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Abstract
Large bone defects such as those that occur after trauma or resections due to cancer 
still are a challenge for surgeons. Main challenge in this area is to find a suitable 
alternative to the gold-standard therapy, which is highly risky, and a promising option is 
to use biomaterials manufactured by 3D printing. In former studies, we demonstrated 
that the combination of polylactic acid (PLA) and bioglass (BG) resulted in a stable 
3D-printable material, and porous and finely structured scaffolds were printed. These 
scaffolds exhibited osteogenic and anti-inflammatory properties. This 3D-printed 
material fulfills most of the requirements described in the diamond concept of bone 
healing. However, the question remains as to whether it also meets the requirements 
concerning angiogenesis. Therefore, the aim of this study was to analyze the effects 
of the 3D-printed PLA-BG composite material on angiogenesis. In vitro analyses 
with human umbilical vein endothelial cells (HUVECs) showed a positive effect of 
increasing BG content on viability and gene expression of endothelial markers. 
This positive effect was confirmed by an enhanced vascular formation analyzed by 
Matrigel assay and chicken chorioallantoic membrane (CAM) assay. In this work, we 
demonstrated the angiogenic efficiency of a 3D-printed PLA–BG composite material. 
Recalling the osteogenic potential of this material demonstrated in former work, 
we manufactured a mechanically stable, 3D-printable, osteogenic and angiogenic 
material, which could be used for bone tissue engineering.
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1. Introduction
Large bone defects that occur after trauma or resections 
due to cancer still are a challenge for surgeons. Often 
these defects do not heal without supportive therapy, and 
consequently, the risk to develop nonunions is immense. 
Autologous bone grafting is the gold standard of therapy for 
this condition; however, this therapy not only necessitates 
subsequent surgeries for the patient, but is also associated 
with side effects and high costs. Moreover, the amount of 
material is limited[1]. Although some other therapies like 
reamer-arrigator-aspirator (RIA) systems are getting more 
and more important[2], main challenge in this area is to find 
a suitable alternative to the gold-standard therapy, which is 
highly risky.

One option is to use biomaterials manufactured by 3D 
printing. Many 3D-printable biopolymers like polylactic 
acid (PLA), polycaprolacton (PCP), poly lactide-co-
glycolide (PGLA), or others are suitable for applications 
in bone tissue engineering as they are biocompatible, 
biodegradable, and mechanically stable, but they are not 
bioactive[3]. One possibility is to combine these materials, 
for example, polylactide, with bioactive materials like 
hydroxyapatite (HA)[4], tricalcium phosphate (TCP)[5], 
or bioglass (BG)[6], resulting in composite demonstrating 
high osteoconductivity and osteoinductive properties, 
which are however not printable by themselves. Especially, 
bioglass is an interesting ionic compound in this context. 
Bioactive glasses were discovered in 1969 and represent 
an interesting alternative implant material. 45S5 bioglass 
(BG) has already been used clinically as it stimulates 
osteogenesis and forms a strong bond with host tissues[7].

BG has been combined with many different materials, 
for example, various hydrogels[8], graphene oxide[9], or 
polycaprolactone[10], from which it is released and induces 
osteogenic properties[11]. By combining PLA and bioglass, 
it might be possible to combine the positive characteristics 
of these materials and overcome their negative aspects.

Back in early 2000s, it was reported that the 
combination of BG and PLA demonstrated positive 
effects on bone regeneration[12-14]. The combination of 
both materials to form a printable composite is a new 
research area and was reported firstly by Roether et al.[14] 
and Alksne et al.[6], who observed high cytocompatibility 
and osteoinductive properties of the printed PLA–BG 
scaffolds. Another advantage of the combined material is 
the degradation process. PLA has been shown to degrade 
into acid products that might limit tissue regeneration. 
However, the alkaline nature of BG reduces the acidic side 
effects of these degradation products[15].

We have recently manufactured a printable material 
consisting of PLA and increasing concentrations of S53P4 

BG up to 20% (w/w). This material was suitable to print 
complex, porous, and finely structured scaffolds using 
standard Cartesian 3D printers. In the first step, the porous 
structure of the material was described, and the mechanical 
stability was proven[16], showing the potential of this new 
material. We demonstrated an even distribution of the BG 
particles within the PLA matrix and a prolonged release 
of calcium from this material, which increased with BG 
concentrations. Adhesion of mesenchymal stem cells 
(MSC) and their osteogenic as well as anti-inflammatory 
properties increased with increasing BG content of the 
composite. Accordingly, whole blood stimulation assays 
followed by protein array analysis revealed no significant 
inflammatory potential[17,18]. A BG concentration-
dependent calcium release from this material[17,16] mediates 
at least some of the observed effects[18].

Thus, this 3D-printed material fulfills most of the 
requirements as described in the diamond concept of 
bone healing—being osteoinductive, osteogenetic, and 
mechanically stable[19]. However, the question remains 
as to whether it also meets the requirements concerning 
angiogenesis[20]. Bone fracture healing is a multifactorial 
process, with angiogenesis being a key aspect. Without 
vascularization of the implanted biomaterial, neither bone 
healing nor any tissue regeneration can take place[21,22]. 
Known factors involved in formation of vasculature are, 
for example, stromal derived factor-1 (SDF-1) and vascular 
endothelial growth factor (VEGF), which also regulate 
the neoangiogenesis of newly formed bone[22,23]. Further 
factors or materials that induce angiogenesis are promising 
to be used in dual-delivery systems to induce angiogenesis 
in combination with osteogenesis. Further factors or 
materials are promising to be used in dual-delivery systems 
to induce angiogenesis in combination with osteogenesis. 
For example, PLGA was combined with various molecules, 
for example, VEGF[24,25].

One example besides PLA is the combination of PGLA 
with various bioactive molecules, for example, VEGF[24,25].

It has been demonstrated in various studies that BG, 
as one part of composite materials, has positive effects on 
wound healing[26] and angiogenesis. In combination with 
collagen, BG induced vascularization of adipose tissue-
derived stem cells[27]. Moreover, Deb et al.[28] reported 
co-culture of human osteoblasts and endothelial cells 
on ceramic-BG scaffolds. Stähli et al. and Eldesoqi et al. 
observed a positive effect of BG released from composite 
materials on endothelial cell morphogenesis[29,30]. A 
positive effect has also been described for osteochondral 
regeneration[31].

Therefore, the aim of this study was to analyze the 
effects of the 3D-printed PLA–BG composite material on 
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angiogenesis. First, in vitro analyses with human umbilical 
vein endothelial cells (HUVECs) were performed to 
characterize viability and gene expression of endothelial 
markers. Differentiation capacity of HUVECs in response to 
the BG fraction in the test specimen was evaluated by means 
of reverse transcription polymerase chain reaction (RT-
PCR). The effect of the biomaterials on vascular formation 
was analyzed by Matrigel assay and chicken chorioallantoic 
membrane (CAM) assay. The goal of this study was to detect 
whether the 3D-printed PLA–BG composite scaffolds 
are able to induce angiogenesis in addition to the already 
detected enhancement of osteogenesis.

2. Methods
2.1. Filament fabrication
Composite filaments of PLA and BG were fabricated 
as described before[17]. Shortly, PLA granules (PLA-
filament Kristall Natur, 3dk.berlin, Berlin, Germany) 
with a grain size of 2–5 mm and bioglass Type S53P4 
(bioglass composition: 53% SiO2, 23% Na2O, 20% CaO, 
4% P2O5, BonAlive Biomaterials Ltd., Turku, Finland) with 
a grain size of 25–42 µm were mixed manually to obtain 
compositions with BG content of 0, 5, 10, and 20% (w/w). 
For filament extrusion, a desktop filament extruder (NEXT 
1.0 Advanced, 3devo B.B., Utrecht, the Netherlands) was 
used. Screw speed was set to 4 U/min and fan speed to 65%. 
The speed of the conveying mechanism was set to automatic 
to achieve the desired filament diameter of 1.75 mm.

2.2. Sample fabrication
Two-dimensional round scaffolds of each PLA–BG 
composite were printed using fused filament fabrication 
on a 3D printer (i3 MK3S, Prusa Research, Prague, Czech 
Republic) with a nozzle diameter of 0.4 mm. Filaments 
were dried at 40°C for at least 12 h. Sample geometries 
were designed with computer-aided design software NX 
12 (Siemens NX 12, Siemens AG, Berlin and Munich, 
Germany) and preprocessed with Cura Ultimaker v.4.6. 
(Ultimaker, Utrecht, the Netherlands). A flat disk consisting 
of two layers with a diameter of 0.5 cm was printed and 
used for further experiments.

2.3. Biocompatibility assessment
In vitro cytotoxicity was analyzed analogous to ISO 
10993-5 using the MTT ([3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazoliumbromid)]) assay. Mouse L929 
cells (20,000 cells/well) were seeded in a 96-well tissue 
culture plate for 24 h. PLA–BG disks were incubated in 
120 µL cell media for 48 h. About 100 µL of this extract 
were given to L929 cells in the 96-well plate. After an 
incubation time of 24 h, the MTT assay was performed and 
the colorimetric readout was performed at a wavelength 
of 570 nm (reference wavelength 650 nm). Zinc diethyl 

dithiocarbamate (ZDEC) and zinc dibutyl dithiocarbamate 
(ZDBC) (Food and Drug Safety Center, Hatano Research 
Institute, Hadano, Japan) were used as positive controls as 
they induce a reproducible cytotoxic reaction.

2.4. Cell culture and microscopy
HUVECs were purchased from Promocell (Heidelberg, 
Germany) and cultured in complete EBM-2 medium 
(Promocell, Heidelberg, Germany) as recommended by 
the supplier. For microscopic observations after seeding 
on PLA-BG samples, cells were labeled with Cell Tracker™ 
Green according to the manufacturer’s instructions 
(Life Technologies, Carlsbad, CA, USA]. 2 × 105/0.2 cm2 
HUVECs were seeded onto the different PLA–BG disk 
and cultivated overnight. The next day cell detection was 
performed with the EVOS® Digital Inverted Microscope 
(Life Technologies, Carlsbad, CA, USA).

2.5. Viability
Cell viability was tested with the alamarBlue® assay. 2 × 
105/0.2 cm2 HUVECs were seeded onto the different PLA–
BG disk and cultivated overnight. The alamarBlue® assay 
(Gibco®Invitrogen™ Life Technologies, Carlsbad, CA, USA) 
was performed 1 and 4 days after seeding. For this purpose, 
cells were incubated with 320 µL of a 10% alamarBlue 
solution in medium for 4 h at 37°C. Subsequently, 100 µL 
of the supernatant was transferred to a 96-well plate, and 
the absorbance (presented as fluorescence intensity) of 
each was measured at 560/600 nm.

2.6. PCR
5 × 104 /0.2 cm2 HUVECs were seeded onto PLA–BG 
disks and detached with accutase the next day. The cell 
suspensions were centrifuged at 1,400 rpm for 5 min and 
the cell pellet was stored at −80°C for future use. Isolation 
of RNA was performed using PeqGold Total RNA Micro 
Kit (PeqLab) according to manufacturer’s instruction. 
Total RNA (1 μg) was reverse-transcribed into cDNA 
using dNTPs (4you4 dNTPs Mix (10 mM), BIORON 
GmbH, Ludwigshafen), Random Primers (Promega, 
Madison, WI, USA), and MuLV RT (M-MuLV Reverse 
Transcriptase, M0253S New England Biolabs, Ipswich, 
MA, USA) according to the manufacturer’s instructions. 
For gene expression analyses, cDNA template underwent 
PCR amplification (40 cycles) using the SYBR Green 
(PowerUp™ SYBR® Green master mix, Applied Biosystems, 
Foster City, CA, USA) and sequence-specific primers 
(primer sequences listed in Table 1). GAPDH was used for 
normalization, and results were calculated using the well-
established 2−ΔΔCt method[32].

2.7. Matrigel assay
In this experiment, a series of conditioned media containing 
pure PLA and BG in different concentrations were prepared 
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by incubating the media for 48 h so that all solutes can 
be fully absorbed. 5 × 104/100 µL HUVECs were mixed 
with Matrigel® solution in a 1:1 ratio and then incubated 
for 30  min to allow the Matrigel® to take its solid form. 
Afterward, 200 µL of the additive medium was pipetted into 
each well and incubated for 24 h. The following day, photos 
were taken under the microscope (EVOS®) and analyzed 
using ImageJ® (Angiogenesis Analyzer; Figure 1[33]).

2.8. CAM assay
Previous studies have already proven that the CAM 
assay is well suited for assessing the biocompatibility of 
biomaterials as well as their angiogenic potential[34,35]. Hens’ 
eggs (Leghorn) were stored horizontally in an incubator 
(Brutmaschinen Janeschitz GmbH, Hammelburg, 
Germany) at 37.5°C for 3 days. On day 3 of egg development 
(EDD 3), 5–6 mL of albumin was removed with a sterile 
10-mL syringe and a 21-G × 1-1/2″ needle (0.8 × 40 mm) 
(BD MicrolanceTM Becton Dickinson GmbH, Heidelberg, 
Germany) from the blunt end. After albumin removal, the 
eggshell was opened at the top with autoclaved scissors 
and subsequently covered with ParafilmVR (Sigma-
Aldrich, St. Louis, MO, USA) to prevent evaporation. 
On day 8 of egg development (EDD  8), PLA–BG disks 
were placed onto the CAM. Six days after placement 
fluorescence microscopy was performed, the eggs were 
placed horizontally under a microscope (Olympus 

BXFM, OLYMPUS DEUTSCHLAND GmbH, Hamburg, 
Germany). The analysis of the vascular density was carried 
out using ImageJ[33].

2.9. Statistical analysis
Statistical analyses were performed using the software 
GraphPad Prism. The results are presented as medians and 
quartiles. Measurements were carried out in triplicates. 
Cell-based experiments were independently repeated three 
times. Normally distributed data were analyzed by one-
way analysis of variance (ANOVA). Depending on Levene’s 
test for equality of variances, pairwise comparisons were 
conducted either by a Tukey–HSD or Games–Howell 
post hoc test. In contrast, non-normally distributed data 
were evaluated with the Kruskal–Wallis test followed 
by a Bonferroni-corrected Conover–Iman analysis. For 
pairwise comparisons, the Mann–Whitney U test was 
used. P < 0.05 was considered statistically significant (*P 
< 0.05, **P < 0.01, ***P < 0.005, and ****P < 0.001). Due 
to multiple testing, the P-values were adjusted through 
Bonferroni–Holm method.

3. Results and discussion
3.1. Sample fabrication
Scanning electron microscopy (SEM) images of the filament 
were taken, which demonstrate an even distribution of BG 
particles. For in vitro and in ovo analyses, simple cylindrical 
structures containing two layers, with a diameter of 5 mm 
and a height of 300 µm were printed (Figure 2 and ref. [17]).

3.2. Biocompatibility
In order to ensure biocompatibility of the different PLA–
BG scaffolds, the scaffolds were incubated in medium 
for 48 h, and the resulting supernatants were transferred 
to L929 cells seeded in 96-well plate for 24 h. After 24 h, 
in accordance to ISO-10993-5 (“Biological evaluation of 
medical devices”), a MTT assay was performed. Figure 3 
shows the cell viability in different PLA–BG scaffolds 
compared to controls; the cytotoxic controls show no 
viability.

3.3. Adhesion
To detect whether BG supports the adhesion capacity 
of endothelial cells on PLA disks, cells labeled with 
CellTrackerTM Green were seeded on PLA scaffolds with 
BG in different concentrations. With increasing BG 

Table 1. Primer sequences

Gene Forward primer (5′ to 3′) Reverse primer (5′ to 3′)

GAPDH CGA CCA CTT TGT CAA GCT CA AGG GGA GAT TCA TGT TGG TG

CD31 CAT TGG CGT GTT GGG AAG AA GCT CAT GTT TGC CTA GCT CC

KDR TTA CTT GCA GGG GAC AGA GG TTC CCG GTA GAA GCA CTT GT

Figure 1. Example of Matrigel analysis[33]. Yellow lanes show the segments, 
while pink circles represent junctions.
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content, an increase in the number of adhered cells could 
be observed (Figure 4).

3.4. Viability
The positive effect of BG inclusion to PLA was confirmed 
by viability assays (alamarBlue assay) 1 and 4 days after 
seeding. On both days, viability of HUVECs on scaffolds 
with 10% and 20% BG was significantly increased 
compared to PLA pure and also to PLA-5%BG (day 4; 
Figure 5). Viability increased significantly on PLA–20%BG 
from day 1 to day 4, which manifested the best effect in 
terms of cell viability with respect to other scaffolds with 
different BG concentrations.

Few studies have analyzed the effect of BG on the 
viability and proliferation of HUVECs. Li et al.[26] tested BG 
ion extracts in different dilutions on HUVECs proliferation 
and showed that higher BG concentrations suppressed 
proliferation of HUVECs. However, their application 
method is hardly comparable to our experiments as their 
intention was to induce wound healing. Another study 
used BG–PVA (polyvinyl alcohol) scaffolds in the ratios of 
4:1 and 3:1 and demonstrated an increased proliferation 
of a HUVEC-hOB coculture in comparison to HA 
scaffolds[28]. Some studies incorporated BG in different 
hydrogels and reported positive effects on endothelial cell 

Figure 2. SEM images and gross observation of the 3D-printed PLA pure and PLA–20%BG composite scaffolds.

Figure 3. MTT tests performed analogous to ISO 10993-5 confirmed 
the biocompatibility of all four PLA scaffolds without and with BG in 
different concentrations. Significant differences were only observed when 
compared to the cytotoxic controls. NM: normal cultivation medium; 
ZDEC and ZDBC: cytotoxic controls.
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adhesion and growth as well as on vascularization and 
wound healing[36,37]. The basic concepts of these studies are 
comparable to our experimental approach and confirm the 
positive effect of BG on angiogenesis.

3.5. Gene expression
To confirm the results of the adhesion and viability assays, 
gene expression analyses of the two endothelial markers 
CD31 and KDR (kinase insert domain receptor) were 
performed. Considering the results from this study as 
well as from the studies regarding osteogenesis, one can 
conclude that the lowest concentration of BG has no effect 
on osteogenic or endothelial cells. The group with the 
lowest BG concentration of 5% was excluded from further 
studies. Only PLA with BG concentrations from 10% and 
20% were used for the following experiments.

Gene expression of both endothelial markers was 
enhanced in both PLA–10%BG and PLA–20%BG groups 
when compared to pure PLA-scaffolds. PLA–20%BG 
showed the highest expression of these endothelial markers 
(Figure 6). KDR expression seems to be lower on day 4 
on PLA–20%BG compared to PLA–10%BG; however, 
the difference is not statistically significant, whereas the 
difference to PLA pure group is statistically significant.

As already stated before, only few studies have analyzed 
the effect of BG on vascular gene expression. It has been shown 
that human dental stromal cells demonstrated a higher gene 
expression of CD34, CD31, and KDR in 3D BG constructs[38]. 
This research group also detected osteogenic effects in the 
same scaffold[39]. Li et al.[26] observed a positive effect on gene 
expression of FGF (fibroblast growth factor), VEGF and KDR 
in HUVECs after being seeded on BG–PVA scaffolds.

3.6. Angiogenesis assay (Matrigel assay)
To analyze the differentiation capacity of PLA-BG 
scaffolds, Matrigel assays were performed to quantify tube 
formation[33,40]. This assay is easy to perform, easy to analyze 
and quantify, and highly reproducible. Another advantage 
is that endothelial cells attach within 1 h and start to form 
tubes as well as cell–cell contacts within 12–24 h[41].

Exemplary illustrations of HUVECs seeded in 
Matrigel® and incubated with conditioned medium 
from the three PLA–BG scaffolds (0%, 10%, and 20% 
BG) are shown in Figure 7A. Figure 7B demonstrates 
the quantitative analysis showing that all three analyzed 
components (number of junctions, number of segments, 
and total length) increased with BG content in the 
3D-printed scaffolds (Figure 7).

Figure 4. Adhesion of HUVECs (green) to PLA–BG disks. Scale bar: 2 mm.
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Until now, there are no quantitative data concerning 
the effects of BG on angiogenesis tested with Matrigel 
assay. To sum up the in vitro results, we can clearly state 
that the 3D-printed PLA disks with a BG content of 10% or 
20% induce angiogenic properties.

3.7. CAM assay
To analyze the neo-vessel formation around the scaffolds 
as well as its integration into the vascular network, a 
CAM assay was performed. The CAM assay is a simple, 
fast, and low-cost model to test angiogenesis in vivo[42]. 
It is an attractive alternative to small animal models and 
respects the guidelines for a reduction of animal numbers 
and experiments[43]. Moreover, compared to small animal 
models, where periods of up to 6 weeks are necessary, the 

neoangiogenesis on the CAM can be analyzed after 3–7 
days[44,45].

Determination of the vascular density around the scaffold 
showed a significantly higher density 7 days after placement 
of the PLA–20%BG disks compared to the pure PLA and the 
PLA–10%BG discs (Figure 8). As negative control, the PLA 
pure was used. A control without scaffold has not been used 
as the material itself influences the CAM by friction and 
weight. Neoangiogenesis around the scaffold was measured 
to show the effect of the scaffold on vascularization.

Determination of the vascular density around the 
scaffold demonstrated a significantly higher density 7 days 
after placement of the PLA–20%BG disks compared to the 
pure PLA and the PLA–10%BG disks (Figure 8).

Figure 5. Viability of HUVECs seeded on PLA–BG disks measured with the alamarBlue assay. Viability (presented as fluorescence intensity) increased 
with BG concentration in the test specimen on day 1 and day 4 in comparison to control. Results are expressed as median and quartiles (n = 9). Mann–
Whitney U tests revealed significant differences (*P < 0.05, **P < 0.01, ***P < 0.005; ****P < 0.001). For a better overview, only the significant differences 
are indicated.
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Only few studies have analyzed the effect of BG in ovo. 
Cohrs et al.[46] analyzed silicone elastomers blended with 
BG nano- (nBG) or micro-particles (mBG) in ovo. They 
found that nBG and mBG were better integrated into the 
membrane, but they displayed a lower vascular density. 
This group worked with a low BG concentration of 5%, a 
concentration with which we could not detect any positive 
effects on angiogenesis in vitro. Adipose tissue-derived 
stem cells seeded on a combination of polypropylene and 
BG demonstrated increased vascularization in the CAM 
assay, as measured by tube length[27]. Other groups used 
the CAM assay to show the biocompatibility or bone 
mineralization potential of BG-based scaffolds[47].

Besides the fact that the CAM assay demonstrates the 
positive effect on angiogenesis, this assay also confirms the 
biocompatibility of the PLA–BG material. The CAM assay 
is a well-accepted method to prove the biocompatibility 
of biomaterials and tissue-engineered constructs in ovo 
and in vivo[48,49]. It has been demonstrated that PLA and 
BG can be used as composite material and that the shape 
can be customized by 3D printing[50]. One advantage of 3D 
printing is the variation capacity—thickness, diameter, and 
pore size can be modified depending on the application. 
All these parameters can affect osteogenesis as well as 

angiogenesis as described before[25,51,52]. To analyze these 
parameters, the PLA–BG composite material will be 
applied in a follow-up in vivo study in a femur defect in 
the rat to further define the biocompatibility as well as the 
effect of different thicknesses and pore sizes in the scaffold. 
Another topic that will be analyzed in the animal model 
is the osteoimmunity regulating effects of the scaffold as 
it has been demonstrated that PLA/HA scaffolds induce 
osteoimmunity[53].

In the present study, we showed that the 3D-printed 
PLA–BG, especially at a BG concentration of 20%, induces 
angiogenesis in vitro with endothelial cells (HUVECs) as 
well as in ovo, as demonstrated in the CAM assay. PLA has 
been established as a degradable implant material in various 
biomedical areas like bone fixation, surgical implants, or 
scaffolds for bone tissue engineering[54]. However, there 
have been criticisms regarding the acidic pH following 
degradation of the scaffold[55], which has been disproven 
in a long-term study on horses[56]. By combining PLA 
with BG, the acidic degradation products are even further 
neutralized[55]. Another positive effect of the encapsulation 
of BG in PLA is the slower and continuous release of 
components. Other studies reported a very fast release rate 
causing cytotoxic effects[57].The released ions from BG are 

Figure 6. Gene expression analyses on PLA–10%BG and PLA–20%BG on day 1 and day 4 after seeding of HUVECs. Mann–Whitney U tests revealed 
significant differences (*P < 0.05, **P < 0.01, ***P < 0.005; ****P < 0.001). Black asterisk demonstrates significant difference between the PLA–10%BG and 
PLA–20%BG groups; light blue asterisk represents the significant difference compared to PLA pure group (blue line = 1). For a better overview, only the 
significant differences are indicated.
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Figure 7. Matrigel assay with conditioned medium. (A) Exemplary illustrations of HUVECs in Matrigel® incubated with conditioned medium. Black 
arrows indicate segments and junctions. (B) Quantitative analyses as described in methods and Figure 1. All three analyzed components (number of 
junctions, number of segments and total length) increased with the BG concentration in the 3D-printed scaffolds. Mann–Whitney U tests revealed 
significant differences (*P < 0.05, **P < 0.01, ***P < 0.005; ****P < 0.001). For a better overview, only the significant differences are indicated.
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Si, Ca, Na, and P[17,58], and it has been proposed that the 
release of these ions positively affects the osteogenesis as 
well as the angiogenic potential of human cells[47,58].

4. Conclusion and outlook
In this work, we demonstrated the angiogenic efficiency 
of a 3D-printed PLA–BG composite material, as an 
addition to our earlier work on the osteogenic potential 
of this material[16,17]. Taken together, we manufactured 
a mechanically stable, 3D-printable, osteogenic, and 
angiogenic material, which could be used for bone 
tissue engineering. In vivo analyses will be performed in 
future studies to confirm the in vitro results regarding 
biocompatibility and the osteogenic as well as angiogenic 
effects. Moreover, the degradability of the PLA–BG 
composite material will also be determined in the in vivo 
experiments.

In further work, we will also determine the antimicrobial 
activity of the 3D-printed composite material as it has been 
shown that BG inhibits the growth of various bacterial 
strains[59]. As infections are still a major problem in implant 
surgery, a material combining osteogenic, angiogenic, and 

antibacterial properties would solve many problems in 
this area.
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