any effect of a gamma irradiation sterilization process on the antibacterial 

activity, the antibacterial test with S. aureus was repeated with γ-irradiated scaffolds. Figure 6C 

revealed that bacteria in contact with CHX-loaded scaffolds did not grow. This result confirmed 

that the antibacterial potential of the CHX molecule was not altered by the gamma radiation.  
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Figure 6. Bacteria growth curves: A) S. aureus, B) E. coli and C) S. aureus after scaffold sterilization 

with gamma radiation. 

Once determined the optimal CHX concentration, 0.75 mM for S. aureus and 1.5 mM for 

E. coli, the next step was to evaluate the bacteria attachment. To this end, Alamar Blue assays 

were performed to investigate initial bacteria adhesion, which is the previous step before 

biofilm formation. As shown in Table 1, the presence of a higher concentration of CHX in the 

electrolyte solution increased the antimicrobial effect. Results showed that CHX is more 

effective against Gram-positive bacteria than Gram-negative ones. This different response has 

been previously reported in literature and can be attributed to the presence of an outer cell wall 

membrane in Gram-negative bacteria [41]. This outer cell wall membrane functions as a 

physical barrier that gives higher resistance. In contrast, Gram-positive bacteria are more 

sensitive to CHX probably due to the lack of this outer membrane [25]. 

 

Table 1. Antibacterial activity of functionalized scaffolds expressed as % of reduction of bacteria 

adhesion in regards to bare Ti scaffolds. 

 Inhibition of bacteria adhesion (%) 

Conditions S. aureus E. coli 

CaP+1.5mMCHX 73 ± 3 70 ± 2 

CaP+3mMCHX 82 ± 2 75 ± 2 
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These findings are in accordance with the measured growth curves, where a concentration of 

0.75 mM was sufficient to inhibit S. aureus bacteria growth, in contrast with E. coli, where this 

concentration need to be doubled. SEM images of uncoated Ti scaffolds (control) and CaP 

coated scaffolds without CHX showed the presence of bacteria (Fig.7 from A to F). 

 
Figure 7. SEM images of: Ti scaffolds without coating tested against S. aureus (A and B) and E. coli 

(C and D). SEM images of CaP coated surfaces without CHX exposed to E) S. aureus and F) E. coli. 

Finally, scaffolds coated with CaP+1.5mM CHX tested against G) S. aureus and H) E. coli. 
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3.3. Osteoblast-like behavior on biofunctionalized surfaces 

3.3.1.  Cell adhesion 

After the study of the antibacterial properties, the effect of the presence of CHX on SaOS-2 

cells was evaluated. It has been reported in literature that CHX is cytotoxic in vitro when 

SaOS-2 cells are exposed to concentration of CHX (0.01 %, in medium) for 1 min [42]. For 

that reason, to observe the osteoblast-like SaOS-2 cells behavior in contact with functionalized 

scaffolds, samples were incubated for 6 h and the number, spreading and morphology of 

adhered cells was evaluated. Results showed that cell adhesion on the surface of scaffolds 

loaded with 1.5 mM of CHX into the electrolyte solution was statistically similar to that of Ti 

scaffolds without coating (Fig. 8A). These values were statistically lower compared to scaffolds 

coated with CaP without CHX. Although the capacity of SaOS-2 cells to adhere to the CaP 

surface is reduced when the coating is loaded with 1.5 mM of CHX, the effect of the presence 

of CHX is probably compensated by the cell adhesion potential showed on CaP coating [26].  

Cells spreading and morphology were further studied in terms of cell area (Fig. 8B). These 

studies revealed that cells spreading was significantly promoted on CaP and CaP+1.5mM 

coatings, compared to Ti scaffolds (control). In contrast, higher concentrations of CHX (3 mM 

in the electrolyte solution) yielded a reduction of both cell adhesion and cell spreading.  

Finally, SEM and fluorescence images were used to visualize cells on scaffolds surface (Fig. 

8C and 8D). SEM images corroborated the results reported previously. Increasing the CHX 

concentration from 1.5 mM to 3 mM yielded to a reduction in cell adhesion and spreading. For 

that reason CaP+1.5mMCHX condition was considered the optimal for reaching a compromise 

between cell adhesion and antibacterial response. 
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Figure 8. A) Adhesion and B) cell spreading of SaOS-2 cells on Ti and functionalized Ti scaffolds.       

C) SEM images of Ti and coated surfaces after 4 h incubation (scale bar 100 µm). Symbols (#, % and 

&) indicate statistically significant differences (p < 0.05). 

 

3.3.2.  Confocal imaging analysis 

Even though the difficulty of acquiring confocal imaging of opaque samples, images were 

obtained by confocal microscopy taking the advantage of the Ti and CaP crystals light reflection 

on the prepared scaffolds. The images revealed how cells were distributed on treated and 

untreated samples (Fig. 9). Combining both images offer a valuable information about cell 

distribution on Ti scaffolds. Interestingly, cells were more prone to adhere throughout the 
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surface of the coated filaments of the scaffolds without CHX in comparison with uncoated 

scaffolds, where cells were attached to the lateral part of the rods (Fig. 9A and 9B). This can be 

due to a dual effect that may occur during cells seeding. Coated surfaces may facilitate cell 

anchoring due to both chemical interactions and coating morphology [43].  

 
Figure 9. Representative images obtained by confocal microscopy of stained SaOS-2 cells on A) Ti 

scaffolds, B) CaP+1.5mM CHX and C) CaP+3mM CHX scaffolds. Scale bar 100 µm (10 µm for the 

circular insert image). 

Higher magnification images (e.g. Fig. 9B circular insert) confirmed that for the 

CaP+1.5mMCHX condition, cells are spread, which means that this CHX concentration does 

not inhibit cell adhesion. 

 

3.4. In vitro drug release 

Once the antibacterial properties and the cell-adhesive response of scaffolds loaded with 

1.5 mM CHX were tested, efforts were focused on studying the release behavior of this 

condition. The total amount of CHX loaded to the coating was found to be 136.8 ± 1.6 µg/mL. 

This amount is significantly higher than the CHX loading measured in a previous research 

where smooth Ti surfaces were functionalized with a similar CaP coating, with a total amount 
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of 45 ± 19 µg/mL CHX loaded in the coating [16]. The higher concentration of CHX on Ti 

scaffolds may be a consequence of the increased current density in the pulsed electrodeposition 

and the increased specific area of the scaffold when compared to the previous study, promoting 

a higher CHX loading.  

 

Because of the increased CHX presence in the coating, when comparing the bacterial growth 

curves obtained in the present study (Fig. 6) with those reported on smooth Ti surfaces [16], 

only half of the concentration of CHX is required in the electrolyte in order to load enough 

antiseptic in the coating for inhibiting bacterial growth. Besides, the release of CHX maintains 

antibacterial concentrations for more than 14 days (Fig. 10B), a significant improvement when 

compared to the previous study, where samples released more than 80% of the CHX in less 

than 6 days. This result is even more significant when considering that a high surface roughness 

(as that of the present Ti scaffolds) is more suitable for microbial colonization [44]. 

 

The cumulative release curve presented a burst release for the first 12 h with 52 % of CHX 

released (Fig. 10A). Since most surgical infections are believed to occur during the first 6 h 

after implantation, these results may ensure a noteworthy effect against implant associated 

infection [45]. More than 1 week afterwards, CHX was still released from the coating although 

the increase was less pronounced.  

 
Figure 10. A) Cumulative release of CHX from CaP+1.5mMCHX scaffolds and B) CHX released at 

each time point. Broken lines show CHX MIC values for (1) E. coli and (2) S. aureus. 

 

In order to understand the release mechanism involved, different models were applied to the 

first 60 % of the CHX release curve.  
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Korsmeyer-Peppas model (KP) can be used to study the limiting drug release mechanism 

[46,47]. To this end, the concentration of drug released was correlated to Eq. 8, where Mt is the 

drug amount released at time t, M∞ is the maximum amount released from the coated scaffold, 

k is a constant incorporating structural and geometric characteristics of the drug dosage form, 

and n is the released exponent that is characteristic of the limiting transport mechanism. Values 

of n lower than 0.5 is attributed to pseudo-Fickian diffusion, whereas values from 0.5 to 1.0 

correspond to non-Fickian transport [48]. Mt/M∞ was obtained for each specimen and averaged 

for each condition [49].  

Mt/M∞ = ktn  (Eq. 8) 

Results from KP model showed that the value of n was lower than 0.5 showing that 

pseudo-Fickian diffusional mechanism controlled the release of CHX from coating (Table 2) 

[50]. However, since resulting squared multiple correlation coefficient R2 for KP model was 

relatively low, it was necessary to deepen the understanding of the mechanisms of CHX release 

by studying another model as Kopcha.  

Kopcha model can provide insights regarding the contribution of the diffusion (A) and erosion 

(B) mechanisms. When the calculated ratio A/B is higher than 1, the contribution of the 

diffusion is predominant (Eq. 9).  

Mt = At0.5 + Bt  (Eq. 9)  

 

In this model, the A/B ratio obtained showed that although the presence of the erosion 

phenomena, it is the diffusion mechanisms that prevail and lead to the release of CHX [50]. 

Moreover, this model provided a better goodness of fit for the studied condition (Table 2). 

Table 2. Parameters obtained from Korsmeyer-Peppas and Kopcha modelling of CHX release from 

CaP+1.5mMCHX samples. 

 

 

 

 

 

 

The amount of CHX released at each time point was found to be always above the MIC of 

S. aureus (3 µg/mL) and E. coli (5 µg/mL) (Fig. 10B)[25]. This is a relevant result, since 

 Korsmeyer-Peppas model Kopcha model 

 n R2 A/B R2 

CaP+1.5mMCHX 0.25 0.954 >>1 0.971 
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sub-MIC doses can lead to the risk of resistance. It worth mentioning that the protocol to 

quantify the CHX release was based on the total replacement of the medium at each time point. 

Replacement of total medium produces a higher gradient of concentration closed to the 

substrate compared to replacing only half of the medium. J. Barros et al. studied this effect on 

CHX-loaded nanohydroxyapatite by adsorption, and observed slower release kinetics when 

only half of the medium was replaced [25]. Thus, it is important to highlight that for 

electrochemical co-deposition strategy, even with a total replacement protocol a sustained 

released is achieved above the MIC of both bacteria strains. Moreover, regarding the loading 

process, it is worth mentioning that adsorption strategies are performed in two steps, first the 

calcium phosphate layer is prepared and subsequently samples are immersed in a solution of 

CHX. For that reason, the complete process can take place in several hours [25], [51]. In 

contrast, the present study described a one-step process where during the formation of CaP 

layer, the CHX is co-deposited. More specifically, the loaded coating can be produced in only 

30 minutes.  

 

4. Conclusion 

In this work, DIW printed scaffolds have been manufactured with improved mechanical 

properties compared with previous studies. Moreover, scaffolds have been successfully coated 

with a pulsed electrodeposition process achieving a uniform CaP layer both on the inner and 

outer the surface of the scaffold. In addition, biofunctionalized scaffolds demonstrated 

antibacterial activity against Gram-positive and Gram-negative bacteria strains, even after 

γ-irradiation. Cell culture tests also showed that CHX-loaded scaffolds presented a cell adhesion 

similar to that of Ti scaffolds.  

Therefore, the proposed strategy can efficiently improve orthopedic implants in terms of 

reaching bone-like and biointegration properties while reducing infections around the implant. 
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Figure S1. Spectrum of EDX spot analysis at: A) Point 1 of Figure 2C, B) Point 2 of Figure 2C. 



 

Table S1. EDX semi-quantitative analysis (at. %) of the spectra shown in Figure S1. 

Spectrum C O P Ca Ti Total Ca/P ratio 

Point 1 29.29 51.29 7.17 9.29 2.96 100.00 1.30 

Point 2 14.24 61.51 12.31 11.64 0.30 100.00 0.95 

   All elements analyzed (Normalized) 
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