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Abstract: To improve well-known titanium implants, pores can be used for increasing bone 

formation and close bone-implant interface. Selective Laser Melting (SLM) enables the 

production of any geometry and was used for implant production with 250-µm pore size. 
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The used pore size supports vessel ingrowth, as bone formation is strongly dependent on  

fast vascularization. Additionally, proangiogenic factors promote implant vascularization. To 

functionalize the titanium with proangiogenic factors, polycaprolactone (PCL) coating can 

be used. The following proangiogenic factors were examined: vascular endothelial growth 

factor (VEGF), high mobility group box 1 (HMGB1) and chemokine (C-X-C motif) ligand 

12 (CXCL12). As different surfaces lead to different cell reactions, titanium and PCL coating 

were compared. The growing into the porous titanium structure of primary osteoblasts  

was examined by cross sections. Primary osteoblasts seeded on the different surfaces were 

compared using Live Cell Imaging (LCI). Cross sections showed cells had proliferated, but 

not migrated after seven days. Although the cell count was lower on titanium PCL implants 

in LCI, the cell count and cell spreading area development showed promising results for 

titanium PCL implants. HMGB1 showed the highest migration capacity for stimulating the 

endothelial cell line. Future perspective would be the incorporation of HMGB1 into PCL 

polymer for the realization of a slow factor release. 

Keywords: titanium implant; selective laser melting; polycaprolactone; VEGF; HMGB1; 

CXCL12; cross section; live cell imaging; osteoblast; cell migration 

 

1. Introduction 

Titanium is well established as implant material and can be manufactured accurately via Selective 

Laser Melting (SLM). SLM-made titanium constructions are commercially generated for this purpose 

(e.g., SLM Solutions GmbH, Luebeck, Germany) and allow the production of nearly any geometry [1].  

In general, SLM can be described as wetting solidified material with liquid metal that is melted by laser 

radiation. Therefore, it is necessary that oxide layers are removed as they interfere with the wetting 

process [2]. Titanium is known for its large solubility for oxygen [3]. Therefore it has been suggested 

that oxides can be dissolved [4] and thus medical devices can be manufactured by SLM that provide an 

adequate surface quality [5]. Implant geometry is a key factor in bone modeling [6]. Especially porous 

implants support tight bone-implant interface. Different studies demonstrated an efficient bone ingrowth 

into porous titanium scaffolds [7,8], whereas the pore size examined for bone tissue engineering is very 

heterogeneous and varies from 20 to 1500 µm [9]. In general, porous titanium is well known as being 

stable and osteoconductive [8]. To achieve enhanced bone ingrowth, it is important that the cells are able 

to migrate into the structures of the porous implant. The cells that are located in the porous structure are 

in need of fast vascularization to achieve sufficient nutrition. Especially in large sized osseous defects, 

the early vascularization is prerequisite, as a long distance must be bridged for transporting nutrients, 

growth factors, and supporting gas exchange [10,11]. Geometry with 250 µm pore size is known to 

support angiogenesis [12]. 

Furthermore, improved vascularization can be approached by proangiogenic factors [13,14]. Using 

migration factors, survival of cells located in the scaffold can be improved. Vascular endothelial growth 

factor (VEGF) is well known as a proangiogenic factor, whereas high mobility group box 1 (HMGB1) 

has been discovered to also enhance angiogenesis [15,16]. Another factor that has been examined is 
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chemokine (C-X-C motif) ligand 12 (CXCL12) in combination with HMGB1, where studies showed 

increasing chemotactic potency [17]. Achieving factor release, implant coating by biodegradable polymers 

with incorporated factors is common [18,19]. For this purpose, the polymer polycaprolactone (PCL)  

is applicable, as it is biocompatible, factors can be incorporated and it is already used for bone 

regeneration [20–22]. 

Herein, we ensured even PCL coating by Environmental Scanning Electron Microscopy (ESEM) and 

EDX measurements. In vitro results described an implant model based on an open porous titanium 

implant (later called titanium implant) in comparison with a PCL-coated titanium implant (later called 

titanium PCL implant). VEGF, HMGB1 and CXCL12 were examined using the endothelial cell line 

GM7373 in migration assays. To assess if cells are located in the porous structures of the implant, 

primary murine green fluorescent protein (GFP)-osteoblasts were seeded and examined by cross 

sections. Titanium implants and titanium PCL implants were compared using GFP–osteoblasts imaged 

in Live Cell Imaging (LCI). The cells were visualized directly on the implant surface to obtain a realistic 

interaction of cells with the implant material near to in vivo conditions. 

2. Results 

2.1. Manufacturing of Titanium Implants and Titanium Polycaprolactone (PCL) Implants 

Titanium implants produced by SLM had a pore and strut geometry of 250 µm and total dimensions 

of 3.5 mm width, 3.5 mm depth and 1.25 mm height. 

2.2. Characterization of PCL Coating on Porous Titanium Implants 

ESEM and EDX-measurements were performed to examine PCL coating on titanium implants. 

Surface coating of PCL coated implants could be visualized (Figure 1C,D). The atomic percentage of 

carbon and oxide determined by EDX measurements was clearly higher in coated implants in 

comparison to the non-coated titanium implants (Table 1). 

 

Figure 1. Representative Environmental Scanning Electron Microscopy (ESEM) micrographs 

of non-coated (A,B) and polycaprolactone (PCL)-coated (C,D) porous titanium scaffolds in 

overview and detail. 
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Table 1. Surface composition of titanium implants and titanium PCL implants analyzed by 

EDX measurement. The relevant elements titanium, carbon and oxygen (Ti, C and O) 

described in atomic percent (At-%) are listed. 

Scaffold Modification (At-%) Titanium Implant Titanium PCL Implant 

Ti 70.09 3.04 
C 4.68 74.87 
O 0.87 21.41 

2.3. Cross Sections Established of Titanium Implants 

Cross sections of the titanium implants (Figure 2) showed that the cell amount in both the upper and 

lower pores increased over time and showed a significant difference between days 1 and 7. (Figure 3A). No 

increase in cell distance from the starting point towards deeper parts occurred (Figure 3B). Additionally, 

the cell amount between the lower and upper pore was similar during the seven days. Statistical analysis 

was performed using the Global F-Test from the Analysis of Variance and Ryan–Einot–Gabriel–Welsh 

Multiple Range Test (p < 0.05). 

 

Figure 2. Cross section of titanium implant with green fluorescent protein (GFP)–osteoblasts 

settled for (A) one day; (B) three days; and (C) seven days. Cells were placed on the top of 

the implant (marked 0 µm). The distance between the horizontal lines is 100 µm. Pores are 

marked red and counted cells orange (Wimasis Image Analysis). 

 

Figure 3. Cont. 
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Figure 3. Cross sections were analyzed for changes in (A) total area of cell growth (µm2) 

and (B) growth distance (µm) of osteoblasts from top–bottom pores at different time points 

(day 1, day 3, day 7). Osteoblast growth area was significantly higher on day 7 in comparison 

with day 1, whereas osteoblast growth distance was nearly the same over the seven days. 

Statistical analysis was performed using the Global F-Test from the Analysis of Variance 

and Ryan–Einot–Gabriel–Welsh Multiple Range Test with n > 16 (* p < 0.05). 

2.4. Migration Assays of GM7373 on Vascular Endothelial Growth Factor (VEGF), High Mobility 

Group Box 1 (HMGB1), Chemokine (C-X-C Motif) Ligand 12 (CXCL12) 

The endothelial cell line showed the highest chemotaxis using HMGB1 (Figure 4). CXCL12 alone 

was less effective than VEGF. Combining a half a dose of HMGB1/CXCL12 and HMGB1/VEGF 

showed similar migration efficiency (Figure 4). To prove that CXCL12 supports migration in 

combination with HMGB1, additional assays were performed with different concentrations of HMGB1 

and CXCL12. HMGB1 in the highest concentration (150 ng/mL) together with CXCL12 (30 ng/mL) 

showed significantly higher chemotaxis for GM7373 compared to the other combinations of HMGB1 

and CXCL12. Two sample t-test was used as statistical test (p < 0.05). 

2.5. Live Cell Imaging (LCI) 

Fluorescent osteoblasts seeded on the implants were tracked (Figure 5), cell numbers counted and 

cell size examined. Regression analysis illustrated changes in the cell number and shape over time while 

the two sample t-test compares cells at every single time point. Tracking cell number changes over time 

showed no differences between the two regression curves of titanium implants and titanium PCL 

implants (Figure 6A). Total cell numbers were significantly higher on titanium implants in comparison 

with titanium PCL implants on days 2, 3, 4 and 7. The cell spreading area was significantly higher for 

titanium PCL implants on day 4 (Figure 6B). Regression curves were different for the cell spreading 

area at the two implants; the titanium PCL implant showed higher values. (Statistic used: comparison of 

the two regression coefficients using an analysis of covariance with a test of the interaction between the 

two implant materials and time with p < 0.05). 
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Figure 4. Comparison of chemotactic behavior of the endothelial cell line (GM7373)  

using vascular endothelial growth factor (VEGF), high mobility group box 1 (HMGB1), 

chemokine (C-X-C motif) ligand 12 (CXCL12) and combinations of HMGB1/CXCL12  

and HMGB1/VEGF. For migration assays the negative control was set one and the other 

factors are its multiple. HMGB1 was more chemotactic than VEGF. CXCL12 induced  

lower migration of endothelial cells. Both factor combinations showed similar chemotaxis. 

Statistical test is two sample t–test with n = 6 (* p < 0.05). 

 

Figure 5. Titanium implant (90 degree angle and visible pore structure) after (A) 0 days;  

(B) three days; and (C) seven days and titanium PCL implant (45 degree angle and invisible 

pore structure) after (D) 0 days; (E) three days; and (F) seven days of GFP–osteoblast 

settling. (Scale bar: 75 µm) 
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Figure 6. Evaluation of average GFP–osteoblast cell number changes (A) and cell spreading 

area (µm2/cell) changes (B) during seven days settled on titanium (the solid line represents 

the cell development on the titanium implant with the single time points: ○) and titanium 

PCL implants(the dotted line represents the cell development on the titanium PCL implant 

with the single time points: +). The statistical approach used is comparison of the two 

regression coefficients using an analysis of covariance with a test of the interaction between 

the two implant materials and time with n > 3 (p < 0.05). The regression curves showed no 

changes in the number of cells over seven days, however there was a difference in the cell 

spreading area. 

3. Discussion 

Implant failure addressing larger bone defects is often attributable to insufficient bone healing, mainly 

depending on insufficient vascularization. Bone replacement material should provide adequate 

mechanical properties being comparable to native bone in order to withstand the external forces. Aim of 

this study was to generate and evaluate a titanium implant structure characterized by a defined porous 

structure in order to provide a supportive feature facilitating vascularization. Additionally proangiogenic 

factors were analyzed to support a fast vessel ingrowth. As these factors can be integrated in PCL, PCL 

coating was evaluated. In order to generate these defined porous structures within the implants SLM was 

chosen as manufacturing option. In general, manufacturing of defined porous structures can be achieved 

by different rapid prototyping methods. Common manufacturing methods of porous titanium implants 

are SLM, Electron Beam Melting (EBM) and Laser Engineered Net Shaping (LENS) [23]. Raw material 

used within these methods is titanium powder and implants are manufactured with either laser beam 

(SLM and LENS) or electron beam (EBM) [24]. Murr et al. reported many advantages of SLM and EBM 

in contrast to conventional manufactured titanium implants, such as improved mechanical properties [25]. 

Both the SLM and LENS process achieved similar strength, surface roughness and accuracy [26]. 

Despite of the manufacturing method, all porous titanium implants showed good biocompatibility [27]. 

To ensure cells are able to seed in the inner pore regions osteoblasts were seeded on the titanium 

implant, as they are essential for bone modeling. In general imaging and thus tracking of cells in the 

porous implant structures is challenging as commonly the materials are not transparent impeding 

visualization based analyses. Consequently, commonly used employed cell counting assays cannot 
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detect cell location [28], while histology can determine cell count and location at once [29]. In this study 

fluorescent GFP–osteoblasts could be tracked in the porous structure analyzing cross sections. The cell 

surface area, which represents the number of cells, increased during the seven days of cell settling. The 

increased measured cell surface area is a value describing cell proliferation. Consequently, the results 

indicate that osteoblasts could proliferate into the pores. Furthermore, the proliferation effects are 

dependent on sufficient nutrition of the ingrowing cells. Thus the selected pore size allows sufficient 

media exchange to keep the cells vital. The chosen small pore size of 250 µm allowed high cell seeding 

inside the implant. An earlier study reported higher cell counts even for 500 µm pore size in comparison 

with 1000 µm pore size of SLM made titanium implants [6]. This difference in size effect was discussed 

to be associated to lower implant permeability allowing more cells to become attached, resulting in an 

increased surface area [6]. Hence, the small pore size is supposed to enhance cell attachment. The SLM 

process generates pores that are regularly manufactured, allowing cells to spread easily through the 

whole scaffold. In contrast, implants generated by powder metallurgy provide pores with irregular and 

undefined pore geometries. In such structures the cells are only able to seed on the implant surface when 

cultivated in a static medium system [29]. Larger scaffolds were herein not examined, thus it is not 

known how deep cells could be located in the scaffold. Despite the fact that the used cells were able to 

seed in the porous structures, a direct migration could not be observed. A more efficient cell seeding 

could be potentially achieved by using migration factors. In general, directed cell migration into the 

implant could lead to improved bone modeling [30]. 

Aiming at a perspective improved implant vascularization, different proangiogenic factors were 

evaluated. Large defects require large implant structures, accordingly fast vessel ingrowth is key to 

support osseogenesis [31]. In this study migration assays were performed using the endothelial cell line 

GM7373. Endothelial cells already showed potent chemotaxis response to HMGB1 in an earlier  

study [32]. In fact, HMGB1 was more effective concerning GM7373 migration efficiency than the “gold 

standard” reference factor VEGF [33]. The observed potent chemotactic effect of HMGB1 compared to 

VEGF is of major value, as VEGF is one of the most commonly used proangiogenic factors [34,35]. 

Consequently the next step would be the evaluation of migration assays with primary endothelial cells 

and further cell types that are commonly present in bone tissue such as osteoblasts. 

CXCL12 has recently been focused as a chemotactic migration factor. Combining HMGB1 and 

CXCL12 should lead to improved chemotaxis, as recent studies showed that the factors were highly 

linked concerning mesoangioblasts, monocytes, macrophages and fibroblasts [17,36,37]. Schiraldi et al. 

demonstrated that HMGB1 and CXCL12 bind as a heterocomplex to the CXCR4 receptor [37]. Until 

now, little has been known about migration of endothelial cells as respond to CXCL12 stimulation. 

Herein it was demonstrated that the combination of HMGB1 and CXCL12 showed the same chemotactic 

efficiency for GM7373 compared to a HMGB1 and VEGF combination. 

Chemotactic factors as the herein evaluated can be incorporated into polymers on surfaces of the 

implant material. Thereby a directed release over time can be achieved leading to an enhanced factor 

concentration into the area of interest [38,39]. EDX and ESEM analyses showed in this study complete 

surface covering of PCL on the coated titanium implants. Consequently, the herein employed dipping 

process is sufficient to achieve the desired titanium implant functionalization as the implant pores 

remained open after the coating. This is highly important to maintain the desired open porous structure 
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and to enable vessel and bone ingrowth. As well implant functionalization with factors in the inner pore 

structure could be enabled. 

However, polymer coating itself changes surface characteristics of the coated implant material and 

thus could result in different cell behavior. In order to evaluate a polymer induced effect of cellular 

seeding capacity surfaces with and without polymer coating were comparatively analyzed. LCI of  

both implant types allow the analyses of cellular parameters as morphology, cell count, and viability 

simultaneously. Thereby defined implant sections were settled with cells and observed during the seven 

days monitoring the cellular behavior on the examined surface (Supplementary Video S1 and S2). This 

methodical approach provides a unique possibility for examining cell behavior of opaque material. 

However, the commonly used assays for cell visualization on implant materials require the fixing of the 

cells prior to imaging, allowing only a single time point analyses without the possibility to monitor cell 

behavior over time [40,41]. The results herein showed that the total cell number was significantly higher 

on the titanium implant structures when compared to the titanium PCL implant. The observed lower  

cell numbers on titanium PCL implants could be lower due to the higher hydrophobic values of the  

PCL [42]. When cells settle for the first time, only few proteins attach themselves to the surface and thus 

fewer cells are able to attach themselves. After a while extracellular matrix (ECM) molecules can bind 

to the PCL and cells are able to attach equally well to the titanium implant [43]. 

These results suggests that titanium PCL implants are not suitable for osteoblasts, but in vivo studies 

already showed good properties for bone modeling [44]. When looking at the cell spreading area we do 

have good results for titanium PCL implant. Furthermore, the development of cell numbers over seven 

days is similar for both implants. These results show that cell counting of single time points can lead to 

different results. The cell spreading area and the development of cell numbers can be a helpful addition 

for cell evaluation on implants. 

HMGB1, showing highest chemotactic potential, incorporated in PCL for porous titanium implant 

coating could be used in future research. 

4. Experimental Section 

4.1. Manufacturing Titanium Implant 

For the titanium implant a TiAl6V4 titanium alloy was used. The implants were manufactured by 

SLM Solutions GmbH, Lübeck, Germany, with an SLM 280HL Selective Laser Melting system. 

Therefore a standard parameter set was taken using a laser power of 275 W, a scan speed of 805 W and 

a hatch distance of 120 µm for the core volume. The outer contour was produced using a laser power of 

100 W and a scan speed of 350 mm/s. 

4.2. Dip-Coating Process for Application of Polymeric Coatings to Porous Titanium Scaffolds 

For implant coating a manual dip-coating process was established. First titanium implants were 

washed in isopropanol. For each implant, 2 mL of polymer solution was filled in the dipping tanks. 

Concentration was 0.4% of PCL. After each dipping process intermediate drying for 10 min at  

23 ± 2 °C was performed. This was repeated six times. Finally the titanium PCL implants were dried in 

a vacuum at 40 °C for 24 h. 
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4.3. Scanning Electron Microscopy and EDX Measurements 

To examine complete surface covering of the polymer coating, environmental scanning electron 

microscopy (Quanta FEG 250, FEI, Eindhoven, The Netherlands) equipped with an energy-dispersive  

X-ray (EDX) analysis unit was used. After fixing the titanium PCL implants and the titanium implants, 

the scanning electron micrographs were performed at 50 Pa pressure, moisturized atmosphere and an 

accelerating voltage of 10 kV. EDX measurements were performed at the beam entrance of the electron 

microscope. Titanium and carbon were determined by analyzing the spectra of the fibers bombarded 

with electrons. 

4.4. Cell Culture 

4.4.1. Greenfluorescent Protein (GFP)–Osteoblast Isolation 

Cell isolation was performed using adult GFP*C57Bl6 mice as previously described [45]. After 

mincing the bone of the calvarias into small pieces, 200 U/mL collagenase II (Cell Systems, Troisdorf, 

Germany) in Hank’s medium (HBSS, PAA Laboratories GmbH, Pasching, Austria) was used. Five 

milliliters collagenase solution was used for calvarias of ten mice. Digestion took place five times for  

10 min at 37 °C. The supernatant of the final three steps was centrifuged (1200 rpm, 7 min). After 

washing the pellet twice with culture medium, cells were placed in culture plates and incubated at 37 °C. 

The medium used was DMEM (Biochrom AG, Berlin, Germany) with the addition of 10% fetal calf 

serum (FCS), 20 mM Hepes, 1000 IU/mL penicillin and 0.1 mg/mL streptomycin (all PAA, Coelbe, 

Germany). After cells had been isolated they were incubated at 37 °C with 8.5% CO2. Media changing 

was done every 3rd day until cells were confluent. For cell experiments cells were cultured in DMEM 

with 10% FCS and incubated at 37 °C with 5% CO2. 

4.4.2. GM7373 

The endothelial cell line GM7373 was harvested from the aorta of a bovine calf. For cell culture,  

we used DMEM and 10% FCS. GM7373 was provided by Leibniz University, Institution of Biophysics, 

Hannover, Germany. 

4.5. Cross Sections Established of Titanium Implants 

Nine titanium scaffolds were seeded with 2.5 × 104 GFP–osteoblasts (P 10). After one, three and 

seven days, three cell-seeded scaffolds each were fixed in 4% formalin. The samples were rinsed with 

tap water and dehydrated using an ethanol gradient (4 h in 70%, 80%, 90% and 100% ethanol). 

Afterwards, samples were defatted in acetone for 4 h, equilibrated with 100% ethanol for 6 h and 

embedded in methyl metacrylate for 2 days at 37 °C. Thirty-micrometer sections were cut with an 

internal hole saw (SP 1600, Leica, Wetzlar, Germany) and examined by fluorescence microscopy 

(DM4000B Leica microsystems, Wetzlar, Germany). Cell distance, cell amount, and difference in cell 

counting between upper and lower pores were examined by Wimasis Image Analysis (16–19 cross 

sections for each time point). The scale bar started at the scaffolds’ surface where cells had been settled 

and upper and lower pore were examined. Cells were counted as cell area, because after embedding the 
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cells were unable to be counted separately. Only cells that had direct contact to the pores surface were 

counted. Cells that were not attached to the surface were ignored because they could be artifacts of the 

cutting process. 

4.6. Migration Assays of GM7373 on HMGB1, VEGF, CXCL12 

Twelve-well transwells (353182, BD Falcon, Erembodegem, Belgium) with 8 µm pore-size were 

used for the experiment. Seventy thousand GM7373 of passages 20 and 21 were added to a 37 °C  

pre-warmed 0.1% DMEM and incubated for 20 min. The following factors were added in duplicate: 

VEGF (450-32, Peprotech, Hamburg, Germany) (5/10/20 ng/mL), HMGB1 (H4652, Sigma–Aldrich, 

Taufkirchen, Germany) (50/100/150 ng/mL), CXCL12 (250-20A, Peprotech) (50/100/150 ng/mL),  

and VEGF combined with HMGB1 and HMGB1 plus CXCL12 using half of the mentioned dose.  

After that in duplicate two assays were performed using HMGB1 (50/100/150 ng/mL) plus CXCL12 

(10/20/30 ng/mL) and HMGB1 (10/20/30 ng/mL) plus CXCL12 (50/100/150 ng/mL). Migration time 

was 4 h under cell culture conditions (37 °C, 5% CO2). Cells that did not migrate were removed with  

a cotton stick. Migrated cells in the lower chamber were trypsinated and counted with a cell counter 

(CellometerTM Auto 4, Nexcelom Bioscience, Lawrence, MA, USA). 

4.7. Live Cell Imaging 

LCI was performed with titanium implants and titanium PCL implants seeded with GFP–osteoblasts 

(LAS AF 2.6.0, Leica–Microsystems, Wetzlar, Germany). 

Four titanium implants and three titanium PCL implants were placed in a 96 well plate filled with 

150 µL DMEM and 10% FCS. GFP–osteoblasts (P 10) were added gently to the top of the scaffolds at 

a concentration of 2.5 × 104 cells/150 μL medium. After a minimum 5 h incubation period at 37 °C,  

5% CO2, the implants were turned upside down to visualize the cells in the inverse microscope. 

Subsequently, they were placed in new wells that were prepared with purpose-built Teflon constructs 

used for lifting the implants to create a gap between cells growing on the implants and the bottom of the 

culture plates for inverse microscopy. Then proliferation and motility of the cells could be observed  

by LCI Microscope (DMI 6000B Leica Microsystems, Wetzlar, Germany) during seven days with the 

program LAS AF 2.6.0. The same implant region was examined for seven days by taking pictures every 

15 min. A constant temperature of 37 °C was kept and a 5% CO2 was ensured by using a heating unit 

and CO2 supplier. Cells of the same concentration without scaffolds were used for positive control.  

Cell count and cell spreading area were examined by Wimasis Image Analysis GmbH, Germany.  

The cell spreading area of osteoblasts was described by using the following equation: total cell area/total 

cell number. 

4.8. Statistical Analysis 

Statistical analyses were performed with SAS® software, Version 9.3 (SAS Institute Inc., Cary,  

NC, USA). The significance level for all tests was set to p < 0.05. The data were shown as  

mean ± standard deviation. 
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5. Conclusions 

The SLM generated titanium implants with 250-µm pore size enabled osteoblast seeding and 

proliferation into the deeper pore areas. PCL coating lowered the amount of adhered cell in comparison 

to the non-coated titanium structure. However, the cell number development and cell spreading area was 

unhindered by the PCL coating. Furthermore, the PCL coating method maintained the open porous 

structures. Thus, PCL can be used for implant coating and factor incorporation in structures ranging 

around 250 µm. HMGB1 showed even higher chomotactic potential on endothelial cells compared to 

VEGF in vitro. PCL coated porous titanium implants functionalized with HMGB1 would be a potent 

combination for supporting angiogenesis in bony defects. 
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Supplementary materials can be found at http://www.mdpi.com/1422-0067/16/04/7478/s1. 

Acknowledgments 

The authors would like to thank Deutsche Forschungsgemeinschaft (DFG, German Research 

Foundation) for their funding and support of the project listed under support code NO 299/11-1. 

Author Contributions 

Ingo Nolte, Hugo Murua Escobar, Heinz Haferkamp, and Nils-Claudius Gellrich performed  

primary study design, manuscript editing and final improvement. Julia Matena, Svea Petersen,  

Matthias Gieseke, Andreas Kampmann, and Michael Teske performed experiments. Julia Matena,  

Svea Petersen, and Martin Beyerbach analyzed the data. Julia Matena, Svea Petersen, and Matthias Gieseke 

wrote the manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Thijs, L.; Verhaeghe, F.; Craeghs, T.; Humbeeck, J.V.; Kruth, J.-P. A study of the microstructural 

evolution during selective laser melting of Ti–6Al–4V. Acta Mater. 2010, 58, 3303–3312. 

2. Kruth, J.P.; Froyen, L.; van Vaerenbergh, J.; Mercelis, P.; Rombouts, M.; Lauwers, B. Selective 

laser melting of iron-based powder. J. Mater. Proc. Technol. 2004, 149, 616–622. 

3. Murray, J.L.; Wriedt, H.A. The O–Ti (oxygen–titanium) system. JPE 1987, 8, 148–165. 

4. Louvis, E.; Fox, P.; Sutcliffe, C.J. Selective laser melting of aluminium components. J. Mater.  

Proc. Technol. 2011, 211, 275–284. 

5. Vandenbroucke, B.; Kruth, J.P. Selective laser melting of biocompatible metals for rapid 

manufacturing of medical parts. Rapid Prototyp. J. 2007, 13, 196–203. 

  



Int. J. Mol. Sci. 2015, 16 7490 

 

 

6. Van Bael, S.; Chai, Y.C.; Truscello, S.; Moesen, M.; Kerckhofs, G.; van Oosterwyck, H.;  

Kruth, J.P.; Schrooten, J. The effect of pore geometry on the in vitro biological behavior of human 

periosteum-derived cells seeded on selective laser-melted Ti6Al4V bone scaffolds. Acta Biomater. 

2012, 8, 2824–2834. 

7. Fukuda, A.; Takemoto, M.; Saito, T.; Fujibayashi, S.; Neo, M.; Pattanayak, D.K.; Matsushita, T.; 

Sasaki, K.; Nishida, N.; Kokubo, T.; et al. Osteoinduction of porous ti implants with a channel 

structure fabricated by selective laser melting. Acta Biomater. 2011, 7, 2327–2336. 

8. Van der Stok, J.; van der Jagt, O.P.; Yavari, S.A.; de Haas, M.F.; Waarsing, J.H.; Jahr, H.;  

van Lieshout, E.M.; Patka, P.; Verhaar, J.A.; Zadpoor, A.A.; et al. Selective laser melting-produced 

porous titanium scaffolds regenerate bone in critical size cortical bone defects. J. Orthop. Res. 2013, 

31, 792–799. 

9. Loh, Q.L.; Choong, C. Three-dimensional scaffolds for tissue engineering applications: Role of 

porosity and pore size. Tissue Eng. 2013, 19, 485–502. 

10. Muller, D.; Chim, H.; Bader, A.; Whiteman, M.; Schantz, J.T. Vascular guidance: Microstructural 

scaffold patterning for inductive neovascularization. Stem Cells Int. 2010, 2011, 547247. 

11. Saran, U.; Gemini Piperni, S.; Chatterjee, S. Role of angiogenesis in bone repair. Arch. Biochem. Biophys. 

2014, 561, 109–117. 

12. Artel, A.; Mehdizadeh, H.; Chiu, Y.C.; Brey, E.M.; Cinar, A. An agent-based model for the 

investigation of neovascularization within porous scaffolds. Tissue Eng. 2011, 17, 2133–2141. 

13. Lindhorst, D.; Tavassol, F.; von See, C.; Schumann, P.; Laschke, M.W.; Harder, Y.; Bormann, K.H.; 

Essig, H.; Kokemuller, H.; Kampmann, A.; et al. Effects of vegf loading on scaffold-confined 

vascularization. J. Biomed. Mater. Res. 2010, 95, 783–792. 

14. Ring, A.; Langer, S.; Homann, H.H.; Kuhnen, C.; Schmitz, I.; Steinau, H.U.; Drucke, D. Analysis 

of neovascularization of PEGT/PBT-copolymer dermis substitutes in balb/c-mice. Burns 2006, 32, 

35–41. 

15. Ferrara, N. Vascular endothelial growth factor: Basic science and clinical progress. Endocr. Rev. 

2004, 25, 581–611. 

16. Wake, H.; Mori, S.; Liu, K.; Takahashi, H.K.; Nishibori, M. High mobility group box 1 complexed 

with heparin induced angiogenesis in a matrigel plug assay. Acta Med. Okayama 2009, 63, 249–262. 

17. Kew, R.R.; Penzo, M.; Habiel, D.M.; Marcu, K.B. The IKKα-dependent Nf-κB p52/RelB 

noncanonical pathway is essential to sustain a CXCL12 autocrine loop in cells migrating in response 

to HMGB1. J. Immunol. 2012, 188, 2380–2386. 

18. De Giglio, E.; Cometa, S.; Ricci, M.A.; Zizzi, A.; Cafagna, D.; Manzotti, S.; Sabbatini, L.;  

Mattioli-Belmonte, M. Development and characterization of rhVEGF-loaded poly(HEMA-MOEP) 

coatings electrosynthesized on titanium to enhance bone mineralization and angiogenesis.  

Acta Biomater. 2010, 6, 282–290. 

19. Fu, Y.; Zhang, Q.; Sun, Y.; Liao, W.; Bai, X.; Zhang, L.; Du, L.; Jin, Y.; Wang, Q.; Li, Z.; et al. 

Controlled-release of bone morphogenetic protein-2 from a microsphere coating applied to  

acid-etched Ti6Al4V implants increases biological bone growth in vivo. J. Orthop. Res. 2014, 32, 

744–751. 



Int. J. Mol. Sci. 2015, 16 7491 

 

 

20. Wulf, K.; Teske, M.; Lobler, M.; Luderer, F.; Schmitz, K.P.; Sternberg, K. Surface functionalization 

of poly(epsilon-caprolactone) improves its biocompatibility as scaffold material for bioartificial 

vessel prostheses. J. Biomed. Mater. Res. 2011, 98, 89–100. 

21. Cipitria, A.; Reichert, J.C.; Epari, D.R.; Saifzadeh, S.; Berner, A.; Schell, H.; Mehta, M.;  

Schuetz, M.A.; Duda, G.N.; Hutmacher, D.W. Polycaprolactone scaffold and reduced rhBMP-7 

dose for the regeneration of critical-sized defects in sheep tibiae. Biomaterials 2013, 34, 9960–9968. 

22. Dash, T.K.; Konkimalla, V.B. Poly-ε-caprolactone based formulations for drug delivery and tissue 

engineering: A review. J. Control. Release 2012, 158, 15–33. 

23. El-Hajje, A.; Kolos, E.C.; Wang, J.K.; Maleksaeedi, S.; He, Z.; Wiria, F.E.; Choong, C.;  

Ruys, A.J. Physical and mechanical characterisation of 3D-printed porous titanium for biomedical 

applications. J. Mater. Sci. Mater. Med. 2014, 25, 2471–2480. 

24. Udroiu, R. Powder bed additive manufacturing systems and its applications. Acad. J. Manuf. Eng. 

2012, 10, 122–129. 

25. Murr, L.E.; Quinones, S.A.; Gaytan, S.M.; Lopez, M.I.; Rodela, A.; Martinez, E.Y.;  

Hernandez, D.H.; Martinez, E.; Medina, F.; Wicker, R.B. Microstructure and mechanical behavior 

of Ti-6Al-4V produced by rapid-layer manufacturing, for biomedical applications. J. Mech. Behav. 

Biomed. Mater. 2009, 2, 20–32. 

26. Kumara, S.; Pityanab, S. Laser-based additive manufacturing of metals. Adv. Mater. Res. 2011, 227, 4. 

27. Lewis, G. Properties of open-cell porous metals and alloys for orthopaedic applications. J. Mater. 

Sci. Mater. Med. 2013, 24, 2293–2325. 

28. Yavari, S.A.; van der Stok, J.; Chai, Y.C.; Wauthle, R.; Tahmasebi Birgani, Z.; Habibovic, P.; 

Mulier, M.; Schrooten, J.; Weinans, H.; Zadpoor, A.A. Bone regeneration performance of  

surface-treated porous titanium. Biomaterials 2014, 35, 6172–6181. 

29. Muller, U.; Imwinkelried, T.; Horst, M.; Sievers, M.; Graf-Hausner, U. Do human osteoblasts grow 

into open-porous titanium? Eur. Cells Mater. 2006, 11, 8–15. 

30. Van der Stok, J.; Wang, H.; Amin Yavari, S.; Siebelt, M.; Sandker, M.; Waarsing, J.H.;  

Verhaar, J.A.; Jahr, H.; Zadpoor, A.A.; Leeuwenburgh, S.C.; et al. Enhanced bone regeneration of 

cortical segmental bone defects using porous titanium scaffolds incorporated with colloidal gelatin 

gels for time- and dose-controlled delivery of dual growth factors. Tissue Eng. 2013, 19, 2605–2614. 

31. Laschke, M.W.; Rucker, M.; Jensen, G.; Carvalho, C.; Mulhaupt, R.; Gellrich, N.C.; Menger, M.D. 

Improvement of vascularization of PLGA scaffolds by inosculation of in situ-preformed functional 

blood vessels with the host microvasculature. Ann. Surg. 2008, 248, 939–948. 

32. Mitola, S.; Belleri, M.; Urbinati, C.; Coltrini, D.; Sparatore, B.; Pedrazzi, M.; Melloni, E.; Presta, M. 

Cutting edge: Extracellular high mobility group box-1 protein is a proangiogenic cytokine.  

J. Immunol. 2006, 176, 12–15. 

33. Palumbo, R.; Sampaolesi, M.; de Marchis, F.; Tonlorenzi, R.; Colombetti, S.; Mondino, A.; Cossu, G.; 

Bianchi, M.E. Extracellular HMGB1, a signal of tissue damage, induces mesoangioblast migration 

and proliferation. J. Cell Biol. 2004, 164, 441–449. 

34. Zachary, I. Vegf signalling: Integration and multi-tasking in endothelial cell biology. Biochem. Soc. Trans. 

2003, 31, 1171–1177. 

35. Poh, C.K.; Shi, Z.; Lim, T.Y.; Neoh, K.G.; Wang, W. The effect of VEGF functionalization of 

titanium on endothelial cells in vitro. Biomaterials 2010, 31, 1578–1585. 



Int. J. Mol. Sci. 2015, 16 7492 

 

 

36. Palumbo, R.; Galvez, B.G.; Pusterla, T.; De Marchis, F.; Cossu, G.; Marcu, K.B.; Bianchi, M.E. 

Cells migrating to sites of tissue damage in response to the danger signal HMGB1 require  

NF-κB activation. J. Cell Biol. 2007, 179, 33–40. 

37. Schiraldi, M.; Raucci, A.; Munoz, L.M.; Livoti, E.; Celona, B.; Venereau, E.; Apuzzo, T.;  

de Marchis, F.; Pedotti, M.; Bachi, A.; et al. HMGB1 promotes recruitment of inflammatory cells 

to damaged tissues by forming a complex with CXCL12 and signaling via CXCR4. J. Exp. Med. 

2012, 209, 551–563. 

38. Xiao, Y.; Yuan, M.; Zhang, J.; Yan, J.; Lang, M. Functional poly(epsilon-caprolactone) based 

materials: Preparation, self-assembly and application in drug delivery. Curr. Top. Med. Chem. 2014, 

14, 781–818. 

39. Niu, X.; Yang, C.; Chen, D.; He, S.; Yan, D.; Yao, Y. Impact of drug-eluting stents with different 

coating strategies on stent thrombosis: A meta-analysis of 19 randomized trials. Cardiol. J. 2014, 

21, 557–568. 

40. Galli, C.; Piergianni, M.; Piemontese, M.; Lumetti, S.; Ravanetti, F.; Cacchioli, A.; Macaluso, G.M.; 

Passeri, G. Periostin improves cell adhesion to implantable biomaterials and osteoblastic 

differentiation on implant titanium surfaces in a topography-dependent fashion. J. Biomed. Mater. 

Res. 2014, 102, 3855–3861. 

41. Sola-Ruiz, M.F.; Perez-Martinez, C.; Martin-Del-Llano, J.J.; Carda-Batalla, C.; Labaig-Rueda, C. 

In vitro preliminary study of osteoblast response to surface roughness of titanium discs and topical 

application of melatonin. Med. Oral Patol. Oral Cir. Bucal 2015, 20, e88–e93. 

42. Sheikh, F.; Barakat, N.M.; Kanjwal, M.; Aryal, S.; Khil, M.; Kim, H.-Y. Novel self-assembled 

amphiphilic poly(ε-caprolactone)-grafted-poly(vinyl alcohol) nanoparticles: Hydrophobic and 

hydrophilic drugs carrier nanoparticles. J. Mater. Sci: Mater. Med. 2009, 20, 821–831. 

43. Brynda, E.; Pachernik, J.; Houska, M.; Pientka, Z.; Dvorak, P. Surface immobilized protein 

multilayers for cell seeding. Langmuir 2005, 21, 7877–7883. 

44. Williams, J.M.; Adewunmi, A.; Schek, R.M.; Flanagan, C.L.; Krebsbach, P.H.; Feinberg, S.E.; 

Hollister, S.J.; Das, S. Bone tissue engineering using polycaprolactone scaffolds fabricated via 

selective laser sintering. Biomaterials 2005, 26, 4817–4827. 

45. Chen, X.D.; Qian, H.Y.; Neff, L.; Satomura, K.; Horowitz, M.C. Thy-1 antigen expression by cells 

in the osteoblast lineage. J. Bone Miner. Res. 1999, 14, 362–375. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


