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Electrospun polymer/metal composite nanofibers have received much attention in the field of bone tissue engineering and
regenerative medicine (BTERM) owing to their extracellular matrix- (ECM-) like structure, sufficient mechanical strength,
favorable biological properties, and bone induction. In particular, electrospun nanofibers containing strontium (Sr) can
significantly promote bone repair and regeneration by mediating osteolysis and osteogenesis, which offers a promising bioactive
material for BTERM. In this review, we summarized the effects of electrospun nanofibers containing Sr on stem cells,
osteoblasts, and osteoclasts in BTERM. Also, current challenges and future perspectives for electrospun nanofibers containing Sr
in BTERM are briefly outlined. It is hoped that the systematic overview will inspire the readers to further study Sr-containing
nanofibers for BTERM and accelerate their translation from the bench to the clinic.

1. Introduction

1.1. Bone Defect in Clinical Treatments. Bone is a biological
structure that can regenerate by combining with biochemical,
cellular, or hormonal processes. The unique structure of nat-
ural bone confers excellent mechanical properties, which can
support the body, allow movement, protect internal organs,
and regulate the storage and release of minerals [1]. Also,
bone is a hierarchically structured tissue, mainly composed
of organic (30%) and inorganic (70%) components. Micro-
scopically, hydroxyapatite (HAp) nanocrystals can be found
to be deposited regularly in the collagen interstitial area dur-
ing bone biomineralization [2]. At the macro level, the bone
can be divided into the cortical bone and cancellous bone [3].
Cortical bones are mainly distributed in the long bone shaft,
commonly with the elastic modulus (17~20GPa) and com-
pressive strength (131~224MPa) [4]. In contrast, cancellous
bone has a much lower modulus of elasticity because of its
high porosity [5]. Therefore, cancellous bone is generally

used as a reference to evaluate the mechanical properties of
the bone. There are four types of cells in bone tissue: osteogen-
esis cells, osteoprogenitor cells, osteoblasts, and osteoclasts [6].
Osteoprogenitor cells, as the main cells of bone, can be differ-
entiated into mature bone cells and then further transformed
into osteoblasts through activation and proliferation during
bone damage and repair. Osteoblasts can produce new bones
through osteogenic differentiation, including three stages: pro-
liferation, matrix maturation, and mineralization. The main
indicators of osteoblast phenotype are collagen type I, osteo-
pontin (OPN), osteocalcin (OCN), and alkaline phosphatase
(ALP) activity detection. Osteoclasts can absorb mineralized
bonematrix and degrade collagen, leading to bone destruction
or bone absorption [6]. When suffering from severe bone
trauma, defects, and tumors, bone grafting is considered as
the standard of clinical treatment of bone defects since the
bone cannot achieve self-repairing.

Bone tissue engineering and regenerative medicine
(BTERM) hold great promise to repair or regenerate bone
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on demand for a higher quality of human life [7–10]. There
are three key elements in BTERM, i.e., cells, regulatory fac-
tors, and biomaterial scaffolds [11]. Particularly, biomaterials
with micro, nano, molecular levels can regulate cell behaviors
[12], induce bone formation, and thereby repair or regener-
ate bone [13–18]. The ideal biomaterial scaffold in BTERM
should possess appropriate porosity with a similarity of nat-
ural bone structure [19], and excellent pore connectivity with
the optimum range of pore size is 200~350μm, which is con-
ducive to cell ingrowth, the nutrient supply, and oxygen
transportation. The mechanical property of the scaffold
should be maintained in a certain range of Young’s modulus
to support bone reconstruction and repair activities [20–22].
For instance, the optimal Young’s modulus of cortical bone
and cancellous bone should be in the range of 15~20GPa
and 0.1~2GPa, respectively [23]. Furthermore, it was well
demonstrated that the topography and stiffness of bioscaffold
have a significant effect on cell adhesion and can maintain
the favorable capacities of cell proliferation and differentia-
tion [19, 24–32]. Particularly, ECM-like ultrafine fiber struc-
ture has received much attention in the field of BTERM
owing to their sufficient mechanical strength, favorable bio-
logical properties, and bone induction.

1.2. Nanofibrous Scaffolds in BTERM. While many advanced
nanofabrication strategies, e.g., template synthesis, self-
assembly, phase separation, and nanoskiving [33, 34], have
provided useful technologies to prepare ECM-like nanofi-
bers, over the past decade electrospinning has particularly
demonstrated its significant impact on the preparation of
nanofibers with unique physicochemical properties [35–42]
(Figure 1). Electrospinning technology was first invented in
1902 by Cooley and Morton. However, it was not until the
past thirty years that the research on the preparation of nano-
fibers by electrospinning was gradually carried out [43]. The
electrospinning technology is to construct an electric field to
make the polymer solution electrostatically atomized in the
electric field to form a slender fluid and finally form a fiber.
A complete electrospinning device consists of a high-
voltage power supply, a syringe, a syringe pump, and a metal
collector [44]. The fiber diameter can range frommicrometer
to nanometer level by changing the spinneret, collector, elec-
tric field, etc. [45]. At present, electrospinning technology is
gradually being used proficiently, and the high-quality poly-
mer nanofiber scaffolds manufactured through it have been
recognized in various fields of tissue engineering. In recent
years, studies have found that the nanofiber scaffold can imi-
tate the ECM and promote cell proliferation and bone regen-
eration, due to its advantages of high specific surface area,
high porosity, and suitable pore size [46]. Moreover, electro-
spinning nanofibers can be used as a promising material for
drug delivery due to its high loading capacity of drugs, such
as antibiotics, proteins, and anticancer drugs [47]. Although
advanced fibers are constantly emerging, bone guidance
material that can completely replace bone function has not
been established clinically. Growth factors are not only
expensive but also easily lose activity during processing when
incorporated into scaffolds. In contrast, metals play a critical
role in the area of biomedicine [48, 49] and provide an effec-

tive alternative to developing a composite osteoconductive
scaffold, which has been proved to be effective in clinical
practice [50]. In particular, the past discovered Sr in bone tis-
sue mineralization is crucial. It is generally believed that Sr
can increase ALP activity and OCN deposition and inhibit
osteoclast differentiation [51, 52]. Therefore, Sr has become
a potential additive in BTERM.

1.3. Sr in BTERM. Sr is one of the trace elements in the
human body, most of which are accumulated in bones and
teeth after ingestion. Sr has twometabolic effects, i.e., increas-
ing osteoblasts and reducing osteoclast activity [53]. It has
been found that adding strontium ions (Sr2+) to biomaterials
can not only change the porosity and mechanical properties
of the fibers but also regulate the metabolism of cells, thereby
increasing the healing process of bones [54, 55]. However,
long-term and high-dose intake of Sr has side effects, which
may lead to rickets [56]. At present, most researches on Sr
in BTERM are doping Sr into composite materials, and there
is a lack of further in-depth research on the specific dopant
dosage for a certain material to have the best osteogenic
effect.

Based on the introduction above, electrospun nanofibers
containing strontium (Sr) can significantly promote bone
repair and regeneration by mediating osteolysis and osteo-
genesis, which offers a promising bioactive material for
BTERM.We present an overview of the effects of electrospun
nanofibers containing Sr on stem cells, osteoblasts, and oste-
oclasts. Also, future perspectives for electrospun nanofibers
containing Sr in BTERM are briefly outlined.

2. Sr and Its Properties

As a nonessential element, Sr accounts for approximately
0.035% of the skeletal system. Sr is usually captured from
food and drinking water, and some foods such as cereals
and seafood may contain up to 25mg/kg of strontium [57].
Sr2+ has bone-seeking behavior, and studies have shown that
bone regeneration can be enhanced when incorporated in
synthetic bone grafts. As the size and charge of Sr2+ are very
similar to Ca2+, they can displace Ca2+ during osteoblast-
mediated processes [58]. Researchers have found that Sr
may dually stimulate bone formation by inducing osteoblasts
and preventing osteoclast activity [59]. On the one hand, Sr
enhances the replication and activity of preosteoblasts,
increases the synthesis of bone matrix, and can increase bone
formation. On the other hand, Sr can inhibit the differentia-
tion of osteoclasts and induce the apoptosis of osteoclasts to
reduce bone resorption [60]. Ca-sensing receptor (CaSR) is
a membrane-bound receptor expressed in osteoblasts and
osteoclasts. Because Sr is similar to Ca, Sr mainly acts on
CaSR [61, 62]. Sr not only enhances the proliferation and dif-
ferentiation of mesenchymal stem cells and osteoblasts but
also promotes the mineralization and deposition of extracel-
lular matrix by activating the Wnt/catenin signaling pathway
in the cell [63]. Sr can promote the combination of osteopro-
tegerin (OPG) and the receptor activator NF-κB ligand
(RANKL), prevent its combination with RANK, and regulate
the signaling pathway of osteoclast function to reduce the
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formation of osteoclasts and bone resorption [64]. The
mechanism of action of Sr is shown in Figure 2. The dual
action has already been under extensive research both
in vitro and in vivo. In vitro, Sr has been proved to promote
the osteogenic differentiation of bone mesenchymal stem
cells (BMSCs), stimulate the osteoblastic differentiation of
human mesenchymal stem cells (hMSCs), increase osteoblast
proliferation, reduce osteoblast apoptosis, decrease osteoclast
differentiation, and increase osteoclast apoptosis [65]. Sr can
also increase bone mass, density, and bone mechanical prop-
erties and reduce the risk of the vertebral, nonvertebral, and
hip fractures in vivo [66]. Because Sr has a variety of effects
on bone physiology, it provides a good treatment strategy
for improving the bone-guiding ability of biomaterials to
repair and regenerate human damaged lesions. However, it
has been reported that there are several long-term side effects
when oral Sr-containing drugs have overdosed [67]. There-
fore, new methods for targeted delivery of Sr2+ to the defect
site are being explored. Several studies report the benefits of
combining Sr with polymers to prepare composite scaffolds
such as nanofibers for bone tissue engineering [68]. The
related research of Sr-containing nanofibers on osteogenesis
and osteoclast differentiation in vitro and in vivo experiments
is shown in Table 1.

3. Applications of Sr-Containing
Nanofibers in BTERM

3.1. Sr-Containing Nanofibers and the Osteogenic
Differentiation of Stem Cells. Stem cells, such as hMSCs,
BMSCs, and SHEDs, are considered as a promising cell
source for bone engineering due to their unlimited self-
renewal capacity and multiple differentiation potential [68–
70]. As a principal player in the regenerative process, ECM
provides many biological cues for cell adhesion, proliferation,
and differentiation. Along with the similarity to ECM struc-
ture, various nanofiber scaffolds can promote the above cell
behaviors and even induce the osteogenic differentiation of
stem cells by controlling cell morphology. These scaffolds

can also be improved by incorporating Sr nanoparticles
which further impart osteogenic characteristics of stem cells
by continuously releasing Sr2+ [71]. As a biodegradable poly-
mer, PCL has been widely used in the field of nanofiber spin-
ning production and processing. The nanoscale structure of
PCL nanofibers can directly induce bone formation [71]
and is particularly suitable for the regeneration of bone tissue
around the periosteum, which has been shown to signifi-
cantly enhance the osseointegration of implants [72]. Meka
et al. have studied the growth and osteogenic differentiation
of hMSCs on SrCO3-containing PCL nanofibers [69]. The
PCL nanofibers containing 20% nSrCO3 (PCL/SrC20) have
been found to promote the proliferation of hMSCs in vitro
and significantly increase mineral deposition (up to four-
fold), indicating enhanced osteogenesis. Also, the mRNA
and protein expression of osteogenic markers (e.g., BMP-2,
Osterix, and of Runx2) was increased in PCL/SrC20 compos-
ite nanofibers [73–77]. Considering that the diameter, crys-
tallinity, and modulus of PCL/SrC composite scaffolds have
little effect, these results may be because the sustained release
of Sr2+ stimulates the differentiation of hBMSCs into osteo-
blasts [78]. Therefore, nSrCO3 can be considered as a nonre-
gulatory growth factor rather than bioactive cues and with a
combination of nanofibers is a promising strategy for bone
tissue engineering.

As a new source of pluripotent stem cells, SHEDs, which
can be differentiated into osteoblasts, have recently attracted
much attention [79]. However, limited information is avail-
able on the osteogenic potential of SHEDs in Sr-containing
artificial nanofibers in vitro. Su et al. have found that both
Sr-coated PCL and Sr/PCL blend nanofibers showed signifi-
cant effects on the osteogenic differentiation of SHEDs
in vitro [68]. Cell morphology andMTT analysis showed that
these nanofibers effectively support cell attachment and pro-
liferation. Compared with pure PCL nanofibers, PCL nanofi-
bers loaded with Sr showed better ALP activity,
biomineralization, and bone-related gene expression.
Though nanofibers imitate ECM architecture and create a
suitable microenvironment for cell adhesion, proliferation,
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Figure 1: The schematic diagram of the preparation of electrospun nanofibers containing Sr.
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and differentiation, their poor mechanical strength still limits
their application. By adding Sr coating on PCL or cospinning
Sr/PCL nanofiber, Sr-based PCL nanofibers can not only
simulate the structure of natural bone but also improve the
mechanical properties and biological response of scaffolds
[80]. Furthermore, the cell viability of pure PCL and Sr/PCL
blended fibers has been significantly higher than that of Sr-
coated PCL fibers, which may be because of the particles on
the surface of strontium phosphate coating that promote cell
differentiation and inhibit cell proliferation [81]. This study
suggests that Sr may be a potential inducer for SHED
osteogenesis.

Poly-L-lactic acid (PLLA) is a biodegradable and biocom-
patible polymer, which is widely used in bone tissue engi-
neering and has been approved by the US Federal Food and

Drug Administration (FDA) for clinical applications of a
variety of PLLA medical devices [82]. Owing to appropriate
flexibility and deformability, PLLA can be processed and
manipulated by different techniques (such as fusion, dry
and wet spinning, and electrospinning) [36–38, 83, 84].
However, PLLA is generally not considered to be osteoinduc-
tive [85]. Experiments by Charles et al. have shown that the
introduction of HA into PLLA can improve the interaction
between material and bone [86]. Moreover, Han et al. have
recently produced Sr/PLLA nanofibers via electrodeposition
to study BMSC and nanofiber interaction. The in vitro results
revealed that the mineralized Sr/PLLA nanofibers continu-
ously released Sr2+ for controlled times and showed higher
release rates of Ca2+ and PO4

3- and excellent ability to pro-
mote proliferation and osteogenic differentiation of BMSCs.

Formation
Osteoblast
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Osteoclast
differentiation↓
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Figure 2: Mechanism of Sr at the cellular and molecular level. Sr by activating CaSR to activate 1,4,5-trisphosphate (IP3) to activate osteoblast
replication. Sr can also activate osteoblast replication by inducing the expression of cyclooxygenase- (COX-) 2 and prostaglandin 2 (PGE2).
For osteoclasts, Sr can increase the bait receptor OPG of RANKL to inhibit RANKL-induced osteoclast formation.

Table 1: Sr-containing nanofibers on osteogenesis and osteoclast differentiation in vitro and in vivo experiments.

Material Cell lines/animal model Results Ref.

Polycaprolactone (PCL);
Sr/PCL blending; Sr-coated
PCL

Stem cells of human exfoliated
deciduous teeth (SHEDs)

Strontium-loaded PCL nanofibers promote osteogenic
differentiation of SHEDs.

[26]

PCL; PCL/SrC10; PCL/SrC20 hMSCs PCL/SrC20 enhanced proliferation and osteogenesis of hMSCs. [27]

PLLA; 5Sr/PLLA; 10Sr/PLLA;
15Sr/PLLA

BMSCs/Sprague-Dawley rats
15Sr/PLLA promoted cell proliferation and osteogenic

differentiation in vitro and enhanced bone regeneration in vivo.
[28]

PLLA; PLLA-BBG-Sr BMSCs PLLA-BBG-Sr promoted osteogenic differentiation of cells. [49]

PCL/PLGA-PVA; Sr-coated
PCL/PLGA-PVA

MC3T3-E1
Sr-coated PCL/PLGA-PVA NFs increased the differentiation of

preosteoblast cells.
[50]

PCL; PCL-SrHANF MG63 osteoblast-like cells
PCL-SrHANF composite membrane possessed elevated

osteogenic potential.
[52]

BGEF; 50Sr-BGNF;
50Sr/0.5Cu-BGNF; 50Sr/1Cu-
BGNF

RAW264.7; human vascular
endothelial cells (HUVECs);

hBMSCs

Sr dopant significantly enhanced osteogenesis and suppressed
osteoclastogenesis.

[65]
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Importantly, in vivo experiments showed that the mineral-
ized Sr/PLLA nanofibers promote bone regeneration. The
Sr2+ released from the nanofiber was thought to contribute
to enhancing bone repair and regeneration, as shown in
Figure 3. Thus, these findings indicate that the mineralization
Sr/PLLA nanofibrous membrane has a broad application
prospect in bone tissue engineering. Studies have shown that
the bioactive glass (BG) can improve the biological perfor-
mance of PLLA, thereby enhancing its osteoinduction [87].
Fernandes et al. fabricated a composite bioactive glass parti-
cle (BBG-Sr) (PLLA-BBG-Sr) by electrospinning [88]. BBG-
Sr glass particles are uniformly distributed in PLLA films,
thus improving the mechanical properties. The prepared
smooth and uniform fibers (width 1~3μm) except for
BBG-Sr particles (<45μm) have uniform distribution. More-
over, cell evaluation tests of BMSCs showed that PLLA-BBG-
Sr membrane enhanced ALP activity and upregulated the
expression of osteogenic genes (Alpl, Sp7, and Bglap), which
was suggested to promote osteogenic differentiation of
BMSCs. These results indicate that the use of this composite
material has great potential for promoting bone regeneration.

3.2. Sr-Containing Nanofibers and the Osteogenesis of
Osteoblasts. The manufacture of nanofibers with PCL has
attracted a lot of attention in tissue engineering. Many stud-
ies have shown that adding bioactive substances such as
hydroxyapatite (HAp) to PCL can increase the hydrophilicity
of PCL. The study found that due to the difference in ionic
radius, the solubility of Sr-substituted hydroxyapatite
(SrHAp) is higher than that of pure HAp, which contributes
to the perturbation of the crystal lattice [89]. Lino et al. found
that the proliferation of BMSCs on polydiisopropyl fumarate
(PCL-PDIPF) membrane containing 5% Sr was significantly
higher than that on PCL-PDIPF membrane containing 1%
Sr [90]. Moreover, the replacement of Ca2+ for Sr2+ led to
an increase of d-space, and the dissolution of SrHAp
increases with the increase of Sr dosage [91]. Tsai et al. pro-
duced a bioactive and biodegradable composite film com-
prising Sr-substituted hydroxyapatite nanofibers
(SrHANFs) and PCL and PCL-SrHANF film to evaluate the
behavior of osteoblast [92]. The effect of SrHANFs on osteo-
blast proliferation was not observed in this study. It has been
reported that dissolved HAp particles can result in a high
local concentration of Ca2+, which may stimulate osteoblast
proliferation and immediately switch from stage to stage of
differentiation [93]. Lino et al. found that compared with
PCL-PDIPF (polydiisopropyl fumarate) membrane contain-
ing 1% Sr, the proliferation of BMSCs on PCL-PDIPF mem-
brane containing 5% Sr was higher [90]. Since the difference
in ionic radius disturbs the lattice, the dissolution rate of
SrHANFs increased with the increase of Sr doping amount
[91]. Therefore, the dissolution of SrHANFs may lead to an
increase in the concentration of Ca2+ and Sr2+, which affects
cell proliferation. The detection of ALP activity, OCN gene
expression, and colourimetric calcium quantitative determi-
nation showed that the presence of SrHANFs in the PCL
membrane promoted the differentiation and activity of oste-
oblasts, as shown in Figure 4. Sr2+ released from PCL-
SrHANF membranes may interact with cells via calcium-

sensitive receptors (CaR) to activate inositol 1,4,5-triphos-
phate production and mitogen-activated protein kinase
(MAPK) signaling. Thus, the expression and activity of
osteogenesis-related genes and proteins are enhanced, and
osteogenic differentiation is regulated [94]. By incorporating
fragments of Sr-substituted hydroxyapatite nanofibers into
PCL, an organic-inorganic composite membrane for guided
bone regeneration was first produced. Compared with the
PCL membrane alone, PCL-SrHANF composite membrane
had higher osteogenesis potential.

Total joint replacement (TJR) surgery is currently one of
the most successful functional recovery operations in the
clinical practice [95]. However, a major drawback is the lack
of early osseointegration of the implant [96]. Electrospun
nanofibers can be used as promising implants to improve
the deficiency of early osteointegration. Some studies have
shown that nanofibers can not only use their structural prop-
erties to create an osteogenic environment but also affect the
attachment, proliferation, and differentiation of bone cells
[97–99]. Previous research by Song et al. showed that in con-
taminated rat tibial implant models, oxygenated nanofiber
coatings can effectively inhibit bacterial infections and
enhance osteointegration [96]. These results indicate that
these coated nanofibers have great potential to enhance bone
integration. Also, nanofibers can be used as a drug delivery
device to control release through coaxial electrospinning
[100]. Local delivery of Sr2+ from bone substitutes such as
nanofibers is considered a promising approach to treat bone
defects [78]. In the research of Chen et al., a coaxial
PCL/PLGA-PVA nanofiber coating doped with Sr2+ was
developed to enhance osseointegration [89]. It was observed
from PCL/PLGA-PVA nanofibers that Sr2+ was continuously
released for more than two months. SEM images also showed
that compared with non-Sr2+-doped nanofibers, Sr2+-doped
nanofibers have fewer dense structures and greater porosity.
In addition, PCL/PLGA-PVA nanofibers doped with Sr2+

were biocompatible and significantly enhanced the differenti-
ation of murine osteoblast MC3T3-E1 cells through indirect
and direct contact methods.

3.3. Sr-Containing Nanofibers and the Osteolysis of
Osteoclasts. Bioactive glass is a well-known class of synthetic
bone replacement materials and has been used clinically for
orthopedic and dental applications since 1985 [101]. How-
ever, most of the previous bioactive glasses were block-
shaped, granular, or fiber-type fused glass with a diameter
of hundreds to tens of microns. To stimulate 3D structures
and nanofibril structure of bone ECM, some researchers have
prepared bioactive glass-based nanofibers by electrospinning
and proved their bioactivity by biomineralization of
hydroxyapatite crystals in simulated body fluids [102]. Sr
can promote the proliferation and differentiation of osteo-
blasts while reducing the activity of osteoclasts [103].
Inspired by these results, researchers have incorporated Sr
into a variety of calcium phosphate and porous bioactive
glass to induce bone regeneration through the long-term
release of Sr2+. Wen et al. produced microactive glass nanofi-
bers doped with Sr and Cu, and the released ions affected the
viability and cell function of related cell types [104]. The
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diameter of bioactive glass fiber can be increased by adding Sr
instead of Ca. The reasonmay be that the conductivity of Sr2+

is lower than that of Ca2+, which may cause the current of
glass fibers with dopants to decrease during the electric dis-
charge process and eventually make the diameter of the elec-
tric discharge nanofibers smaller [105]. These findings
indicate that the properties of dopant or substituent ions play
a critical role in controlling fiber diameter. By studying the
release of therapeutic ions from the doped glass nanofibers
into the cell culture medium, it was found that Sr2+ showed
a rapid burst release during the first 120 h, followed by con-
stant release kinetics. The accelerated release may be due to
the fact that dopant Sr2+ has a higher solubility [106]. The
artificial Sr-containing bioactive glass fibers immersed in
simulated body fluid (SBF) accelerated the formation of apa-
tite crystals. According to previous reports, the surfaces of Sr-

doped bioactive glass and Sr-doped HAp mineralized elec-
trospun polymer nanofibers are smoother, making them a
less preferred formation of apatite nuclear sites [106]. TRAP
analysis is a marker of osteoclast differentiation and bone
resorption activity. Through this analysis, the effect of Sr
released from bioactive glass nanofibers on the differentia-
tion and maturation of RAW264.7 macrophages into multi-
nuclear osteoclasts was studied. Quantitative comparison of
the number of TRAP-positive macrophages obtained from
the solution extracted from Sr-doped bioactive glass nanofi-
bers with RAW264.7 cells treated with lipopolysaccharide
(LPS) showed that osteoclast activity was inhibited, as shown
in Figure 5 [107]. Few studies illustrate Sr2+ inhibitory effect
on bone resorption. The molecular basis of this antiosteoclast
effect induced by Sr revolves around the RANKL signaling
pathway. Sr promoted OPG in conjunction with the relevant
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Figure 3: In vivo experiments of nanofibers with different Sr content induced bone formation. With the increase of Sr content, the osteogenic
effect became stronger [60].
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RANKL and prevented it from binding to RANK [64].
Therefore, Sr2+ has a direct impact on the RANK/RANK-
L/OPG systems and is a key factor for bone remodeling and
homeostasis. However, moderate-high concentrations of
Sr2+ are required to produce this osteoclast-resistant effect.
In previous studies, low concentrations (about 200 ppb) of
Sr2+ released from β-tricalcium phosphate (Sr-doped β-
TCP) bioceramics did not prevent RAW 264.7 mononuclear
osteoclastogenesis to mature osteoclasts [108]. In contrast, in

the study by Wen et al., the lever of Sr2+ in the extraction
medium from the doped bioactive glass nanofibers was high
enough (about 0.3-0.4mM) to sufficiently inhibit the activity
of osteoclasts [104]. In short, Sr-doped bioactive glass nano-
fibers prepared by electrospinning accelerated the formation
of apatite crystals on the surface when immersed in SBF. Ion
release kinetics showed that Sr2+ was continuously released
during the test period, and Sr dopants significantly increased
osteogenesis and inhibited osteoclastogenesis.
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Figure 4: (a, b) BSP and OCN protein immunofluorescence staining of MG63 osteoblast-like cells on (A) PCL, (B) PCL-SrHANF (65), (C)
PCL-SrHANF (130), and (D) PCL-SrHANF (195) after 14 days of culture. (c) Optical images by Alizarin Red-S (ARS) staining. (d) ARS
staining for quantitative analysis of mineral deposits [82].

8 Journal of Nanomaterials



3.4. Sr-Containing Nanofibers with Antibacterial Properties
and Drug Delivery. Nanofiber-structured bioactive materials
have excellent potential for use as bone defect fillers because
they can mimic the architecture of the ECM. On this basis,
endowing implants with antibacterial properties can prevent
or treat implant-related infections. Bioactive glass is one of
the suitable choices for antibacterial properties, depending
on the composition, the concentration of the glass, the
microorganisms, and their morphology [109]. In a recent
study, two different components of bioactive glass nanofi-
bers, M1/45 (45S5 Bioglass®) and ICIE 16M (bioactive glass
doped with Zn and Sr), were produced using laser spinning
technology to test antibacterial activity against Staphylococ-
cus aureus [110, 111]. The release of Zn2+ and Sr2+ demon-
strated the additional bactericidal effect of doped nanofibers
for longer periods. ZnO and SrO may also be doped into
the nanostructure as a network modifier, like the alkali metal
oxide glass [112]. The difference of density between two types
of laser-spun glass nanofibers indicates that Zn2+- and Sr2+-
doped nanofibers formed a more closed structure, which
limits the infiltration of the medium, thus slowing down
the dissolution of the nanofibers. As a result, its biological
activity is affected. The decrease in the release rate of poten-
tially toxic ions may also affect the effectiveness of nanofibers
against bacteria.

As an effective drug delivery system, nanofibers have
attracted much attention as mesoporous materials due to
their excellent drug loading capacity and drug release efficacy
and have become drug delivery systems [113, 114]. In a pre-
vious work, Tsai et al. prepared mesoporous hydroxyapatite-
CaO composite nanofibers (p-HapFs) and found that p-
HapFs have good drug-loading efficiency and can delay the
burst release of tetracycline (TC). However, many studies

have shown that CaO plays a negative role in the biocompat-
ibility of HAp [115, 116]. Kanchana and Sekar found that the
addition of Sr during the synthesis of biphasic calcium phos-
phate using the sol-gel method can reduce the formation of
CaO impurities [117]. In another study, Sr-substituted
hydroxyapatite-CaO-CO3 nanofibers (mSrHANFs) with the
mesoporous structure were prepared and characterized by
electrospinning, and the effects of different doping amounts
on the composition of mSrHANFs were evaluated [91]. TC
was selected to evaluate the drug-loading efficiency, drug
release mechanism, and antibacterial activity of the model
drug. It was found that as the doping amount of Sr increased,
the content of CaO and CaCO3 in the sample decreased. The
mSrHANFs showed excellent drug-loading efficiency and TC
sustained-release capacity for more than 3 weeks, which
maintained the antibacterial activity well, as shown in
Figure 6.

4. Conclusion and Future Perspectives

This review summarizes some insights on the effect of Sr-
containing nanofibers in bone tissue engineering. Sr-
containing nanofibers have not only good potential to imitate
natural bone ECM but also special effects on cell growth and
differentiation, which provides a new strategy for bone tissue
regeneration and repair. Sr dopants have been confirmed that
can enhance the osteogenic effect and inhibit the formation
of osteoclasts. Also, the use of Sr nanoparticles can replace
the biofunctionalization of biomolecules for bone tissue engi-
neering. Sr-containing nanofibers have proved to have excel-
lent biocompatibility with bone tissue, promote the growth of
seed cells and osteogenic differentiation, were used for drug
delivery in bone regeneration engineering, and have excellent
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Figure 5: All groups containing released Sr2+ showed inhibition of osteoclast activity [94].
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antibacterial effects. Moreover, Sr-containing nanofibers
have excellent drug-loading efficiency, which can delay the
burst release of drugs and can continuously release drugs
locally, which is very ideal for transplants. The inclusion of
Sr2+ in the nanofiber structure leads to changes in its dissolu-
tion kinetics, and the Sr-doped nanofibers show an addi-
tional bactericidal effect for a longer period. Such hybrid
scaffolds with multifunctional elements that perform com-
plementary functions are promising for the development of
tissue substitutes.

Electrospinning nanofibers have broad prospects for
development, because they can process various polymer
materials to stimulate the hierarchical structure of ECM,
which is conducive to cell infiltration and survival. Recent
studies have shown that Sr-containing nanofibers can pro-
mote the differentiation of human osteoprogenitor cells into
osteocytes. The future development direction of this field is
to manufacture scaffolds with mechanical properties compa-
rable to those of natural bone. Sr-containing nanofibers have
become a hot spot in BTERM research in recent years. Most
studies have confirmed that the incorporation of Sr can effec-
tively improve the mechanical properties of nanofibers,
improve the differentiation ability of osteoblasts, and pro-
mote the ability of bone formation in vivo. However, different
researchers use different Sr doping methods, and the results
of the research and the optimal Sr doping concentration are
not consistent. With the deepening of its research, as an
emerging tissue engineering material, Sr-containing nanofi-
bers are expected to become an ideal artificial bone substitute
material in the field of bone tissue repair.
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