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Abstract 

Objective 

Guided bone regeneration (GBR) techniques use barrier membranes to augment the 

alveolar ridge for the site-specific growth of bone defects. However, current approaches 

using cast metal substructures exhibit poor adaptation to the surgical site and increased 

risk of infection. This study aimed to fabricate multifunctional coatings with 3D-printed 

porous titanium-niobium (Ti-Nb) alloy meshes to maintain space, prevent the ingrowth 

of fibroblasts and inhibit the colonization of bacteria for GBR.  

Methods 

Ti-Nb alloy meshes were prepared by selective laser melting (SLM) and used as 

substrates for novel surface coatings. Porous chitosan (CS)/ gelatin (G)/ doxycycline 

(Dox) coatings were formed on the meshes using electrophoretic deposition (EPD) and 

freeze-drying. The process of EPD was characterized through Fourier transform 

infrared spectroscopy (FT-IR), zeta potential, and particle size analysis. The 

cytotoxicity of the coatings was evaluated through the culture of osteoblasts and 

immunostaining. The antibacterial activity of the coatings was tested using inhibition 

zone tests against Staphylococcus aureus (S. aureus) and scanning electron microscope 

(SEM). The inhibition of fibroblasts infiltration and nutrients transfer properties were 

analyzed using immunostaining and permeability tests. 

Results 

High yield strength (567.5 ± 3.5 MPa) and low elastic modulus (65.5 ± 0.2 GPa) 

were achieved in Ti-Nb alloy bulk samples. The data of zeta potential, FT-IR and SEM 

indicated that porous spongy coatings were chemically bonded following EPD. In vitro 

analysis of CSGDox1 (containing Dox at 1 mg·mL-1) coating revealed its antibacterial 

effect and biocompatibility. Moreover, the CSGDox1 coating was proved to be effective 

for preventing the ingrowth of fibroblasts, whilst allowing the infiltration of nutrients.  

Significance 

This study verified that the EPD of CSGDox coatings on the 3D-printed Ti-Nb 

membrane can maintain space, provide antibiotic release whilst maintaining a barrier 

against soft-tissue growth, which is essential for the success of GBR treatment.  

Keywords: Guided bone regeneration, 3D-printing, Electrophoretic deposition, 

Chitosan, Gelatin, doxycycline.  
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1. Introduction 

Alveolar bone defects can be induced by serious infection including periodontitis, 

periimplantitis and radicular cysts, or other factors such as physiologic atrophy, trauma, 

tumor incision and ectodermal dysplasia [1]. Reconstruction of the alveolar bone is a 

key prerequisite for rebuilding the masticatory and aesthetic function of teeth. 

Autogenous bone grafts have been considered the gold standard for alveolar bone 

augmentation. However, there exist significant contraindications for their use, 

including the limited quantity of autogenous supply and donor site injury. Consequently, 

a multidisciplinary approach involving materials and biomedical scientists, chemists 

and clinicians is required to develop alternative biomaterials that will reduce or 

eliminate the need for autografts [2].  

Guided bone regeneration (GBR) utilizes bone graft or osteoinduction materials for 

bone reconstruction and stability of blood clot formation [3]. The PASS principle, 

including Primary wound closure, Angiogenesis, Space maintenance, and Stability of 

both the initial blood clot and implant fixture, is recognized as the four major factors 

underlying successful GBR [4]. Moreover, the membrane used for GBR is an 

indispensable part of the treatment, which can be classified as bioabsorbable or non-

resorbable materials (polymers, metals and compounds). Due to the high turnover rate 

of soft tissues, membranes are used to separate the graft from soft tissues. This approach 

prevents soft tissues from occupying the space of bone formation. An ideal membrane, 

especially for large defects, would effectively screen the rapidly proliferating 

epithelium while providing enough structural support for osteogenesis during the 

surgery and throughout healing.  

Titanium meshes with excellent mechanical properties are now widely used as barrier 

membranes to provide space for bone graft materials in GBR procedures [5]. However, 

current titanium meshes still exhibit major drawbacks related to poor clinical 

manageability. The limited material conformability for adaptation to the bone defect 

surface during surgery and the sharp edges produced by contouring increases the 

likelihood of membrane exposure [6]. Previous research has explored additive 

manufacturing of titanium alloy by selective laser melting (SLM) to produce near-net-

shape mesh structures [7, 8]. The shape of the 3D-printed titanium mesh could be 

customized to match that of the bone defect area. Moreover, porous structures are 

capable to be realized in the meshes through SLM for further function design. 
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In addition to the requirement for space, the capacity to inhibit fibroblast infiltration 

and allow nutrient transfer is also a key requisite for membranes. The combination of 

coatings and 3D-printed titanium meshes can simultaneously achieve structural support 

and multi-function. Among coating strategies, electrophoretic deposition (EPD), as a 

liquid-based method, can be applied to fabricate a coating on porous titanium meshes 

[9]. Chitosan (CS) is a natural cationic polymer that is widely used in the biomedical 

field due to its biocompatibility and biodegradability [10]. Gelatin (G) is a natural 

macromolecular material derived from collagen and has been widely used as food 

ingredients and pharmaceutical capsules [11]. In EPD, charged chitosan and gelatin 

composite colloidal particles suspended in an aqueous solution are attracted and 

deposited onto a titanium substrate under an electric field [12, 13]. The formation of 

sponge-like structures could be used to control the permeability of meshes to realize 

the protein transfer and the exclusion of epithelial and connective tissues. 

The achievements of GBR have often been compromised by bacterial colonization 

and infection, mainly when the barrier membranes were exposed. Antibiotics are often 

used for days following a GBR procedure to prevent potential infection [14]. However, 

the application of systemic antibiotics often fails to form an effective concentration 

around the bone graft due to their relatively poor penetrability. Conversely, locally 

applied antibiotics can release high concentrations from the membrane surface in situ, 

effectively preventing infection and avoiding the drawbacks of their systemic 

application [15, 16]. Doxycycline (Dox), a widely-used antibiotic, shows inhibitory 

effects on inflammation and osteoclast genesis with the capacity to stimulate bone 

formation [17-19]. Therefore, Dox was loaded on CS/G coatings for the prevention of 

bacterial infection. 

In this work, SLM-printed Ti-Nb alloy meshes were chosen as substrates for surface 

coatings. Porous CS/G/Dox coatings were deposited on the mesh through 

electrophoretic deposition and freeze-drying. Fourier transform infrared spectroscopy 

(FT-IR), zeta potential, and particle size analysis were used to study the EPD process. 

The coatings achieved favorable biocompatibility and antibacterial activity. Moreover, 

it demonstrated the capacity to inhibit the fibroblasts’ infiltration, accompanying with 

nutrients transfer in vitro. The results suggest that the multi-functional membrane 

possesses the clinical translational capability to treat alveolar bone defects. 

2. Materials and Methods 
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2.1 Specimen preparation 

The fabrication process and mesh design are depicted in Fig. 1. SLM was used to 

print Ti-Nb alloy meshes on a pure titanium substrate within a high purity argon (99.9%) 

inert environment. Based on an optimization procedure, the process parameters were 

used as: a laser power of 320 W, a scanning speed of 800 mm/s, a hatching space of 100 

μm, and a powder layer thickness of 30 μm. A gas atomized spherical pure Ti powder 

(AMC Powder, China) and a mechanically crushed Nb powder (Puwei, China) with 

mean particle sizes of 27.1 μm and 8.66 μm, respectively, were used as precursor 

materials (Fig. 1b).  

An optimal mass ratio Ti and Nb was set as of 60:40 according to previous 

investigations [20]. Bar-shaped specimens (10 × 10 × 6 mm3 and 65 × 10 × 2 mm3) 

were printed for analysis of microstructure and tensile properties, respectively. 

Biological test specimens (14 mm diameter, 0.5 mm thickness) were also prepared. 

Three types of lattice with 1000 μm cell size patterns (Tetragon, T1000; Hexagon, 

H1000; Round, R1000; Fig. 1c) were adopted for the metal mesh design (Unigraphics 

NX8.0 software).  

 

Fig. 1. Additive manufacturing of Ti-Nb alloy meshes. (a) Schematic illustration of the 

SLM process; (b) SEM images showing the Ti-Nb powders and (c) Mesh design files 

and the definition of cell size. 
 

2.2 Microstructural and mechanical characterization 

The morphologies and microstructure of the printed Ti-Nb alloy were observed by a 
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scanning electron microscope (SEM, JSM-7600F), equipped with energy disperse 

spectrometer (EDS). The specimens were surface ground, polished and etched with a 

solution consisting of HNO3 (3 mL), HCl (6 mL) and H2O (92 mL) for 30 s. The grain 

map, grain boundaries and phase composition of the printed Ti-Nb alloy were identified 

using electron backscatter diffraction (EBSD, Oxford) and an X-ray powder 

diffractometer (XRD, PANalytical, Netherlands), respectively.  

Nanoindentation was carried out on the Ti-Nb alloy meshes using a high-precision 

nano-hardness scratch tester (TI750, Hysitron, American) with a load of 3500 mN and 

an indentation time of 2 s to calculate surface hardness and elastic modulus (n=3). The 

tensile properties of the Ti-Nb alloy were determined using a universal testing machine 

(MTS Bionix, USA) with a strain rate of 0.5 mm min-1. Fractography was characterized 

using the SEM in the secondary electron (SE) mode. 

 

2.3 Surface coating preparation  

Chitosan (Golden-Shell Biochemical, China; 1,000,000 Mw, 7.86% humidity, 0.80% 

ash content, >95% deacetylation degree), Doxycycline (D111943, Aladdin Industrial 

Corporation, China) and gelatin (type A, V900863, Sigma, USA) were used. Chitosan 

solution (10 mg·mL-1) was prepared by dissolving chitosan in 0.06M HCl solution and 

stirring for 24 h at room temperature. CSG solution (10 mg·mL-1) was prepared by 

dissolving gelatin powder in chitosan solution and stirring for 2 h at 60 °C. CSGDox 

composite solutions containing Dox at 1 mg·mL-1 (CSGDox1) and 10 mg·mL-1 

(CSGDox10) concentration was prepared separately.  

Ti-Nb meshes were used as the cathode and a parallel platinum plate as the anode. 

Both cathode and anode were immersed in CSG or CSGDox solution with a fixed 

distance of 6 cm. A constant electric voltage of 15 V for 1 minute was applied by a 

direct current power supply (Model 6614C, Agilent Technologies, USA). 

Upon EPD, the samples were disconnected from the power supply, removed from 

the solution, enwrapped in aluminum foil to protect from ambient light, and stored in a 

refrigerator at -18°C. The coatings were then prepared by lyophilizing samples 

(Biosafer-10D) for a further 24 h, and stored in a drying box, also enwrapped in 

aluminum foil for further experiments. 

 

2.4 Characterization of deposited coatings 
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Measurements of zeta potential and particle size of the electrolyte solutions and 

colloids were performed by photon correlation spectroscopy (Zetasizer 3000 Malvern 

Instruments, U.K; n=3). The functional groups of the coatings were identified by ATR-

FTIR (Nicollet 5700, Thermo, USA; n=3) at room temperature (21 ± 1°C). 

 

2.5 Antibacterial Efficacy 

Staphylococcus aureus (American Type Culture Collection, 25923) was cultured in 

Mueller-Hinton Broth (MHB). The bacterial suspension (1 mL of 108 cfu mL−1, 

calculated using spread plate count) was applied uniformly on the surface of a nutrient 

agar plate, after which coated titanium substrates were placed on the plates and 

incubated at 37 °C for 24 h. The inhibition zone around the samples (if any) was 

subsequently measured once a day for 7 days. For adhesion experiments, the bacterial 

concentration was further adjusted to 1×106 cfu mL−1 in PBS. The samples were 

immersed in 4 mL of the suspension and inoculated at 37 °C for 12 h with shaking. 

After thorough washing with PBS, the samples were dehydrated through a series of 

graded ethanol concentrations and the surface gold coated for subsequent SEM 

observation. 

 

2.6 Cell culture 

Primary human dermal fibroblasts were isolated from human prepuce tissue, kindly 

provided by the Urinary Surgery Department of Union Hospital. Fibroblasts and 

MC3T3 osteoblast-like cells were cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM; Gibco Lab., Grand Island, NY, USA) supplemented with 10% fetal bovine 

serum (FBS; Gibco, USA) at 37℃ in a humidified 5% CO2 atmosphere. The culture 

medium was refreshed every 2 days. When cells reached 80-90% confluence, they were 

trypsinized, centrifuged and suspended in the culture medium. The 3 samples of coated 

titanium substrates were steam sterilized (121.3℃, 30 min) and then placed in 24-well 

tissue culture plates under aseptic conditions with 1 mL of medium. They were seeded 

at a density of 40000 cells per well.  

 

2.7 Cell skeleton 

After 3 days of culture, the samples were washed with PBS and then fixed with 

paraformaldehyde for cell skeleton observation. After being washed with PBS, samples 
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were permeabilized with 0.1% Triton X-100 solution for 5 min. The nonspecific 

binding sites were blocked by incubating the coatings in PBS containing 1% bovine 

serum albumin for 30 min. Filamentous actins (F-actins) were stained with rhodamine 

phalloidin (R-415 kit, Molecular Probes, Invitrogen, USA) for 20 min at room 

temperature. The nuclei were stained with 2-(4-amidinophenyl)-6-indolecarbamidine 

dihydrochloride (DAPI; 1:1000 dilutions in PBS; Invitrogen, Basel, Switzerland) for 

15 min at room temperature. The samples were rinsed again with PBS and then stored 

in 9:1 glycerol/PBS. Immunofluorescence images were obtained using a Nikon TE-

2000 inverted microscope. 

 

2.8 Inhibition of fibroblast infiltration 

This experiment was done by using a self-made in vitro model (Fig. 2). Firstly, a 

steam-sterilized hollow stainless-steel cylinder (external diameter 14 mm, height 8 mm) 

was placed in a 24-well plate. 1 mL of DMEM medium was added to the well in 

advance, then CSGDox1 coated porous Ti-Nb meshes (14 mm diameter) were placed 

on, and completely covered the cylinder. Further, 0.5 mL of cell culture medium 

containing 40000 cells per well was added to the upper surface of each porous Ti-Nb 

alloy mesh. After 72 h of culture, the media was removed. The cells were then rinsed 

with PBS, fixed with fluorescence staining and graded dehydration, and observed by 

fluorescence microscopy and SEM. 

 
Fig. 2. A schematic diagram of the experimental model of the inhibition of fibroblast 

infiltration tests. 

 

2.9 Diffusion of protein 

The membrane pores should also facilitate the diffusion of fluids and proteins, which 
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are vital for bone regeneration, such as growth factors and bioactive substances for cell 

growth. Dental wax sheets (base plate wax, Shanghai Dental Materials Factory 

Changshu Branch, China) were used to wrap and seal the three groups of Ti-Nb alloy 

meshes (T1000, H1000, R1000, 6 samples for each group) to form the columnar 

permeation models, and then placed directly above the 24-well plate (Fig. 3). 1 mL of 

bovine serum albumin (BSA) solution (70 mg/mL) was added to the columnar models 

separately (cross-sectional area = 1.54×10-4 m2). The effective permeability of protein 

could be calculated by  

                  𝐸𝑃(𝑝𝑟𝑜𝑡𝑒𝑖𝑛) = !(#$%&'())
+∗&

                         (1) 

Where EP is the effective permeation [mL/(m2·s)], V is the volume of BSA solution 

[mL], S is the cross-sectional areas of the columnar model [m2] and t is the processing 

time (s).  

 
Fig. 3. A schematic diagram showing the experimental model of the diffusion of protein 

tests. 

 

2.10 Statistical analysis 

Statistical analysis was performed using SPSS v.25.0, and data were presented as 

mean ± standard deviation (SD). Student’s t test was used to determine statistical 

significance, with the level of significance set as (P < 0.05). 

 

3. Results  

3.1 Material characterization 

Fig. 4a-c show the surface morphologies and strut geometries of T1000, H1000 and 

R1000 3D-printed Ti-Nb alloy meshes. The struts of meshes were fully interconnected 
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without observable damage and interlayer delamination, which was comparable to the 

designed files. Fig. 4d-g show the microstructural characteristics and the elemental 

distribution of the Ti-Nb alloy in the meshes. Cellular dendritic grains from the top view 

(Fig. 4d) and fine columnar grains from the lateral view (Fig. 4e) could be observed in 

the printed sample. The cellular grain which was oriented in different directions 

indicated that the metastable β-phase of Ti was retained. The Nb element lowered the 

to β transition temperature, thereby retaining more β phase. The obtained β phase 

contributed to a decrease in elastic modulus (Fig. 4b), which may help to reduce the 

deleterious effects of stress-shielding. Fig. 4f suggested that the Nb element was 

homogenously distributed in the center and the side of the melt pool. 

The grain maps identified by EBSD (Fig. 4g, top view) further highlighted the grain 

morphology and dimensions. The results indicated that the Ti-Nb alloy was entirely 

composed of large β-phase grains and no acicular shapes associated with α-phase were 

observed. Fig. 4h displays the grain boundary map of the Ti-Nb alloy. The dominated 

high-angle grain boundaries (HAGBs, >15°) in the Ti-Nb alloy suggested favorable 

plasticity. The phase composition of the blended powder and the as-built meshes were 

identified (Fig. 4i). The XRD results further verified that Nb was capable to enhance 

the formation of β-phase during the printing process. In comparison with the XRD 

result of raw materials, no α-phase could be detected in the spectra of Ti-Nb alloy.  
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Fig. 4. Morphologies and microstructural observation of the Ti-Nb alloy meshes. 

(a-c) SEM images showing the surface morphologies of T1000, H1000 and R1000 

meshes, respectively; (d-e) Microstructure of the mesh form top view and lateral view; 

(f) EDS line scanning of the melt pool in the top plane of the mesh and corresponding 

results; (g) Grain maps (a colour represents one grain); (h) Grain boundary maps and 

(i) XRD results. 

 

3.2 Mechanical properties 

Fig. 5a depicts the calculated nano-hardness and elastic modulus of the printed 

samples by nano-indentation (2.71 ± 0.3 GPa and 58.8 ± 1.5 GPa, respectively). Fig. 

5b displays the tensile stress-strain response of Ti-Nb alloy. The printed alloy possessed 

an ultimate tensile strength of 735.4 ± 1.3 MPa, yield strength of 567.5 ± 3.5 MPa, the 

elastic modulus of 65.5 ± 0.2 GPa and elongation of 9.17 ± 0.5%. In comparison with 

Ti6Al4V, Ti-Nb alloy possessed lower modulus and higher elongation, demonstrating 

the potential for dental applications [21]. Fig. 5c-d display the representative fracture 

surface of Ti-Nb alloy after tensile tests. The fine dimples were indicative of ductile 

fracture in the Ti-Nb alloy and consistent with increased ductility. 
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Fig. 5. Mechanical properties of Ti-Nb alloy non-porous meshes. (a) elastic modulus 

and nano-hardness from nano-indentation analysis, (b) Tensile stress-strain response 

and (c-d) The representative fracture surface after tensile tests. 

 

3.3 Mechanisms of the EPD process 

Fig. 6a-b exhibit the physical properties of the coatings. The chitosan (CS), gelatin 

(G) and doxycycline (Dox) were positively charged with a zeta potential of ~ +18.4 mV, 

+3.66 mV and +11.97 mV in aqueous solution, respectively. The CSG, CSGDox1 and 

CSGDox10 were positively charged with a zeta potential of ~ +18.53 mV, +11.23 mV 

and +5.67 mV, respectively (Fig. 6a). The equivalent diameters of CS, G and Dox 

particles ranged from 1400 to 6600 nm, 100 to 250 nm and 1000 to 2000 nm, 

respectively (Fig. 6b). When CSG was mixed with two concentrations of Dox, the size 

increased to an average diameter of about 1.13×105 and 1.54×105 nm. 

 
Fig. 6. Physical properties of solute in EPD solutions. (a) The zeta potential and (b) 
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particle size analysis of coatings EPD solutions. 

 

The FT-IR spectra of CSG, Dox, CSGDox1 and CSGDox1 are shown in Fig. 7. Since 

the characteristic region of the CS, G and Dox occurred between 1000 cm-1 and 1800 

cm-1, only this region was interpreted in detail. The characteristic peaks of C–O–C 

stretching structure at 1028 cm-1, and C–O–C antisymmetric stretching structure at 

1150cm-1 were visible in the CSG spectrum, which was related with CS [9]. The 

distinctive peaks at 1643 cm-1 and 1552 cm-1 due to amide I (C=O stretching) and amide 

II (C-N stretching) could be attributed to G [22]. The spectrum of Dox displayed the 

peaks of amide bond structure in ring A at 1662 cm-1. It also showed the distinctive 

peaks of carbonyl groups in rings A and C at 1610 cm-1, 1576 cm-1, and 1558 cm-1, and 

the C=C skeleton vibration at 1460 cm-1.  

 
Fig. 7. FT-IR spectroscopy detection of the coatings and the peak assignments. 

 

3.4 In vitro antibacterial activity 

The antibacterial efficacy was investigated using inhibition zone testing and SEM. 

The tests were maintained for at least 7 days, a critical time point for the healing of oral 

mucosa [4]. Titanium substrates and CSG coatings did not exhibit any inhibition zone 

against S. aureus (Fig. 8a-b). The contact inhibition properties of CSGDox1 and 

CSGDox10 coatings can be measured by the obvious inhibition zones around the 

samples after 24h incubation due to the release of Dox (Fig. 8c-d). The diameters of the 

inhibition zone for CSGDox1 and CSGDox10 coatings were measured about 30.5 mm 

and 36.7 mm respectively, and the inhibition zone could be maintained for at least 7 

days (Fig. 8e). As demonstrated, the EPD of CSGDox1 and CSGDox10 coatings onto 

titanium substrate produced an efficient antimicrobial effect.  
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SEM images also provided further confirmation of the significant antimicrobial 

effects (Fig. 8f-i). After 24 h, the significant growth of the layered S. aureus could be 

observed. S. aureus attached and aggregated on the surfaces of the titanium substrates 

and CSG coatings (Fig. 8f and g). However, almost no adherent microbial cells were 

observed on the surface of the Dox-loaded coatings, suggesting a powerful control 

against the adherence and colonization of bacteria.  

 
Fig. 8. The inhibition zone diameters of S. aureus on the titanium substrates (a) Control 

group, (b) CSG coating, (c) CSGDox1 coating, (d) CSGDox10 coating, and (e) 

Inhibition zone diameter following 1, 2, 3, 5 and 7 days. SEM images of S. aureus 

colonization (24 h) on the inhibition zone of (f) Control group, (g) CSG coating, (h) 

CSGDox1 coating and (i) CSGDox10 coating. 

 

3.5 Initial cell response 

The biocompatibility of the CSG, CSGDox1 and CSGDox10 coatings were 

evaluated through the culture of osteoblasts. After 72h of culture, a close contact with 

osteoblasts was achieved for all three kinds of coatings (Fig. 9). These cells presented 

numerous lamellipodia and filopodia, anchoring the cells to the sample surfaces. The 

images revealed the actin cytoskeleton, which provides a structural framework and 

participates in cell migration. These actin-rich structures are termed as tunneling 

nanotubes, which can mediate the intercellular transfer of organelles, plasma membrane 

components, and cytoplasmic molecules. Notably, MC3T3-E1 cells treated in CSG and 

CSGDox1 surfaces spread more widely than that on the CSGDox10 surfaces, extended 

more pseudopodia, anchored in the coatings, and appeared to be star-like morphology. 

On the contrary, with the increase of doxycycline, a spindle-like morphology of 

osteoblasts was exhibited on CSGDox10 which demonstrated the worst cell-adhesion 
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ability, the cells extended fewer pseudopodia, and were sparser and smaller than that 

on CSG and CSGDox1, which may be attributed to the cytotoxicity of Dox. Therefore, 

considering the cytotoxicity and antimicrobial activity in vitro, we decided to choose 

the concentration of 1mg /ml Dox for further experiments on the coatings. 

 
Fig. 9. Confocal immunofluorescence staining of osteoblast nuclei with DAPI and F-

actins with rhodamine phalloidin on CSG, CSGDox1, CSGDox10 coatings. 

 

3.6 Morphologies of the CSGDox1 coating on the porous Ti-Nb alloy meshes 

Fig. 10a-c shows the morphologies of CSGDox1 coating on the three Ti-Nb alloy 

meshes (T1000, H1000 and R1000). After lyophilization, it could be observed that 

CSGDox1 coatings were uniformly deposited onto both sides of the Ti-Nb alloy meshes 

after EPD. The sponge-like coatings showed a similar thickness with effective coverage 

of the pore structures (Fig. 10a-c). The coatings presented a faint yellow color due to 

the crosslinking with Dox.  

Fig. 10d-f presents the SEM images showing the surface morphologies of the 

coatings on the meshes. A homogeneous and porous structure was observed, which may 

be resulted by the desiccation and collapse of bubble formation during the EPD process. 

The pore sizes ranged from 200–300 μm; an optimal diameter for bone tissue in-growth 

[23, 24]. The coating effectively closed the Ti-Nb mesh’s pores, reducing the likelihood 

of fibroblast infiltration, which is essential during the GBR process. 
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Fig. 10. Macroscopic images of CSGDox1 coating on three types of Ti-Nb meshes: (a) 

T1000, (b) H1000 and (c) R1000. The SEM images of CSGDox1 coating on (d) T1000, 

(e) H1000 and (f) R1000.  

 

3.7 Inhibition of fibroblasts infiltration 

Infiltration of fibroblasts into the bone defect area could be detrimental to 

osteogenesis during the early stages of GBR. CSGDox1 coatings were tested to block 

the fibroblasts migration. The fibroblasts were seeded and cultivated on the upper 

surfaces of each porous Ti-Nb mesh using a relevant in vitro model. The cell blocking 

capacity of CSGDox1 was presented in Fig. 11. After 72h culture, immunofluorescence 

images revealed that a large number of fibroblasts could be observed on the upper 

surfaces of each porous Ti-Nb alloy substrates (Fig. 11a-c). Conversely, no cells were 

observed on the lower surfaces, and none were observed at the bottom of the 24-well 

plate (Fig. 11d-f). This indicated that the CSGDox1 coating was capable to block the 

infiltration of fibroblasts through controlling the size of the pores. 
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Fig. 11. The confocal immunofluorescence staining of nuclei with DAPI and F-actins 

with rhodamine phalloidin in fibroblasts from upper (a-c) and lower (d-f) surface of 

T1000, H1000 and R1000, respectively. 

 

3.8 Diffusion of proteins 

Fig. 12 shows the nutrient transfer properties of CSGDox1 coatings on the porous 

Ti-Nb alloy meshes. The protein permeability of the coatings was investigated using 1 

mL of 70 mg/ml BSA solution as a model protein since most nutrients have a much 

smaller size than albumin (Mw 69,000) [25], and the concentration of BSA (70 mg/mL) 

is similar to that of total plasma protein. Only 1 mL of BSA solution was applied to 

minimize the effect of fluid pressure and gravity on the effective permeability of protein. 

The effective permeability of T1000, H1000 and R1000 meshes were calculated as 

256.92 ± 9.82 mL/(m2·s), 195.71 ± 11.91 mL/(m2·s) and 183.53 ± 15.06 mL/(m2·s), 

respectively (Fig. 12). There is a statistically significance between T1000-H1000 and 

T1000-R1000 (P<0.01), but none was found between H1000 and R1000. Compared 

with H1000 and R1000, T1000 had the highest permeability due to its largest projected 

area of the pore, which may lead to a timelier effect for providing essential nutrients for 

bone regeneration. 
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Fig. 12. The effective permeability of protein of CSGDox1 coatings on the Ti-Nb alloy 

meshes, **P<0.01). 

 

4. Discussion 

In this study, novel semi-permeable CSGDox coatings were constructed on the 3D-

printed Ti-Nb meshes through the EPD process, which is an admirable method for the 

function design of the porous metallic structure. The CSGDox coatings possessed 

sustained antibacterial efficacy within 7 days and favorable cytocompatibility. 

Moreover, the coatings could simultaneously allow nutrient transfer and block the 

infiltration of fibroblasts by controlling the size of the pores. 

4.1 3D-printed Ti-Nb alloy meshes 

The efficacy of titanium implants used for GBR is limited by the anatomical 

mismatch and potential displacement during implantation. Additive manufacturing may 

overcome these limitations by printing meshes that conform to the dimensions of the 

defect site. The high reliability of processing intricate mesh structures in this work 

demonstrated the freedom of fabrication capacity of the SLM technique. Moreover, the 

uniform element distribution proved that SLM enhanced Nb element distribution and 

aided diffusion between Ti and Nb, thus avoiding the apparent elemental segregation in 

conventionally cast samples [26]. The uniform distribution of elements resulted in less 

micro-segregation, lower elastic modulus and higher corrosion resistance [27]. 

In addition, the elastic modulus of Ti-Nb alloy was lower than that of Ti6Al4V (131 

GPa) and commercially pure Ti (137 GPa) [28]. Due to the stabilization of the β-phase 

by Nb addition, the substantial decrease in rigidity of the Ti-Nb alloy would reduce the 

modulus mismatch between the implant and adjacent bone tissue, lessening the effects 
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of stress-shielding. 

 

4.2 Physicochemical characterization of the coatings 

The formation of the CSGDox coatings was assessed by zeta potential and particle 

size analysis. Chitosan is a linear polysaccharide, which has primary amino groups with 

a pK-value of ~6.3. It was positively charged with a zeta potential of about +18.4 mV 

in acid solution at pH 4. When the gelatin colloid was blended into chitosan solution, 

the zeta potential of the CS/G remained constant. With the addition of Dox into CSG, 

the zeta potential decreased from +18.53 to +5.67 mV, which was agreed with Xu et al. 

[29]. Therefore, it indicated that the polyelectrolyte complex might be formed by the 

electrostatic interaction between the cationic amino group of chitosan and the hydroxy 

groups of Dox [16, 30]. Moreover, the addition of Dox led to the increase of particle 

size. The increase in particle size of CSGDox1 and CSGDox10 also indicated that 

electrostatic adsorption of CSG onto Dox was formed, and then co-deposited to the 

titanium surface on Cathode driven by the electric field [31, 32]. 

The FT-IR showed that both the absorption peaks of the saccharine and amide 

appeared in the spectrum of CSG composite coatings. The absorption of Dox is often 

obscured by the stronger amide I and II absorption. Therefore, the addition of Dox led 

to a shift of the absorption peaks of amide II (-NH 2 stretching) from 1552 cm-1 to 1515 

cm-1. Furthermore, it may be induced by the secondary structure of G which is formed 

through the hydrogen bonding of the amide with Dox [33]. In addition, the 

characteristic peaks of Dox at 1610cm-1, 1576cm-1, and 1558cm-1 were no longer 

observed in the spectra of CSGDox1 and CSGDox10. The results are similar to the 

experiment of Walter MS and Zehtabi F et.al [17, 33]. The shifting of the 1552 cm-1 

band and the disappearance of bands indicated that there are certain chemical reactions 

between Dox and CSG, which inhibited the motion of vibration [34]. The data was 

consistent with the results of the zeta analysis. 

 

4.3 Antimicrobial effect 

Granulated tissue formation and the lack of adequate bone callus formation are 

mainly induced by the exposure of the graft material to the oral environment and 

consequent infection [35]. Dox has been clinically applied as a broad‐spectrum 

antibiotic in orthopedic surgery by inhibiting the biosynthesis of bacterial protein with 
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ribosomes [36, 37]. The activity of CSGDox coating against bacterial biofilms was 

determined by measuring the zone of inhibition (Fig. 8a-e). In vitro infection test 

suggested that almost no bacteria was survived on the CSGDox coatings. The results 

were agreed with the work of Moghaddam et al., which reported the inability of the 

bacteria to grow in Dox-loaded drugs though targeting the population of intracellular 

bacteria [38]. Additionally, the SEM images indicated that the coatings could produce 

not only antibacterial but also anti-adherent effects, leading to the eradication of 

microorganisms. The biofilm controlling function of the CSGDox coating was 

attributed to the antimicrobial activities of the Dox. Importantly, the release of 

antimicrobial effectivity could be maintained with 7 days. Feng et al. also proposed that 

Dox packed in the drug-loaded system could be released continuously with better 

efficacy [39]. The antibacterial effect could help osteoblasts to proliferate on the 

implant surface and prevent the colonization of bacteria at an early stage, thereby 

achieving a successful outcome. 

 

4.4 Biocompatibility 

To evaluate the initial osteoblastic response in contact with the coatings, osteoblast-

like cells (MC3T3) were seeded and cultivated on the titanium substrate, CSG coatings 

and Dox loaded coatings. The osteoblasts on the CSGDox1 coatings exhibited better 

proliferation and spreading with elongated filopodia than that on the CSGDox1 

coatings. The response suggested that the higher addition of Dox was detrimental to the 

cytocompatibility of the coatings. Ma et al. observed higher cytotoxicity of CSG 

tetracycline (Tc)10 coatings than Tc1 coatings [40]. Other kinds of antibiotics, such as 

chlorhexidine (CHX) and minocycline (MINO), also showed a cytotoxic effect on 

osteoblast proliferation in vitro at a high concentration [41]. Sagar et al. elucidated that 

Dox could induce apoptosis through mitochondrial-mediated pathways in different 

tissue cells and Dox may be cytotoxic in vitro [28]. The concentration of antibiotics 

may be an important factor affecting its cytotoxicity. Rok et al. [29] stated that Dox 

disturbed the homeostasis of melanoma cells by lowering the intracellular level of 

reduced thiols, changing the cell cycle profile, triggering the DNA fragmentation and 

inducing the externalization phosphatidylserine which is a well-known hallmark of 

apoptosis [42]. 
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4.5 Bioadaptive function and outlook 

In addition to favorable biocompatibility and antibiotic ability, a GBR membrane 

should be capable to prevent excessive penetration of oral soft tissue into the bone 

defect from one side but allow neovascularization and bone formation from the 

connective tissue side of the membrane. The combination of three-dimensional meshes 

and CSGDox1 coating was capable to block the infiltration of fibroblasts and allow 

nutrient transfer through controlling the size of the pores, which is smaller than the size 

of fibroblast and larger than that of protein. Moreover, the permeation of protein could 

be affected by the surface wettability and hygroscopicity of the membrane at the similar 

pore size [43]. The favorable protein permeates quality is predictable due to the well 

hydrophilicity and wettability of CSGDox1 coating [44]. As a result, the blood can 

permeate through the CSGDox1 coated porous Ti-Nb alloy meshes quickly to the bone 

defect area, which leads to a better effect of providing bone regeneration essential 

nutrients timely. It was expected that the porous coating can effectively prevent fibrous 

tissue infiltration but permeate nutrients, while the micro-pore side can improve 

adhesion with surrounding bone tissue, resulting in enhanced bone regeneration. 

Although we studied the in vitro cellular response of coatings, the in vivo results of 

animals could be more valuable and closely simulate the clinical situation. Therefore, 

in vivo evaluation of antibacterial capacity and cell penetration is required for further 

applications. Moreover, the final goal of developing functional coatings is to be 

combined with biodegradable meshes for one-step treatment of bone defects. 

Considering the degradability, more research works would be systematically conducted 

on the dynamic balancing of the stability of coatings and the degradation of meshes.  

5. Conclusions 

In this study, Ti-Nb alloy meshes with various shapes were fabricated by SLM and 

used as substrates for novel surface coatings. Doxycycline-loaded chitosan/gelatin 

films were deposited on each mesh by EPD to provide antibiotic properties and physical 

barriers to prevent gingival tissue ingrowth. High strength and low modulus were 

achieved in the Ti-Nb alloy block samples. The CSGDox1 coating exhibited favorable 

biocompatibility, and the ability to inhibit fibroblast infiltration to prevent the ingrowth 

of soft tissues while allowing the transfer of essential nutrients. The incorporation of 

doxycycline enhanced the antimicrobial activity of coatings, which could benefit the 

success rate and prognosis of bone regeneration. This study has developed novel semi-
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permeable coatings on 3D-printed Ti-Nb alloy meshes that may improve the success 

and outcome of GBR and offers a new strategy for alveolar bone defect regeneration.  
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