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Introduction

A challenging issue in bone tissue engineering is the devel-
opment of angiogenic/osteogenic biomaterials which can 
effectively promote both bone formation and vasculariza-
tion after implantation.1 During bone regeneration process, 
endothelial progenitor and stem cells are initially stimu-
lated to enable angiogenesis, with the secretion of angio-
genic factors; also, the stem cells are further committed to 
osteogenic differentiation and maturation to form vascu-
larized bone structure.2–4 Therefore, biomaterials that are 
developed for bone regeneration should initially stimulate 
endothelial cells to form vascular networks in the damaged 
area and then stimulate osteoprogenitor or bone-forming 
cells to synthesize the extracellular matrix for bone.5,6

Much effort has been exerted to incorporate growth fac-
tors within biomaterials such as vascular endothelial growth 
factor (VEGF) and bone morphogenetic proteins (BMPs) to 
enhance the angiogenesis and osteogenesis, respectively. 
For example, the loading of VEGF to poly(lactic-co- 
glycolic acid) (PLGA) scaffolds significantly stimulated 
blood vessel formation and bone regeneration in irradiated 

osseous defects.7 However, the growth factor approach 
holds several drawbacks such as high cost, denaturation, or 
degradation of protein structure during scaffold fabrication 
and adverse side effects when overdosed.8,9
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As another category of therapeutic molecules, ions 
have also been incorporated within biomaterials, and 
the ions used thus far include cobalt, copper, silver, 
strontium, zinc, iron, phosphate, and silicate.3,10,11 This 
ionic approach has several advantages, including sim-
plicity, low cost, stability during scaffold processing, 
and effectiveness at low concentrations. In fact, many 
different forms of biomaterials have been developed to 
incorporate those ions for diverse biological effects, 
such as angiogenesis, osteogenesis, or antibacterial 
activity.3,11–13

Among the biomaterials that can incorporate ions, 
silica-based bioactive glasses (SBGs) have been widely 
explored for the repair and regeneration of hard and soft 
tissues.12,14 SBGs can induce the deposition of a mineral 
phase onto the surface which mimics the inorganic min-
eral of natural bone. Moreover, they have the ability to 
induce vascular network formation without utilizing 
vascular-stimulating growth factors,12,15 thus enhancing 
the tissue repair processes.10,12,16 Early findings showed 
that 45S5 Bioglass® particles enhanced vessel forma-
tion by stimulating the secretion of angiogenic growth 
factors such as VEGF and basic fibroblast growth factor 
(bFGF) from endothelial cells,17,18 which was ultimately 
helpful for bone formation. Similarly, calcium silicate 
(CS) bioceramics releasing silicate ions also showed 
significantly stimulated angiogenesis through the 
upregulated VEGF in endothelial cells and the activated 
kinase insert domain receptor (KDR).3,14

As witnessed in the previous studies, many silicon-con-
taining biomaterials have the potential for bone regenera-
tion through the angiogenic stimulation, and the role of 
silicate ions in the events can thus be envisaged. This mini 
review focuses on the silicon-containing biomaterials and 
highlights their ability to release silicate ions at various 
concentration levels and the biological role in promoting 
angiogenesis. We scrutinize the recent in vitro and in vivo 
findings related to silicate ionic roles and discuss possible 
mechanisms in the angiogenic stimulation.

Silicon-containing biomaterials

Silicate ions that can release during the degradation of 
silica-based biomaterials (glasses, crystalline ceramics, or 
composites/hybrids) have been found to influence cell 
functions and to accelerate osteogenesis and angiogene-
sis.10,12 Silicate ions release at different levels due to the 
different degradation rates of biomaterials which depend 
on the composition, size, and shape.16 A diverse array of 
silica-networked, silicon-substituted, or silicon-incorpo-
rating biomaterials has thus been developed with different 
forms, such as monoliths/solid blocks, porous scaffolds, 
nano/microfibers, and nano/microparticles, as presented 
in Figure 1. In the following sections, these biomaterials 
are described in detail.

Glasses

SBGs are amorphous materials that contain SiO2 as the 
main glass network former. The most well-known SBG 
in biomedical fields is 45S5 Bioglass which has a bioac-
tive and biodegradable silicate composition (see Table 1). 
This was discovered by Hench19 and Jones and Hench20 
in 1969, and since then, many bioactive glass/glass 
ceramics (melt or sol-gel derived) have been introduced 
for bone repair and grafting.21 The main characteristic of 
the bioactive glasses is the well-known ionic reactions 
and the subsequent formation of hydroxyapatite (HA) 
layer on their surface in contact with physiological body 
fluid.22,23 The apatite layer is very similar to that of bone 
mineral.19,22,23 Furthermore, the dissolved silicate ions 
from bioactive glasses have stimulating effects on osteo-
blasts, regulating the expression of several genes includ-
ing key osteoblastic markers and extracellular matrix 
proteins.

Xynos et al. studied the effects of ions extracted from 
Bioglass 45S5 on cell behaviors. A twofold increase in 
VEGF expression was observed when human primary 
osteoblasts were treated with the ionic products.24 Although 
silicate ions could be released to a level of 16.58 ppm after 
24 h of incubation, calcium and phosphorus ions were also 
contained in the treated medium, which might complicate 
the interpretation of the exact role of silicate ions, which 
requires further studies.

The release rate of silicate ions varies according to the 
material shape (spheres, fibers, or irregular), size (micro or 
nano), and texture (porous or non-porous), which are 
related to surface area.25,26,27 For example, the dissolution 
profiles of silicate ions from powder, foam, and monolithic 
disk of 58S bioactive glass (60 mol% SiO2, 36 mol% CaO, 
4 mol% P2O5) with the same mass was compared in simu-
lated body fluid (SBF) for 24 h.28 The results showed that 
the release of silicate ions was highest for powder (~2.5 
mM) and lowest for monolith (~0.178 mM),14 reflecting 
the role of surface area that is in contact with the medium. 
In another example, the silicate ions released from irregu-
lar bioactive glass (IBG) particles and bioactive glass 
microspheres (BGMs) showed significantly different 
release kinetics.29

Another type of glasses that contain silicon is the cal-
cium phosphate glasses (CPGs). CPGs are biodegradable 
materials, and their degradation rate is tailored by the com-
positional change.30 The incorporation of silica in the glass 
reduced degradation rate,10 and the released silicate ions 
were shown to regulate key angiogenic factors.

Crystalline ceramics

Some bioceramics, for example, akermanite, bredigite, and 
diopside, are silicate crystallines and thus can release silicate 
ions in aqueous environments. Akermanite (Ca2MgSi2O7) 
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has been shown to be bioactive and degradable, releasing 
silicate ions.12 Bredigite (Ca7MgSi4O16) is another bioac-
tive silicate ceramic with excellent biocompatibility and 
apatite mineralization ability. The ionic products from  
the bredigite dissolution significantly promoted stem cell 
growth.31

CS bioceramics comprise another unique class of  
silica-based bioceramics. They have been used for  
bone repair materials due to bioactivity, degradability, 
and biocompatibility. Several studies have reported that 
CS in powders or coatings exhibited excellent in vitro 
and in vivo bioactivity.11 There are three kinds of  
CSs with different Ca/Si ratios: monocalcium silicate 
(CaSiO3), dicalcium silicate (Ca2SiO4), and tricalcium 
silicate (Ca3SiO5). Monocalcium silicate (MCS) is not 
hydraulic and has two main forms: low temperature 
phase, wollastonite (β-CaSiO3), and high temperature 
phase, pseudowollastonite (α-CaSiO3). Dicalcium sili-
cate and tricalcium silicate can be hydrated and then 
hardened by mixing with liquid phases.32,33 The silicate 
ions released from CS were shown to provide excellent 
environment for stem cell proliferation and differentia-
tion toward an osteogenic lineage and also for human 

umbilical vein endothelial cell (HUVEC) proliferation 
and angiogenesis.3,10,34

Calcium phosphate bioceramics (HA and tricalcium 
phosphate (TCP)) are often doped with silicon.19,20 In fact, 
biological apatites are non-stoichiometric and contain 
small levels of impurities including silicon.35 The incorpo-
ration of silicon within HA lattice was proposed to improve 
the bioactivity. Thus, several methods were used to pro-
duce silicon-substituted HA (Si-HA) with varying silicon 
content.36 Silicon can partially replaces phosphate (PO4

3−) 
groups in HA lattice to result in Ca10(PO4)6−x(SiO4)
x(OH)2−x,37 and the amount incorporated is limited with 
ranging from 0.1% to 5% by weight. Silicate ion was also 
doped to α-TCP (α-Ca3(PO4)2), which is widely used as a 
powder for calcium phosphate cement (CPC). The α-TCP 
hydrolyzes in aqueous media to convert into calcium-defi-
cient HA. The Si-doped α-TCP was shown to release sili-
cate ions at ~1.5 mM.38

Calcium carbonate (CaCO3) was developed to incor-
porate silicate species. CaCO3 mineral has three poly-
morphs, that is, calcite, aragonite, and vaterite.39 Vaterite 
is the least thermodynamically stable and thus immedi-
ately dissolves, releasing calcium ions, while a part of it 

Figure 1. Various forms of silicon-containing biomaterials that can release silicate ions at proper therapeutic doses (silicate ions 
are symbolized as Si4+ for simplicity).
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re-crystallizes as the most stable calcite. Vaterite parti-
cles containing aminopropyl-functionalized silsesquiox-
ane (SixV, where x = 0, 2.6 and 4.9 wt%) were prepared. 
Compositions of Si2.6V and Si4.9V were shown to hydro-
lyze and produce soluble silicate species in the range of 
~21–50 mM.39,40

Composites and hybrids

Hybrids and composites containing silicon have also been 
developed for improved mechanical and biological 
responses. The silicon-containing glasses and ceramics were 
either incorporated within biopolymer matrices or mixed 

Table 1. Summary of Si ion–releasing silica-based biomaterials and the biological effects observed in vitro and in vivo.

Biomaterials Compositions Si ion (mM) In vitro/in vivo Findings References

Glasses
45S5 Bioglass® 45SiO2-24.5Na2O-24.5 

CaO-6P2O5

~0.59 In vitro Ionic dissolution 
induces osteoblast 
proliferation by 
mediating IGF-II

Xynos et al.24

mBGn 75SiO2-25 CaO ~3.9–6 Induction of the bone 
mineral–like formation

El-Fiqi and Kim26

58S and 80S-Nano BG 60 SiO2-36CaO-4P2O5
80 SiO2-15CaO-5P2 O5

In vitro Upregulation of 
angiogenic gene 
expression

Mao et al.48

Crystalline ceramics
Akermanite Ca2MgSi2O7 0.03–4.4 In vitro Stimulation of the 

osteoblast cell 
functions

Wu and Chang62

Akermanite Ca2MgSi2O7 0.03–4.4 In vitro/in vivo Induction of the 
proangiogenic 
expression

Zhai et al.12

Bredigite Ca7MgSi4O16 ~0.08–6.98 In vitro Stimulation of the 
osteoblast cell 
functions

Wu and Chang62

Bredigite Ca7MgSi4O16 ~0.08–6.98 In vitro Promotion of the cell 
growth and spreading

Wu et al.63

Diopside CaMgSi2O6 ~0.02–1.89 In vitro Induction of the 
osteoblast cell 
proliferation

Wu and Chang62

Si-doped HA Ca10(PO4)6−x (SiO4)
x(OH)2−x

~0.178–
0.61

Introduction to ion 
delivery vehicles

Lindahl et al.64

Composites and hybrids
Si-doped vaterite (Si)CaCO3 ~21–50 In vitro Introduction to 

osteogenic devices
Jin et al.40

Si-doped CPG 50P2O5–40CaO–
10SiO2

~1–25 In vitro MC3T3-E1 osteoblast 
induction

Mohammadi et al.65

PCL-GEL-BGn Nanocomposite ~0.5–2 In vitro/in vivo Stimulation of 
the osteogenic 
differentiation and 
bone regeneration

Fi-qi et al.21

COL-ALG-BGn Nanocomposite ~2.9–4.3 In vitro/in vivo Synergistic effect 
accelerate bone 
regeneration

Perez et al.66

α-TCP-BGn Nanocomposite ~1.4–2.1 In vitro Upregulation of 
the odontogenic 
differentiation and 
angiogenesis

Lee et al.67

Wollastonite-HA Composite ~0.35–2.5 In vitro Induction of the 
osteoblast cell 
functions

Fiocco et al.68

Silica/PLLA Composite ~0.09–0.75 – Application for skeletal 
regeneration

Gowsihan et al.41

IGF-II: insulin-like growth factor II.
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with other inorganic materials.15,41 Composite scaffolds of 
poly(d,l-lactic acid) (PDLLA) with bioactive wollastonite 
could release silicate ions over 3 weeks at levels ~1 mM with 
20 wt% wollastonite and ~1.5 mM with 40 wt% wollas-
tonite.42 Organic/inorganic sol–gel hybrid fibers made of 
silica/poly(l-lactic acid) (PLLA) were also developed.41 The 
hybrids with 10% and 20% silica released silicate ions ~5 
and ~9 ppm, respectively, within a week. Furthermore, when 
calcium was also incorporated within the hybrids, the release 
of silicate ions was observed to increase to ~20 ppm.43

Nanocomposite fibrous membranes made of polycap-
rolactone–gelatin (PCL-GEL, 1:1 ratio) and bioactive 
glass nanoparticles (BGn, 75%SiO2-25%CaO) were also 
developed.21,26 The addition of 2.5% BGn was shown to 
release silicate ions ~0.5–2 mM within 28 days when 
immersed in deionized water (pH: 7.4, 37°C).

Highly porous wollastonite–HA composite scaffolds were 
prepared with two different CaO:SiO2 ratios (1.6 and 0.8).42 
The scaffolds (CaO:SiO2 = 1.6) could release silicate ions 
about 57 and 72 ppm, respectively, for 24 and 72 h of immer-
sion in SBF at 37°C. However, a further increase in immer-
sion time up to 21 days showed an almost saturation.44

CPC composites based on α-TCP were recently pre-
pared with the incorporation of BGn (85%SiO2-15%CaO) 
up to 10 wt%.37 The release of silicate ions from the nano-
composite cement was ~2 mM after 2 weeks of immersion 
in deionized water (pH: 7.4, 37°C).

Effects of Si ion release on angiogenic 
events (in vitro and in vivo findings)

The in vitro and in vivo findings demonstrated that silicon-
containing biomaterials were excellent in promoting 

angiogenic events, such as endothelial (progenitor) cell 
homing, cell polarization, migration, angiogenic differen-
tiation, and neo-blood vessel sprouting (as depicted in 
Figure 2).

In vitro angiogenic events (migration, gene 
stimulation, tubule-like formation)

Endothelial cell migration is a key attribute of the angio-
genesis event.44 The cell migration is driven by three  
main routes: chemotaxis, haptotaxis, and mechanotaxis. 
Biomaterials that release ions like silicon can encourage the 
chemotaxis of cells, enabling a directional migration of 
cells toward a gradient of chemoattractant ions.45,46 
Generally, the cell migration studies use a transwell mem-
brane where the cells contained in the membrane are to 
sense the chemoattractive molecules released from the bio-
materials placed at the bottom of the culture well.47 Our 
recent study used this in vitro model to demonstrate the 
stimulating effects of silicate ion release from silica micro-
spheres on migration of endothelial cells (HUVECs) toward 
the silica microspheres.46 The cell migration motility can 
also be easily assessed in an in vitro cell scratch model, 
which is often used to assume the wound repair ability of 
biomaterials. Two different nanosized bioactive glass com-
positions, 58S and 80S, could enhance the modeled cellular 
scratch gap within 24 h, suggesting that the released ions 
might stimulate cellular motility and movement.48

Cellular tubulogenesis assay is a common tool to mimic 
many stages of in vivo angiogenesis, including cell migra-
tion, proliferation, vessel branching, and anastomosis  
processes.49,50 For this assay, HUVECs are supported on 
Matrigel, and the effects of biomaterials or molecules are 

Figure 2. Silica-based biomaterials that release silicate ions, stimulating angiogenic events in vitro and in vivo, including endothelial 
(progenitor) cell homing, polarization, cell migration, angiogenesis, tubule-like formation, and neo-vessel sprouting.
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examined on the tubular networking of cells. The nano-
sized bioactive glasses that could release silicate ions at 
2.87–8.39 µg/mL presented significantly higher number of 
tubules and more stable tubular structure when compared to 
the glass-free control group. In the process, key angiogenic 
factors, such as VEGF, FGF, and endothelial nitric oxide 
synthase (eNOS), that were known to regulate endothelial 
cell functions, such as proliferation, migration, and differ-
entiation, were expressed at significantly higher levels.48

Using the model, akermanite bioceramics (containing 
Ca-, Mg-, and Si) were shown to drive angiogenesis by 
increasing proangiogenic factors and upregulating down-
stream signaling molecules.12,13,51,52 The akermanite 
extracts at 1/256 and 1/64 dilutions presented more num-
bers of node, circle, and tubules than the TCP extracts and 
control in the Matrigel assay (Figure 3). At the same time, 
the proangiogenic genes such as KDR, fibroblast growth 

factor receptor 1 (FGFR1), and eNOS were highly stimu-
lated. The most effective concentration of silicate ions 
released from akermanite was found to be in the range 
0.6–2 µg mL−1 based on the in vitro tubule networking.

A co-culture system is often used to understand cell-to-
cell interactions in the in vitro angiogenesis of cells that 
mimic better the in vivo multicellular conditions. In an 
earlier mono-culture study, the silicate ions released from 
CS induced HUVECs by activating VEGF and its receptor 
KDR to trigger the angiogenic pathway.14,34 In a co-culture 
of HUVECs with human dermal fibroblasts (HDFs), inter-
estingly, the silicate ions stimulated the synthesis of abun-
dant VEGF in HDF, which in turn activated the KDR 
expression in HUVECs, indicating an important role of 
silicate ions in driving surrounding cells to exert paracrine 
effects on endothelial functions. A therapeutic range for 
the silicate ion concentration was proposed to be 0.7–1.8 

Figure 3. In vitro angiogenesis of HAECs cultured on ECMatrix in the presence of Ake and TCP extracts at 1/256 and 1/64 
dilutions. (a) Optical images of HAECs cultured on ECMatrix in the presence of Ake and TCP extracts at 1/256 and 1/64 dilutions 
for 2.5 h (bar = 100 µm), 5.5 h (bar = 100 µm), and 17 h (bar = 200 µm). (b–d) The statistics of the number of nodes, circles, and 
tubes formed in the culture after 2.5, 5.5, and 17 h, respectively. Data represent mean values ± SD (n = 4). The symbols /, #, and $ 
represent p < 0.05 of node number, p < 0.01 of circle number, and p < 0.01 of tube-like number, respectively, when compared with 
the control. Reprint permission was obtained from Zhai et al.12
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µg/mL in the co-cultures.14 Possible cellular mechanisms 
of the angiogenic stimulation by the released silicate ions 
will be detailed in section “Proposed mechanisms of sili-
con ionic roles in angiogenesis.”

In vivo findings

The angiogenesis of silica-based biomaterials has been 
witnessed in different animal models. The chorioallantoic 
membrane (CAM) model is considered as a simple and 
popular assay tool to examine in vivo angiogenesis,53 
which allows a rapid growth of capillary networks in con-
fined conditions where biomaterials come in direct con-
tact. 45S5 Bioglass–based glass–ceramic scaffolds were 
used to examine the angiogenesis in the CAM model, and 
results showed significant differences with respect to the 
control polypropylene scaffold.45 When the 45S5 Bioglass 
scaffolds were combined with human adipose tissue–
derived stem cells (hASCs), angiogenesis, including num-
ber of newly formed blood vessels and tubule networks, 
was substantially induced, and the ions released from the 
scaffolds were presumed to stimulate the hASC function 
or to directly induce angiogenesis.

The angiogenesis event is considered critical in the 
wound healing in vivo as the new blood vessel formation 
is a key event that can provide nutrients and signaling mol-
ecules through vascular networks during the healing  
process.54 Therefore, the angiogenic ability of biomaterials 
is often incurred by the wound healing performance.55 
Several silica-based biomaterials have shown excellent 
wound healing ability in vivo. It was56 reported that 
Bioglass had great potential in an in vivo wound healing 
model. Although the exact mechanism was not clarified, 
the ionic release from Bioglass might activate endothelial 
cells and the consequent wound healing.56,57 It was hypoth-
esized that the silicate ions released from Bioglass (~0.88 
± 0.17 ppm) could upregulate cytokines from endothelial 
or other stem cells, which in turn stimulate endothelial 
migration toward the wound bed.34 Another in vivo study 
also demonstrated the effects of Bioglass in stimulating 
surrounding cells. When the Bioglass with fibroblast cell 
sheets were implanted to the wound site in rat, a successful 
wound healing was achieved at 14 days (Figure 4(a)).56 
The wound healing and new blood vessel formation during 
14 days in skin defect were higher in the Bioglass group 
than in the control. It was suggested that the release of ions 
from Bioglass significantly activated fibroblast cells to 
secrete proangiogenic factors such as VEGF, bFGF, and 
epidermal growth factor (EGF).

Bone is one of the tissues that critically require angiogen-
esis in the regeneration process.13,58 Many silicate-based 
biomaterials are considered as excellent bone regeneratives, 
and the successful bone formation has often been incurred 
by the accelerated vascular networks.58 The CS composite 
with poly(d,l-lactide-co-glycolide) implanted in rabbit 

femur defect was able to induce better angiogenesis and 
osteogenesis when compared to β-TCP (Figure 4(b)). To 
support this, the extracts from CS substantially enhanced 
HUVEC proliferation which was correlated with the phos-
phorylation of protein kinase B (Akt) and eNOS as well as 
the increased nitric oxide (NO) and VEGF production.15 
Moreover, earlier study showed the 45S Bioglass implanted 
locally in irradiated bone defects increased neovasculariza-
tion based on histological and micro-computed tomographi-
cal analyses.59

In fact, the silicate ions are also known to directly stimu-
late the osteogenesis of cells; furthermore, the silicate ions 
are found to be the most highly concentrated in bone; espe-
cially, the concentration of silicon in osteoid is ~25 times 
higher than that in surrounding area.60,61 Mainly located at 
the calcification sites, silicate ions are thought to involve in 
the mineralization process.61 Therefore, the bone formation 
observed in the silica-based biomaterials may be due to the 
combined effects of silicate ions on angiogenesis as well as 
osteogenesis.6,12 Akermanite bioceramics were shown not 
only to upregulate osteogenic markers (BMP2, osteocalcin 
(OCN), and osteopontin (OPN)) but also to activate proan-
giogenic molecules.12,51 In the in vivo rat calvarial model, 
the akermanite enhanced both angiogenesis and osteogene-
sis, and consequently bone formation.51

Combinatory/synergistic effects with other 
factors

Ions are often incorporated into the silica-based biomateri-
als to stimulate angiogenesis. Copper is well known to 
induce hypoxic-mimic conditions, which is helpful for 
angiogenesis. The copper-doped CS (Cu-CS) was devel-
oped and the effects on angiogenesis were carried out.10 
Results showed that the copper and silicate ions released 
could regulate the expression of hypoxia-induced factor-
1α (HIF-1α), resulting in the VEGF upregulation. The 
optimal silicate and copper ions in the extracts were found 
to be 0.6 and 0.7 µg mL−1, respectively; of note, this con-
centration range is lower than the range known to be effec-
tive with single ion, thus suggesting a synergistic role of 
the dual ions in the angiogenesis.10

Our group has recently developed a dual factor (ion plus 
growth factor) delivering system using sol–gel-derived 
mesoporous silica microspheres.46 Along with the silicate 
ions intrinsically present in the silica microspheres, VEGF 
was extrinsically loaded onto the mesopores of micro-
spheres. The silicate ions release was modulated at the ther-
apeutic range (a few ppm level per day), while VEGF was 
released over a couple of weeks continuously. The silicate 
ions were shown to stabilize HIF-1α expression by blocking 
prolyl hydroxylase domain (PHD2) enzyme and further 
upregulate key angiogenic factors such as bFGF, VEGF, 
their receptors, FGFR and KDR, and eNOS. The VEGF/sili-
cate ion co-delivery could demonstrate a synergism of the 
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therapeutic molecules, such as endothelial cell migration 
and tubular formation, and the new blood vessel formation 
in the in vivo CAM model (Figure 5).

Proposed mechanisms of silicon ionic 
roles in angiogenesis

Based on recent studies,2,10,14,15,34 here, we summarize the 
hypothetical key points in which silicon may play roles in 
promoting angiogenic events in cells.

In hypoxia, cells such as fibroblasts and endothelial cells 
(“Cell I” in Figure 6) are able to sense reduced oxygen lev-
els and stimulate angiogenesis mainly by the activation of 
HIF-1.10,14,54,69,70 HIF-1, heterodimer transcription factor 
composed of subunits α and β, regulates the expression of 
VEGF, which is responsible for the activation of angiogen-
esis.71 Other growth factors such as bFGF and transforming 
growth factor beta (TGF-β) are also upregulated and stimu-
late the angiogenic pathway.3,10,14,34,48,58,69,70 While HIF-1β 
is constitutively expressed in cells, HIF-1α is a regulatory 
component in angiogenesis. At low oxygen level, HIF-1α 

rapidly stabilizes and accumulates in the cytosol and both 
subunits, α and β, dimerize to form HIF-1 complex which 
translocates to the nucleus where it activates the hypoxia 
response elements (HREs).10,71,72 This activation of HRE is 
required for the upregulation of VEGF. The VEGF released 
from cells is recognized by VEGF tyrosine kinase receptors 
(VEGFRs) in endothelial cells (“Cell II” in Figure 6), acti-
vating the signaling cascade of angiogenesis.34,48,54,70 
VEGFR2, known as KDR or fetal liver kinase 1 (Flk1), 
appears to be the most important receptor in the angiogen-
esis pathway.48 HRE is upregulated soon after KDR is acti-
vated by VEGF, and the endothelial cells express more 
VEGF which is then released extracellularly. In the pro-
cess, autocrine (Cell II to Cell II) and paracrine (Cell I to 
Cell II) signaling is able to activate the angiogenic path-
way.10,14,54,69,70 In addition, KDR signaling leads to upregu-
lating eNOS and NO production, which is responsible for 
the proliferation and migration of endothelial cells.14,15,34,48 
At the same time, VE-cadherin is overexpressed at the 
endothelial adherens junctions, which is essential for blood 
vessel formation.14,34,54,73

Figure 4. In vivo angiogenesis stimulated by silica-based biomaterials in (a) wound healing model: wound closure at different time 
points and CD31 staining for the new blood vessels (arrows) at day 14 and in (b) bone defect model: β-TCP and PLDLA/β-CS 
implantation after 4 weeks, radiographs and Van Gieson’s picrofuchsin staining performed (BV: blood vessel; MC: multinucleate cell, 
and OB: osteoblast cell). Reprint permission was obtained from Wang et al.15 and Yu et al.56
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However, under normoxia conditions, HIF-1α is 
exposed to the hydroxylation at a proline residue by PHD2 
protein, also referred to HIF-prolyl hydroxylase (HPH).72 
This hydroxylation of HIF-1α makes it critical for the 
interaction with von Hippel–Lindau (VHL) protein, a 
component of the E3 ubiquitin ligase complex, which, by 
its ubiquitin ligase activity, ubiquitinizes HIF-1α. 
Consequently, HIF-1α is degraded at the proteasome, and 
angiogenesis is inhibited.10,71,72

Often, the growth factors, such as VEGF, bFGF, or TGF-β, 
are delivered through biomaterials to induce hypoxic-medi-
ated angiogenic stimulation.10,34,48 Furthermore, ions involved 
in the stimulation of angiogenic processes (e.g. Cu2+, Co2+, 
and Si4+) are used with biomaterials to mimic this hypoxic 
condition.3 As demonstrated, those ions may be involved in 
the stimulation of HIF-1α through PHD2 inhibition.10,54,71,72 
PHD2 uses oxygen (O2) and 2-oxyglutarate (2-OG) as  
co-substrates and iron (Fe(II)) and ascorbic acid (AA) as 
cofactors;71,72 therefore, a lack of any of these will lead to the 
inactivation of the protein; consequently, HIF-1α rapidly 
accumulates in the cytosol to induce angiogenic signaling 

pathway. A recent finding revealed that silicate ions released 
from pure mesoporous silica microspheres were able to stabi-
lize HIF-1α in the cytosol of endothelial cells.46

Up to date, the exact molecular pathway for the inhibi-
tion of PHD2 or dehydroxylation of HIF-1α mediated by 
silicate ions is still unclear; thus, further investigation is 
needed to confirm precise mechanisms. Here, we presume 
the silicate interaction mechanisms based on the findings 
of how other ions interact in the events. Similar to other 
ions, silicate ions are able to flux into cells through a spe-
cific subfamily of aquaporin (AQP10), which is involved 
not only in the permeability of water molecules but also in 
the passive transport of small solutes. Specificity for sili-
cate ion is determined by concrete residues (XX/R) in the 
structure domain according to the recent findings.74–77

Transition metal cations such as cobalt (Co2+) and nickel 
(Ni2+) resembling iron (Fe2+) can replace it in the iron-bind-
ing domain of prolyl hydroxylases;71,78 thus, PHD2 is not 
able to hydroxylate HIF-1α. Besides, cobalt and nickel inter-
act directly with HIF-1α by occupying the VHL-binding 
domain to inhibit the interaction between VHL and 

Figure 5. Synergistic effect of the silicate ion and VEGF releasing from mesoporous silica microspheres presented excellent 
neovascularization from existing vessels in the CAM model. Quantification of the total length, total size, and total junctions showed 
significantly enhancement of each parameter. Reprint permission was obtained from Dashnyam et al.53
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hydroxylated HIF-1α.78 It has been seen that although high 
levels of reactive oxygen species (ROS) may result in high 
toxicity in cells and tissues, an initial burst of free radicals is 
beneficial for the initiation of angiogenesis.79 Cobalt, nickel, 
and also copper ions can cause oxidative damage to cells by 
the generation of ROS.11,71 ROS, including peroxides, super-
oxides, hydroxyl radicals, and singlet oxygen, is produced 
under normal conditions by cells as products of the oxidative 
phosphorylation in the mitochondria.72 Under stress environ-
ments, such as ionizing radiation, inflammation, or exposure 
to metals, ROS generation is enhanced leading to cellular 
damages.54,72 While AA mainly functions as a cofactor of 
enzymes, it also acts as an antioxidant by preventing the oxi-
dation of molecules during oxidative stress. In this way, AA 
can reduce Fe(III) into the oxidized iron Fe(II), which is nec-
essary for PHD2 activity. Cobalt and nickel may deplete 
intracellular AA levels by preventing the entrance into the 
cell through mechanisms of irreversible degradation of AA 
to smaller products.71,72,80 Free copper ion can participate in 
the formation of hydroxyl radicals (OH·) in the presence of 
AA or superoxide.11,81,82 Although the exact mechanism of 
silicate ionic interaction with AA still remains unknown, we 
hypothesize that silicate ions may also interact in a similar 
way, inhibiting the functions of PHD2 by chelating iron in 
the binding site of PHD2 and/or HIF-1α or interacting 
directly or indirectly with AA or even by the generation of 

ROS. Further studies are needed to clarify how silicate ion 
affects the PHD2 activity through free radicals and intracel-
lular AA which in turn regulates ROS levels in cells.

One note with regard to the role played by silicon is the 
possible synergism with other ions. Copper and silicon 
were shown to have a synergistic effect on the co-cultured 
fibroblasts and endothelial cells, although silicon appeared 
to show lower stimulatory effects on HIF-1α expression 
than copper.10 It is still not clear how silicon helps copper 
in the angiogenic stimulation; thus, more studies are 
needed to elucidate the molecular signaling events of the 
cooperative roles of silicon and copper and also for the 
case with other ions, such as cobalt or nickel.

Conclusion

Many different forms of silicate-based biomaterials have 
shown excellent performance in the tissue repair and regen-
eration processes where angiogenesis is considered a key 
event. As witnessed in this short review, the release of silicate 
ions at appropriate levels (a few ppm) is thus believed to play 
some essential roles in the biological events of these biomate-
rials. Silicate ion can mimic hypoxic conditions to stimulate 
angiogenesis pathway by increasing the expression of proan-
giogenic factors, such as VEGF, FGF, and the receptors in 
endothelial cells, which in turn upregulates the downstream 

Figure 6. Schematic illustration of the possible mechanisms of silicate ion in the angiogenic pathway. The key step in this diagram is 
the activation or inactivation of PHD2. PHD2 is in charge of the hydroxylation of HIF-1α for further degradation in the proteasome. 
If any cofactor (ascorbic acid, Fe2+) or substrate (oxygen or 2-oxyglutarate) is reduced or substituted by other ions, PHD2 cannot 
hydroxylate HIF-1α. Silicate ion may in part share the mechanisms in common with other metallic ions such as copper, cobalt, or 
nickel by interacting directly with PHD2 or with any of the substrates or cofactors. Besides, silicon may enhance the production of 
ROS and thus affecting Fe2+ role in PHD2 blocking. Modified from original article with reprint permission from Fong and Takeda.72
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cascade of angiogenesis including the stimulation of NO. It is 
considered that silicate ion may inactivate PHD2 by either 
directly interacting or indirectly depleting intracellular AA or 
enhancing ROS generation, all of which possibly contribute 
to stabilizing HIF-1α and the consequent angiogenic events. 
Besides, it is needed to pay attention to the cooperative action 
of silicon with other angiogenic promoting ions. Still more 
studies are needed to clarify the exact molecular mechanisms 
in which silicate ion contributes to the angiogenesis of cells.
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