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1. Introduction

Copyright © 2020 Ahmad Gholami et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

The self-assembling is a spontaneous progression through which objects of nanophase/molecules materialize into prepared
collections. Several biomolecules can interact and assemble into highly structured supramolecular structures, for instance,
proteins and peptides, with fibrous scaffolds, helical ribbons, and many other functionalities. Various self-assembly systems have
been established, from copolymers in blocks to three-dimensional (3D) cell culture scaffolds. Another advantage of self-
assembly is its ability to manage a large variety of materials, including metals, oxides, inorganic salts, polymers, semiconductors,
and various organic semiconductors. The most basic self-assembly of 3D nanomaterials is three primary forms of
nanostructured carbon-based materials that perform a critical role in the progress of modern nanotechnologies, such as carbon
nanotubes (CNTs), graphene, and fullerene. This review summarized important information on the 3D self-assembly
nanostructure, such as peptide hydrogel, graphene, carbon nanotubes (CNTs), and fullerene for application in gene delivery,
cancer therapy, and tissue engineering.

intramolecular self-assembly. Self-assembly is highly useful
because it provides the path for the aggregation of structures,

Nanostructure materials are those materials which have their
dimensionality in the range of nanometers [1, 2]. Nanoma-
terials are synthesized using two major approaches: top-
down and bottom-up techniques. Self-assembly is spontane-
ous assembly of constituents to form a complex nanostruc-
ture in the absence of significant external intervention.
There are two types of self-assembly intermolecular and

which are very small, to modify individually into the orga-
nized patterns that often give various functions to materials.
Self-assembly is the result of a combination of weak forces
such as noncovalent interactions, hydrogen bonds, electro-
static interactions, pi-pi stacking, hydrophobic forces, van
der Waals forces, and chiral dipole-dipole interactions. Self-
assembly of nanomaterials is affected by interparticle
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interactions, particle size, and particle shape [3]. Self-
assembled nanomaterials represent a classic of induced non-
covalent interactions [4]. The cooperative association of dis-
ordered nanomaterial building blocks contributes to the
spontaneous creation of more ordered (or organized) nano-
structured structures [5]. A highly structural nanoparticle
assembly is assessed for application in wiring, superlattice
creation, and rings. Several self-assembly systems were cre-
ated, from copolymers in blocks to three-dimensional (3D)
cell culture scaffolds. Because of its applications in optical
materials, nanoelectronics, computing, photonics, medical
imaging, and diagnostics, the functional material assembly
draws attention. Interactions between the materials, particle
size, and particle composition affect nanomaterial self-
assembly [4-6].

There are several standard features of the various types of
self-assembly developments in nanoscience that allow for the
adoption of a conceptual framework in the context of the fol-
lowing three phases (Figure 1).

Spontaneous self-assembly of spherical and nonspherical
nanoparticles is distinguished from one another. Polydis-
persed spherical nanoparticles, 5% self-assembled 2D or 3D
compact structures, and nonspherical nanoparticles exhibit
different ways of self-assembly [8].

Significant instances of the self-assembly mechanism
are originated in biomaterials, where the combination of
different macromolecular components and the coordina-
tion of their activities allow for extremely complex func-
tions of biological interest [9-11]. For instance, folding
polypeptide chains within different functional types of
proteins or conformation nucleic acids are essential
instances of procedures of self-assembly in numerous bio-
logical functions [12, 13]. Proteins are an excellent instru-
ment for modern nanotechnology and serve as building
blocks for quaternary frameworks and functional self-
assembled nanostructures [14]. These nanoassemblies were
used to generate hierarchical protein nanostructures,
counting 1D (tubules/strings/nanowires), 2D (nanorings/-
networks), and 3D (hydrogels and crystalline frames)
[15]. There are also three main forms of carbon-based
nanostructured materials amongst the utmost common
organic nanomaterials, which play an important role in
the development of modern nanotechnologies, specifically
graphene, carbon nanotubes (CNTs), and fullerene
(Figure 2). Such nanomaterials are significant nanoplat-
forms in the creation of emerging nanotechnologies, with
good mechanical properties, high aspect ratio, outstanding
optical activity, and multifunctional surface properties [7,
16, 17]. Of particular interest is the use of self-
assembling CNTs in biomedical applications. Single-layer
carbon nanotubes (SL/CNTSs) are capable of transferring
imaging agents (radioisotopes or fluorophores) or medi-
cines to certain tumors and provide major recompenses
over other methods based on nanoplatforms [18, 19]. A
fullerene-based nanocarrier tool for doxorubicin drugs
has recently been designed to treat potential lung cancers
[20]. Fullerene derivatives with well-established functional
properties are also capable of nanostructures for bioactive
macromolecules that are optimally distributed [21]. Gra-

Journal of Nanomaterials

phene is used as a matrix that interferes with various cells
and biomolecules [2, 22]. The peculiar characteristics of
graphene, such as excellent physicochemical, electrical,
large surface area, and biocompatibility, have been
revealed in the past decade, leading to ongoing research
into the use of graphene nanomaterial in various clinical
applications and regenerative medicine [22]. The
graphene-based materials can appear as nanomaterials of
the next decade [23]. Graphene promotes interest in bio-
sensing and bioimaging as two-dimensional, three-dimen-
sional, and hybrid. The researchers should find the use
of graphene nanomaterials in different tissue scaffolds as
a significant field of interest shortly [2, 24-26].

The mechanisms of self-assembly of biomolecules to dif-
ferent nanostructures have been extensively studied, and
some reviews of the synthesis, design, and applications of
self-assembled biomolecular nanomaterials have been
recorded [27-29]. For example, Yang and colleagues pre-
sented a summary of the self-assembly of proteins into differ-
ent supramolecular products, in which the design techniques
for the self-assembly of proteins were applied and discussed
in detail [30]. Willner and Willner reviewed the applications
of nanostructures and nanomaterials constructed on biomol-
ecules for sensing and nanodevice manufacturing [31]. After
studying these reports, we realized that contributing a review
on the self-assembled 3D poly functionalized nanostructures
is still valuable for us. Therefore, in this study, application of
3D self-assembly (such as hydrogels, CNTs, graphene oxide,
nanodiamonds, and buckminsterfullerene) was explained in
gene delivery, small molecule drug delivery, cancer therapy,
and tissue engineering.

2. 3D Self-Assembled Nanostructures for
Tissue Engineering

Tissue engineering celebrates the ability to reconstruct and
remove damaged sections of the body by developments in
the medical industry. The significant growing need for
organ and tissue transplants has sparked ongoing research
into the cell’s rejuvenating properties. It promoted the
development of a new tissue engineering approach, as
the primary response to tissue and organ destruction.
The key factors to be discussed in cell regeneration include
the structure and origin of the cells, the scaffolding mate-
rials used, scaffolding design, the cell, and the outer tissue
forming environment [32, 33]. Because of the nanoscale
structure of human tissues (Figure 3), advances in nano-
technology have led to advances in regenerative medicine
with the potential to replicate nanoscale composition and
function of human tissues and organs [34].

Peptide amphiphiles, carbon nanotubes (CNTs), self-
assembled peptides, electrospun fibers, and layer structures
are among the most widely used nanomaterials [21]. The
development of new nanostructures composed of bioactive
molecules capable of directly and reproductively interact-
ing with cell receptors and proteins to control procedures
such as cell proliferation, cell differentiation, cell produc-
tion, and tissue and organ regeneration dedifferentiation
has called natural attention to this. Various studies using
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FiGure 1: Conceptual structure showing the significant phases of the self-assembly procedure in nanoscience. IC: initial configuration; FS:
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nanostructured materials have shown the feasibility of this
method and its use in the regeneration of various tissues
(such as the heart, bone, nerve, cartilage, lung, skin, and
vascular) by improving the biological properties of cells
such as cell adhesion, proliferation, and cell differentiation
[3, 37-40], respectively. In the in vivo framework, the cells
are located in three-dimensional (3D) microenvironments,

encompassed by certain cells and the extracellular matrix
(ECM) whose elements, such as elastin, laminin, and colla-
gen, are organized into nanostructures (i.., triple helixes,
fibers) with various bioactive reasons for cell homeostasis
regulation in three-dimensional (3D) microenvironments;
the cells are in vivo surrounded by other cells and an
extracellular matrix (ECM) whose components, such as
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FIGURE 3: Characteristics of nanoscale human tissue. Within neural tissue, the axon’s initial portion is responsible for producing future
neuronal behavior and is organized on a nanoscale. This system is arranged regularly in a longitudinal direction and is placed radially.
That architecture is essential for neuronal activity on a nanoscale [35]. The compact bone tissue comprises of osteons (100 mm), which
are strengthened fibers shaped by aggregated type I collagen and calcium phosphate nanoparticles [34]. Myofibrils are produced in
parallel, creating sarcomeres in the muscle tissue. The sarcomeres are made up of actin-consistent protein filaments and organized in
conjunction with dense filaments made up of myosin aggregates. Nanoscale may be the dimensions of myofibrils, sarcomeres, and myosin.
A tendon fiber comprises of a complex network of tendon fibers in the tendon tissue (50-500 nm), composed moreover of molecules of

collagen (wl.3 nm) [36].

collagen, elastin, and laminin, are organized into nano-
structures (i.e., fibers, triple helixes) with different bioac-
tive motives regulating the homeostasis cell [41, 42].

2.1. 3D Self-Assembled Peptide Hydrogels in Tissue
Engineering. Bone tissue is a particularly complex example
of such a composite because it contains multiple levels of
hierarchical organization. Various nanoscale protein fila-
ments (e.g., peptides) can be inserted into high-aspect
nanofibers, which can replicate the in vivo cells’ internal
microenvironment. Such nanofibers wrap round body cells
that stretch long distances across their surfaces and act as
cables that mechanically link and sustain adjacent cells
through the creation of three-dimensional networks
(Figure 4(a)) [43]. For example, one form of peptide
amphiphiles has been investigated to produce nanofibers
for bone tissue engineering via a pH-induced self-
assembly process [44]. These peptide amphiphiles contain
several main structural features, including long hydropho-
bic alkyl tails that accumulate in aqueous solution to drive
self-assembly, four consecutive cysteine residues forming
disulfide bonds to polymerize self-assembled structures, a
bonding region of three glycine residues to provide flexi-
bility for the hydrophilic head group, a single phosphory-
lated serine residue that strongly interacts with calcium

ions to improve mineralization, and an Arg-Gly-Asp pep-
tide ligand to enhance cell adhesion [37] (Figure 4(b)).
Dithiothreitol-treated peptide amphiphiles at pH 8 are sol-
uble in aqueous solution and begin self-assembled at pH 4.
Fibers with an average diameter of 7nm and a duration of
up to many micrometers are produced and can be ana-
lyzed using electron microscopy with cryotransmission
(Figure 4(c)).

In addition, a family of peptide amphiphiles has been
shown to self-assemble into nanofiber networks by modify-
ing both the concentration of pH and salt ion (e.g., sodium
and potassium) in aqueous solutions. Due to their amphi-
philic nature, separate model oligopeptides can also be self-
assembled into nanofibers [38]. The first of the oligopeptides
creators, EAK 16-II, a 16-amino acid peptide, was contained
in zuotin, a yeast protein that was initially described as bind-
ing to left-handed Z-DNA [39]. This natural peptide had an
AEAEAKA amino acid sequence—KAEAEAKAK, which
can form a stable f-sheet structure and self-assemble into
hydrogels in various shapes when the sodium/potassium
concentration in aqueous solution is balanced. These peptide
scaffolds can boost the adhesion, proliferation, and differen-
tiation of mammalian cells [40]. Holmes [41] researched
neuronal cell adhesion and differentiation using Ac-
RADARADARADA-NH2 (RAD16-I).
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FIGURE 4: Self-assembly process used in developing 3D scaffolds. (a) An overview of the filamentous receptor cell nanostructures [43]. )b)
Chemical composition of (A) amphiphilic peptides and (B) molecular sequence. Collection of colours: C, black; H, white; O, red; N, blue;
P, cyan; and S, yellow. (C) Ampbhiphilic peptide self-assembly schemes into a cylindrical micelle. (c) Microscopic images of (A) negative
stain (phosphotungstic acid) TEM of the self-assembled nanofibers before covalent capture, (B) vitreous ice cryo-TEM of the fibers reveals
the diameter of the fibers, (C) positive stain (uranyl acetate) TEM of the self-assembled nanofibers after oxidative crosslinking, and (D)
thin section TEM of positively stained (uranyl acetate) nanofibers after oxidative crosslinking and embedding in epoxy resin [37].
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Two small self-assembling peptide hydrogel scaffolds,
and Ac-RARADARADADADA-NH2 (RAD16-II), showed
that mouse neurons can develop active dendrites on these
scaffolds.

2.2. Carbon-Based Nanomaterials in Tissue Engineering. All
the carbon nanomaterials on one or more ends are bioactive.
Most exhibit high bone tissue engineering capabilities with
acceptable mechanical possessions, no osteoblast cytotoxic-
ity, and endogenous antibacterial activity (deprived of the
use of exogenous antibiotics) [42] (Figure 5).

2.2.1. Tissue Engineering by Graphene-Based Nanomaterials.
GO-based systems provide a wide variety of applications
for engineering bone and tissue regeneration. GO nanoma-
terials’ remarkable advantages are the wide surface area, ade-
quate wettability, excellent mechanical properties, strong
adhesion power, and quick start of stimulation performance.
Besides, these materials may solve the weak interaction
between bioceramics and biopolymers by incorporating
strong electrostatic and p-p stacking interactions [46, 47].
GO would also definitely start to draw experts from prospec-
tive bone regeneration fields and other tissue engineering
programs. Below are three items related to the usage of GO
for scaffolding bone tissue. First, the existence of GO in nat-
ural biopolymer-based scaffolds has more potent stimulating
effects on the bone tissue mineralization cycle than synthetic
polymers. Second, the presence of GO in the matrix of poly-
mer scaffolds will stimulate the growth and spread of bone
cells on both natural and synthetic polymer scaffolding sur-
faces. However, on the GO synthetic polymer scaffold, the
fraction of dead cells was higher than that of the natural bio-
polymer scaffold from the GO. Third, while the proportion of
dead cells on the GO synthetic polymer scaffold was higher

than that of the GO natural biopolymer, GO natural biopoly-
mer scaffolds can produce better mechanically resistant bone
tissue. Table 1 summarizes the results of GO nanomaterials
and their application in bone tissue engineering.

Omidi et al. made a carbon dot/chitosan hydrogel and
found it to be biocompatible with Staphylococcus aureus
and have antibacterial efficacy [56]. It has been shown that
chitosan hydrogel composites filled with carbon dots com-
posed of citrate-conjugate ammonium hydrogen have
enhanced mechanical properties. These nanomaterials were
extremely pH-reactive and found to be highly successful for
wound cure. Consequently, carbon dots/chitosan nanocom-
posite both have pH responsiveness and antibacterial rial
properties. In tissue engineering, this study has the potential
to improve wound healing. GQDs have been used in recent
research for regenerative, and stem cell-based uses in tissue
engineering. Many researchers have used stem cells to orga-
nize them across a variety of categories, utilizing several tech-
niques. GQDs can be used to promote stem cell
differentiation in the right conditions. Qiu et al. looked at
how GQDs perform an important osteogenic differentiation
function [57]. In particular, GQDs have been shown to affect
the early activation of osteogenesis. This nanomaterial
increases the abundance of calcium, too. Due to their low
toxicity, differentiation, and excellent mechanical properties,
these particles are highly valuable in the regenerative medi-
cine field. Tissue engineering’s future depends on the three-
dimensional (3D) scaffolds created by exciting new biomate-
rials. Recent advances in tissue engineering for applications
in 3D graphene scaffolds are shown in Figure 6 [58].

2.2.2. Carbon Nanotubes in Tissue Engineering. Due to its
exceptional biocompatibility, carbon nanotubes/nanofibers
(CNTs/CNFs) are seen as potential candidates for
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TaBLE 1: GO-based nanoparticle application in the engineering of bone tissue.

. Mechanical L.
Method of NP synthesis Cell type strength (MPa) Application  Ref.
Modified Hummers’ method mMSCs 53 In vivo [48]
Modified “Hummers’ and Offeman’s” method Osteogenesis of MC3T3-EL — In vivo [49]

preosteoblasts
Modified Hummers’ method MC3T3 cells 10.0 In vitro [50]
Modified Hummers' method Rat mesenchymal stem cell 14407 In‘vwf) and [51]
line in vitro
Modified Hummers’ method Mesenchymal stem cells 134.4 +26.5 N/A [51]
Electrf)§tat1c LBL assembly followed by electrochemical MC3T3-E1 osteoblast 85.94 + 10.76 N/A [52]
deposition
Prepfared by chemic,al oxidation of graphite flakes following a Human osteoblast cell line 12.69 + 0.86 N/A [53]
modified Hummers’ process Saos-2
Modified Hummers’ and Offeman’s method Osteoblastic MC3T3 E1 cell 0.125 In i‘r’llti?vind [53]
Modified Hummers’ method Human periodontal ligament — In vitro [54]
stem cells

Biomineralization of GO/C scaffolds Bone marrow stromal cells 0.65 Inigl‘;i::)nd [55]
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FIGURE 6: Schematic diagram of 3D graphene scaffolding in tissue engineering [58].

applications in bone tissue engineering, electrical and
mechanical possessions [59]. In a new study by Price et al.,

tive

osteoblast adherence by a diameter of 60nm CNF signifi-

cantly improved and, at the same time, diminished competi-

the

cells (smooth muscle cells and fibroblasts) in order to

induce sufficient osseointegration [60].

Sitharaman et al. recently published an in vivo study of
ultrashort SWCNT polymer nanocomposites (single-



walled carbon nanotubes), following up to 12 weeks of
implantation in rabbit femoral condyles and subcutaneous
pockets. For 4 to 12 weeks, nanocomposites had intense hard
and soft tissue reactions [61]. Hirata et al. studied MWCNT-
coated 3D-C scaffolds and checked the adhesion of the cells
to MWCNT-coated C sponges. Their study of actin stress
fibers showed that the tension in Saos2 cells, which developed
on materials covered with CNT, became more apparent after
seven days of growth. MWCNT coating gives the cell culture
a 3D scaffold, which is more fitting than SWCNT [62].

The structural and molecular dynamics of the scaffold
microenvironments can be discussed in the interaction
between different types of CNTs and their effect on bone
cell growth and attachment. Because of its wide specific
surface area, SWCNTSs can give more space for efficient
cell adhesion to the scaffold. At the same time, MWCNTs
will manage the positive contact between the cells and the
scaffold surface due to the more aggregated condition of
the MWCNTs. While the cytotoxicity of CNTs continues
to be a problem in bone tissue engineering because of
the complicated interactions between CNTs and cellular
processes, the inclusion of CNTs in the scaffold matrix
may enhance cell interactions. Due to the smaller number
of oxygen atoms in functional groups of functionalized
CNT, the spreading and aggregation of cells within the
scaffold microenvironments is less successful than GO-
based scaffolds. Table 2 summarizes some of the observa-
tions regarding the use of CNT-based materials in bone
tissue engineering.

2.2.3. Fullerenes in Bone Tissue Engineering. Fullerenes are
closed-cage structures consisting of roughly spherical carbon
atoms and hybridized by sp2. The fullerenes C60 and C70 are
more widespread than the whole of other types. A natural
application of the fullerene compounds provides alternative
types of development in bone tissue. The spherical molecular
structure of the fullerenes allows their use in biomedicine as
free radical scavenger agents [70]. For instance, because neu-
roprotective agents are HIV particle inhibitors, fullerene
materials incorporate new behavior.

As a consequence of findings of enhanced cell adhesion
to fullerene biomaterials, advances in bone tissue engineering
have drawn significant attention in recent years [71]. Baca-
kova et al. developed fullerene-coated carbon nanofibers
capable of increasing the adhesion of osteoblastic MG 63 cells
and increasing cell proliferation by up to 4.5 times in 7 days
[72]. This work recorded fullerene-based microarrays which
were prepared using a metallic “nanomask” to improve the
growth and adhesion of MG 63 osteoblast bone cells. Hierar-
chical surface morphology has played a crucial role in the for-
mation of cells because the cells are almost entirely located
between the prominences of the grooves. However,
fullerene-based biomaterial did not allow the cells to extend
by more than 1 mm in height. That is explained by the hydro-
phobic nature of the materials fullerene [73]. In another
research, this group proposed that complements and other
carbon nanoparticles could be therapeutic agents for arthritic
bone diseases. Their consequences showed that fullerene
materials were stable and did not cause DNA damage or alter

Journal of Nanomaterials

osteoblastic MG 63 and U-2 OS cells morphology. However,
they could increase the biological function of bone cells [74].

2.3. 3D Self-Assembled Nanostructures for Use in Scaffolds.
Scaffolds can be called the tissue engineering field’s “beating
heart.” Without proper scaffolding, the cells cannot expand
in an artificial setting. Bone cells are perhaps the essential
forms among all the separate cells in the human body, pro-
viding a well-designed scaffold for constructed living bones.
Research has shown that nanostructured materials through
desirable cell surface possessions can enable more protein
interactions than conventional materials to support more
effective new bone development [75, 76].

2.3.1. Graphene Family Materials as Scaffold or a
Reinforcement Material in Scaffold. In bone tissue engineer-
ing, the most common technique is to reproduce the bone
remolding and regeneration processes as natural. Biocom-
patible scaffold, biodegradable, and osteoinductive or
osteoconductive techniques must reach three dimensions
[77]. This form of scaffold would provide an ideal micro-
environment for imitating the extracellular matrix (ECM)
for osteogenic cell binding, division, differentiation and
proliferation, and growth factor carriers [78]. Graphene
should make the full surface area of the substratum suit-
able as a flexible biocompatible scaffold for cell differenti-
ation and osteogenic differentiation [79]. For example, 3D
graphene foams used as substrates for human mesenchy-
mal stem cells (hMSC) have shown their capacity to pre-
serve stem cell viability and facilitate osteogenic
differentiation [80]. In addition, 3D graphene (3DGp)
scaffolding and 2D graphene (2DGp) coating have been
shown to induce the differentiation of periodontal liga-
ment stem cells (PDLSC) into mature osteoblasts by
higher rates of mineralization and graphene-related upreg-
ulated bone-related genes and proteins with or without
chemical inductors [81]. GO was placed by Han et al. on
Ti scaffolds, modified with polydopamine (PDA). After
that, a separate form of gelatin microspheres (GelMS)
was encapsulated in BMP-2 and vancomycin. The drug-
containing GelMS were subsequently placed on GO/Ti
scaffolds and stabilized by usable GO groups (Figure 7).
The novel scaffolds play an essential role in bone recovery
and tolerance for bacterial infections [82]. Substance P
(SP) is a neuropeptide containing 11 strictly retained
amino acids [83]. It includes, for example, inflammatory
wound healing, control, and angiogenesis in many proce-
dures, and is necessary to facilitate the recruitment of
MSC implants [84]. So apart from the BMP-2, this pep-
tide, SP, was applied to the GO-coated Ti surface by La
et al. The dual delivery mechanism of GO-coated Ti has
demonstrated the continuous release of BMP-2 and SP,
and the ability of SP to activate MSC mi-integration. In
vivo, the Ti/SP/GO/BMP-2 group showed more magnifi-
cent new bone formation in the mouse calvary relative to
implant recruitment by SP for the Ti/GO/BMP-2 popula-
tion [85].

A significant factor in the design of tissue engineering
scaffolds is the mechanical strength and longevity of the
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TaBLE 2: Carbon nanotubes used in the manufacture of bone tissues.

. Mechanical L

Method of NP synthesis Type of NPs Cell type strength (MPa) Application Ref.

In situ hybrid CNTs with . .
bacterial cellulose (BC) BC Osteogenic cells 0.474 In situ [63]

Chemical vapor deposition . Osteoblastic and fibroblast (L- .
(CVD) Hydroxyapatite 929) cells 89 Insitu  [64]
Thermal Hydroxyapatite Human osteolli)ilaes;t sarcoma cell — Invitro  [65]

Graphene (G) nanosheets and HAp- MG-63 cells and human bone .
CVD olyether ether ketone (PEEK) marrow stromal cells 78.65 Invitro  [66]

POy (hBMSCs)

Freeze-drying method Polyvinyl alcohol (PVA) Osteoblast cells 215.00 £9.20 Invitro  [67]
Freeze-drying method Polysaccharide HAp MG 63 cell line 0.222 Invitro  [68]

Poly (butylene adipate-co- . .
Thermal terephthalate) (PBAT) MG63 osteoblast-like cells 35 Invitro  [69]
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FIGURE 7: Schematics and electron micrograph examination of the preparation of the new GO/Ti scaffold: BMP2- and Van-loaded CGelMS
are immobilized by electrostatic interactions on the GO/Ti scaffold between functional GO and CGelMS groups [82].

material. GO-based composites have very porous structures
and high mechanical strength, which give strong prospects
for regeneration to Liang et al. scaffolds. It is reported that
composite scaffolds HAp/collagen (C)/poly(lactic-co-glyco-
lic acid)/GO (nHAp/C/PLGA/GO) facilitate the proliferation
of MC3T3-E1 cells (Figure 8), [86]. For scaffold preparation,
they formulated nHAp/C/PLGA/GO nanomaterials with a
particular percentage of GO weight and measured the
mechanical properties of the scaffold. The findings showed

that the dynamics would raise the mechanical strength of
the scaffold by 1.5 wt. percent of GO and provide a good cell
adhesion and propagation substratum.

One of the critical factors influencing the mechanical
possessions of the bone-shaped in tissue engineering is the
adhesion of bone cells to the substrate at the center [88]. A
variety of work has focused on this subject over the last few
years—for example, Mahmoudi and Simchi. A nanofibrous
matrix was developed using electrospun material to improve
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FiGure 13: Codelivery of two anticancer drugs via a peptide-based hydrogel system [93].

the bonding forces within the bone cells. Because of this, they
used high mechanical resistance and biocompatibility bio-
polymers and GO hybrids, and then a natural closure rate
for wounds. The experimental design approach to this
material are shown in Figure 9 [89].

2.3.2. Scaffolds of Fullerene Materials. Scaffolds of fullerene
materials have specific situations in various and broad ranges
of scaffolds in bone tissue engineering. These have strong

calming effects on bone cell proliferation, with minimal cyto-
toxicity. Scaffolds dependent on fullerenes have more rough-
ness and hydrophobicity. It would improve the potential for
controlling the cell connection and strengthen the bone tis-
sue thickness, and then the mineralization phase, which is
an entirely remarkable feature of carbon nanomaterials.
The fullerene molecule structure enables the anatomy of the
final bone tissue to be organized and regulated [45]. In order
to stimulate the growth of osteoblastic MG 63 bone cells,
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complex synthesis and aggregation. [104].

Krishnan et al. described a new method for making and
depositing fullerene nanowhiskers on scaffolds. This was
achieved by rotational flow of solutions that comprise fuller-
ene nanowhiskers, allowing normal arranged arrays to be
deposited on a glass substrate. They observed that fullerene
nanowhiskers’ normal, coordinated deposition had better
biological activity than a random deposition. The distance
from the vortex core of the glass substratum played a vital
role in morphology of the formation. Samples produced at
the edge of the vortex fluid had a more normal morphology

than samples from core vortex sections. A processing sche-
matic for this sample is shown in Figure 10 [74].

Cancer accounts for millions of deaths per year, and the
number of new confirmed cases is increasingly growing due
to the rise and aging of the world’s population. While several
advancements in early detection and novel therapy proce-
dures have now been established in clinical practice, several
important issues still need to be resolved in order to treat
cancer efficiently and to reduce many drawbacks created by
traditional therapies. Nanomedicine appeared as an up-
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PNA: peptide nucleic acid [118].

and-coming method to promote both early detection and
successful tumor therapy. A plethora of various inorganic
and organic multifunctional nanomaterials was ad hoc devel-
oped to satisfy the increasing need for new cancer treatment
solutions [90] As shown in Figure 11, a wide variety of nano-
materials were produced using organic, inorganic, lipid, and
protein compounds usually within 1-100 nm varieties and
delivering various antitumor drugs by fine-tuning the chem-
ical structure, size, and form (morphology) capable of regu-
lating nanomaterial functionality.

2.4. 3D Self-Assembled Peptide Hydrogels in Cancer Therapy.
Peptide hydrogels are leading carriers in many medical appli-
cations because of their exceptional structural and behavioral
properties [92]. Numerous self-assembled peptides have been
developed which have the potential to be an antitumor drug
delivery nanocarriers. Figure 12 shows the peptides that are
self-assembled into hydrogels.

By self-assembling its molecules, the peptide produces
structures identical to nanotubes. With adequate mechani-
cal power, stability, and biocompatibility, the microscale
length of these nanotubes is calculated. It was also found
that its thermal and chemical properties were within the
appropriate range [94]. Self-assembled hydrogels based
on peptides have significant effects in stabilizing and regu-
lating the release of anticancer drugs. Some examples of
self-assembled peptide-based hydrogels in tumor cells were
receptive to microenvironmental conditions [95]. Mao
et al. first advanced a drug delivery device focused on a
self-assembled peptide hydrogel. The study group inte-
grated two chemotherapeutic drugs and reported a signifi-
cant increase in medication safety, as seen in Figure 13
[96]. The device showed a controlled release of medicinal
products through hydrolysis of the ester bond, thus dem-

onstrating the potential for targeted antitumor delivery.
Due to their lower cost and tunable properties, small pep-
tide hydrogels are reported to be more beneficial for the
delivery of drugs [97].

2.5. Graphene Oxide for Cancer Therapy. Previous research
has shown that GO can be used to monitor targeted cancer,
to stop tumor growth, and to prevent tumor cell movement
[2, 98, 99]. Phototherapy focused on transdermal nanogra-
phene oxide-hyaluronic acid (NGO-HA) conjugates
recorded for skin cancer melanoma using a near-infrared
(NIR) laser in 2014; however, studies which used GO in
CSC therapy for cancer treatment are uncommon. Fiorillo
et al. have shown that GO prevents tumors from growing
in six separate lines of cancer cells (prostate, pancreatic,
breast, vaginal, lung, and brain cancer) through different
types of tumors. They used the tumorsphere method to eval-
uate GO-targeted therapy and clinically measured the pro-
duction and extension of tumorspheres from individual
CSCs under conditions independent of anchorage. The
results suggested that GO specifically targets a phenotypic
worldwide property of CSCs, which may decrease the
amount of bonafide CSCs by splitting which inhibiting them
(Figure 14(a)) [100, 101]. The author here, in a nutshell, pre-
sents evidence that GO-based therapy may be successful in
reducing CSCs by inhibiting several main signal pathways
and then splitting CSCs.

2.6. Carbon Nanotubes in Cancer Therapy. Carbon nano-
tubes are nanostructures of cylindrical graphene with
advanced nanotechnologies and clinical research, for exam-
ple, water solubility, cell membrane penetration, strong drug
load performance, photothermal, low toxicity, tumor selec-
tivity, photoacoustic, and radiant properties [105, 106].
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FIGURE 16: DNA encapsulation and gene transition. (a) Double-walled nanotubes of carbon, which encapsulate ssDNA. (i) A transmission
image of ssDNA molecules composed of 30-base cytosine homopolymers (defined as C30) encapsulated double-walled carbon nanotubes
by an electron microscope (TEM). (ii) Layout TEM image structure and (iii) simulation of TEM image. (b) A single-walled carbon
nanotube encapsulated with ssDNA. TEM photographs, after soaking, of a solution ssDNA (i) without CaCl, and (ii) CaCl, (DNA-
CaCl,). The ssDNA internalization happened at (iii). (c) Multiwalled carbon nanotubes which are used for strong plasmid DNA
encapsulation. The cells in HeLa were treated with DNA-multiwalled carbon plasmid nanotubes during the encapsulation process. Box
magnifications for each cell are given (ii and iii). (iv) A multiwalled carbon nanotube which separates the cell membrane. White dotted
arrow: chromatin; white dotted arrow: mitochondria; white dotted arrow: atomic membrane; white arrow: vacuole. To: ssDNA [118].

Burke et al., in 2012, mentioned that breast cancer stem cells
(BCSCs) were found to be immune to thermal carbon nano-
tube therapy and loss of proliferative capacity after thermal
nanotube therapy [107]. Thus, nanotube-assisted thermal
therapy will destroy all the isolated cells that form the bulk
of a tumor simultaneously. In 2014, Yao et al. developed a
gastric CSC-specific drug delivery system (SAL-SWNT-
CHI-HA complexes) centered on single-wall chitosan-
coated carbon nanotubes (SWChNTSs) packed with the hya-
luronic acid (HA) and salinomycin (SAL) structure. The
designed system can extract gastric CSCs selectively
(Figure 14(b)) [108]. Al Faraj et al. suggested a technique uti-
lizing biocompatible multimodal SWCNTs that were func-

tionalized with CD44 antibodies and enhanced direct anti-
CD44 targeting, resulting in promising breast targeting find-
ings for CSCs and potential for further clinical trials [103].
Shortly afterward, the same community combined paclitaxel
and salinomycin drugs in the murine xenograft model com-
bined SWCNT's (Figure 14(c)) similarly to fight breast cancer
and CSCs simultaneously, and the results revealed an
increased therapeutic effect of combination therapy com-
pared to care for independent nanocarriers or free suspen-
sion of medication. Consequently, the optimized drug
delivery mechanism for conjugated SWCNTs has enormous
potential to effectively treat breast cancer by attacking both
CSCs and cancer cells [103].
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TaBLE 3: Graphene-based nanocarriers used for gene delivery.

Graphene-based nanomaterial

Gene Target cell in the study  Ref.

Graphene oxide low-molecular-weight branched polyethyleneimine
Graphene-polyethyleneimine (25kDa)

Graphene oxide-chitosan
Grafted ultrasmall graphene oxide-polyethyleneimine
Graphene-polyethyleneimine (25kDa)

Graphene oxide-gold nanorods-polyethyleneimine

Graphene oxide-gold nanoparticles-polyethyleneimine

Reduced graphene oxide PEG low-molecular-weight branched
polyethyleneimine

Luciferase reporter gene HeLa and PC-3 cell lines [116]

EGFP HelLa cells [123]

Luciferase reporter gene Hela cells [129]

EGEP H293T arlld U20s cell [124]

lines

Luciferase reporter gene HeLa cells [123]

EGFP and luciferase reporter Hela cells [125]
gene

EGFP and luciferase reporter Hela cells [125]
gene

Luciferase reporter gene PC-3 and NIH/3T3 cell [128]

lines

PEGylated
Liposome 1990

Liposome and
drug delivery in

’ e,
D "/:\ First liposome-

T based siRNA
delivery in 2001

1960s /
T
L ' c . First targeted
. - ong circulating ontrolled- delivery of siRNA
Eirstpublizhed PLGA-PEG release o dlind Dendrimersome
entered clinical
dendrimer in . . . ;
1978 nanoparticle 1994 microchip trials in 2008 first described
in 1999 in 2010
Drug delivery First clinical study of Co-delivery of

First targeted
liposome in

5@

First controlled
release polymer
system for
macromolecules

approved by the
FDA in 1990

Doxil approved
by FDA in 1995

in 1976

by microneedle
1998 Polymersome

1980
First polymer-
drug conjugate g
- £

a targeted polymer-
drug conjugate 2002

“PRINT” technique
used to encapsulate
bioactive agents 2005

drugs and siRNA
to treat multi-drug

in 1999 resistance in 2008

FiGUrg 17: Delivery of nanotechnology-based drugs in the timeline. Here, we highlight those delivery systems which serve as essential

milestones in drug delivery history [131].

2.7. Nanodiamonds in Cancer Therapy. Nanodiamonds are
carbon semioctahedral systems with a wide variety of biolog-
ical and chemical elements, as well as small molecules,
genetic content, biomolecules, and imaging agents [109].
Nanodiamonds (NDs) have shown excellent delivery capac-
ity and excellent biocompatibility among a wide range of
vehicles based on nanomaterials [110]. Zhao et al. showed
that detonation of nanodiamond with hyperbranched poly-
glycerol (AND-PG) coating charged with an anticancer drug
and conducted by an active targeting moiety might lead to
tumor cells becoming highly preferential toxic via different
absorption mechanisms while minimizing macrophage
absorption and toxicity [111]. The nanodiamond drug com-
plex, also developed by physical adsorption of epirubicin on
nanodiamonds, has proven to be a highly successful
nanomedicine-based solution for overcoming chemoresis-

tance in hepatic CSC. As shown in Figure 14(d), the resultant
EPND complex, Epirubicin@nanodiamonds, has improved
care over unmodified epirubicin [104] The probability of
binding different bioactive molecules to carbon molecules
such as cell-specific ligands makes carbon-dependent nano-
materials an important option for cancer therapy through
targeting CSCs.

2.7.1. 3D Self-Assembled Nanostructures for Gene Delivery.
Despite recent advancements in multiple nucleotide-based
therapies, the efficacy of gene therapy in clinical procedures
remains limited due to less efficient delivery routes to the tar-
geted tissue or cells [112]. Nanotechnology has rendered a
significant advance in the production of healthy and efficient
gene carriers in recent decades [113]. Nonviral gene delivery
carriers can be made from several materials, including
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FIGURE 18: Graphene as target carrier (gene or small molecular drug) [134].

inorganic nanoparticles, carbon nanotubes, liposomes,
protein-based nanoparticles, and peptides, as well as nano-
scale polymeric materials, and have gained popularity in
recent years due to their protection, versatility in nucleic acid
packaging, and ease of processing. Significant attempts were
made to increase the efficiency of nonviral gene transmission
by fair and semirational design as an ideal gene carrier that
should have many functions to resolve the obstacles in the
gene transfection process at different levels.

2.7.2. Gene Delivery with Graphene-Based Nanomaterials.
Graphene and its derivatives have been increasingly used in
many biomedical fields as sheet-like carbonic nanomaterials
[114, 115]. Graphene-based platform applications currently
apply to the distribution of genes as a nanocarrier. Provided
the unique structure and chemistry of graphite nanoparticles,
they have a high potential for gene processing. Biostability,
cellular uptake, and improved efficiency of gene processing,
graphene surfaces, and their derivatives have been adjusted
with various polymers or ligands to boost biocompatibility
[114, 116]. Graphene-based nanosheets with a vast hybrid-
ized sp2 carbon region may interact with further molecules,
including DNA and RNA nucleic acids, as well as with drugs.
They may also be used as moving genes or as protectors and
carriers of specimens involved in miRNA detection
(Figures 15 and 16) [117].

DNA can also interact with nanomaterials based on
graphenes [119]. Low pH and strong ionic resistance
DNA adsorption can be built with tiny fragments [120],
in which they are covered sterically from nuclease (DNase)
attacks [121]. One of the advantages of preserving DNA is
that a robust gene transfer vector will thus be proficient in
successful cellular uptake. Graphene is, therefore, an excit-
ing option for plasmid transmission, uniquely when it is
functionalized with cationic polyethyleneimine that inter-
acts well with DNA phosphate groupings [119]. Kim
et al. combined low-molecular-weight polyethylenimine
branched to GO to provide the cytomegalovirus promoter

with a plasmid that controls luciferase gene expression
[116]. Feng and Liu initially delivered a plasmid to HeLa
cells carrying the enhanced green fluorescent protein
(EGFP) encoding gene, using a different nanocarrier
[122]. Chen et al. used a higher-molecular-weight poly-
ethyleneimine [123] in which cytotoxicity to polyethylenei-
mine decreased with GO presence. In the presence of 10%
fetal bovine serum (FBS), they also transmitted the lucifer-
ase reporter gene to Hela cells using this gene delivery
mechanism. They demonstrated that the transfection effi-
ciency of serum proteins did not decrease [108]. Zhou
and his colleagues recently transferred ultrasmall GO plas-
mid DNA (pEGFP) to mammalian cell lines and zebrafish
embryos [124]. By contrast, Xu et al. encapsulated inor-
ganic nanoparticles and gold nanorods in GO nanosheets
that not only decreased cytotoxicity dramatically, allowing
polyethyleneimine to work better, yet also achieved high
transfection efficiency and improved viability of HeLa cells
[125]. Although polyethyleneimine is not the only gene
transmission component that can be added to the nano-
materials based on graphene, in this experiment, Bao
et al. used a chitosan-like GO (a nanosystem frequently
administered to HeLa cells for A plasmid containing the
luciferase gene) and demonstrated that this complex could
condense DNA for rapid cell absorption through agarose
gel electrophoresis [126]. Additionally, the use of PEG
and polyethylenimine, for example, to improve the effi-
ciency of plasmid DNA transfection, can also be per-
formed in GO. This gene carrier was also found to be
light-responsive, as described by Feng et al. [127]. Another
example of an environmentally sensitive nanosystem is
Kim et al’s photothermally regulated gene delivery carrier,
which integrates branched low-molecular-weight polyethy-
lenimine and reduced GO through PEG. The increased
efficacy of the gene transfection of this nanocarrier was
due to a rapid endosomal escape through locally mediated
heat [128]. Table 3 reviews several of the graphene-based
nanocarriers used for the gene delivery.
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3. 3D Self-Assembled Nanostructures for Small
Molecule Drug Delivery

Small molecules are amongst the most vital biological func-
tion molecules found in most medicines to date. Many
organic molecules exhibit low solubility in aqueous media
and insufficient delivery of products as the primary cause of
around 40 percent of all medication failures. While high-
profile strategies continue to improve a variety of chemical
agents for the treatment of complicated disease processes,
there is an increasing need for suitable methods of molecular
delivery to be established, which are useful and practical. Pre-
cise spatiotemporal regulation of a large variety of hydropho-
bic and neutral small molecules is therefore essential. Recent
developments in nanotechnology have introduced smart and

new therapeutic nanomaterials using various targeted
approaches [130]. The application of nanotechnology in
medicine and, more specifically, the drug market is expected
to expand even more than it has over the last two decades. As
delivery vehicles, a range of organic/inorganic nanomaterials
and technologies were used to develop effective therapeutic
methods (Figure 17) [131].

3.1. Graphene and Graphene Oxide as Nanomaterials for
Small Molecule Drug Delivery. Mechanisms of drug delivery
utilizing graphene-dependent nanosources have been
researched since 2008 [132, 133]. Proteolytic enzyme devel-
opment within the cytoplasm often interferes with the drug
delivery process. GO is used to provide the carrier genes
and medicines with efficacy (Figure 18). The GO biological
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community (COOH and OH) allows for the mixing of
numerous polymers and biomolecules (DNA, ligand, and
protein) [134]. Methods contain its cationic polymer func-
tionality, like PEI [24]. It is known as a nonviral gene vector,
as it intensively communicates with negatively charged DNA
and RNA phosphate ions [24]. Its varieties of transfection are
simple and effective boost cell selectivity and decrease cell
toxicity. The use of PEI-functional GO transmission of the
Bcl-2-target antiapoptotic family protein siRNA and antican-
cer drug DOX exhibited a synergistic impact providing
enhanced transfection ability with reduced PEI cytotoxicity
and enhanced anticancer effectiveness [135]. Also established
was a photochemically regulated gene delivery carrier in
which low-molecular-weight PEI and rGO were combined
with hydrophilic polyethylene glycol (PEG) and plasmid
DNA and physiochemical assays were found to be stable
[136]. FeO nanoparticles offer multifunctional and multi-
modal GO for broad organic and medicinal applications
[128]. The delivery of anti-inflammatory ibuprofen drugs
utilizing chitosan-containing GOs has been reported [137].

Graphene’s unmodified basal plane sites with free surface
7 electrons are hydrophobic and can create interactions for
charging drugs and covalent modifications [123]. Part of
drug delivery is due to differences in the concentration of
temperature, pH, light, and salt. Polymers sense the funda-
mental changes, and the medication is released. GO biopoly-
mers are pH sensitive and are, therefore, often used as smart
transporters for the delivery of drugs [138]. In this respect,
the use of folic acid containing of nano-GO (NGO) called
FA-NGO for the treatment of tumors has conclusively dem-
onstrated pH-sensitive delivery in the case of DOX and
camptothecin [139]. Ibuprofen and 5-fluorouracil anti-
inflammatory drugs with distinctive hydrophilicity were also
administered utilizing a pH-dependent CS-GO complex
[140]. GO is being modified to carry a carrier of water-
soluble cancer drugs. The functionalized PEG NGO can
allow more soluble physiological and aqueous solutions
[141].

3.2. Self-Assembled Peptide and Protein Nanofibers for Small
Molecule Drug Delivery. Hydrogels offer a commonly
employed and efficient tool for the distribution of small mol-
ecule medications and biological therapies self-assembly as
shown in Figure 19 (e.g., proteins and DNA), as their physi-
cal and chemical properties may be adjusted to suit the
release profile of the encapsulated cargo and are treated
under moderate conditions conducive to cargo survival
[142].

Soil-based hydrogels can be used for the delivery of small
medicinal molecules. For instance, hydrogels that consist
either of a high-molecular-mass silk protein (SPH) or an
SPH composite and a low-molecular-mass silk protein
(SPL) release the drug buprenorphine at concentration-
related SPH levels [144]. This concentration of SPH was
hypothesized as leading to a denser network of nanofiber
and, in turn, a more tortuous route through which buprenor-
phine moves to avoid the hydrogel. This was also confirmed
by SPH/SPL composite hydrogels, where 10% SPH with 6%
SPL had a higher diffusion rate than 10% SPH with 2%
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SPL, respectively. RADA16 gels, for example, published
small-molecule encapsulated colors such as phenol red, bro-
mophenol blue, 3-PSA, 4-PSA, and Coomassie Brilliant
Brown G-250 (CBBG) at levels associated with chemical col-
oring [145]. In particular, after seven days, bromophenol
blue and CBBG did not elute out of the gels, indicating that
they had not adsorbed nanofibers directly into RADA16.
Besides, 3-PSA has eluted the more electrostatically charged
4-PSA at a faster pace, indicating the net charge of the drugs
that affect their release kinetics. The diffusivity of red, 3-PSA,
and 4-PSA phenols decreased as the RADA16 concentration
increased similarly to the SPH/SPL gels mentioned above.

4. Conclusion and Future Perspectives

This research summarized the application of 3D self-
assembled polyfunctional nanostructures such as carbon
nanotubes (CNTs), graphene fullerene, and peptide hydro-
gels that are used successfully in tissue engineering, gene
delivery, and cancer therapy. Some nanocarbon allotropes,
such as GO, CNTs, fullerenes, CDs, NDs, and their deriva-
tives, have high potential as bone cell proliferation scaffolds
and can be used to rebuild bones. Also, nanotube-assisted
thermal therapy can kill all of the specialized cells that form
the bulk of a tumor simultaneously. Because of their nano-
scale size, photoluminescence properties, large specific sur-
face area, and antibacterial activity, graphene family
materials possess significant potential for bone tissue engi-
neering, drug/gene delivery, and cancer treatment.

Self-assembly of nanostructural materials is theoretically
valuable and has produced new resources to revolutionize
the biological and biomedical sciences. In this study, applica-
tion of 3D self-assembled nanostructures such as carbon
nanotubes (CNTs), graphene and fullerene, peptide hydro-
gels for use in tissue engineering, gene delivery, and cancer
therapy has been summarized. Besides, they have applica-
tions in drug delivery, vaccine delivery, and photothermal
therapy. Therefore, their application can be examined in
these cases as well. Also, there are other categories of 3D
self-assembled nanostructures that have exciting applications
in medicine, which are essential and practical to study.
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Objectives. The present study intended to further verify that simvastatin-loaded nanomicelles (SVNs) enhanced the role of
simvastatin (SV) in promoting osteoblast differentiation in vitro and to evaluate the effect of SVNs on bone defect repair in vivo.
Methods. SVNs were synthesized by dialysis. MG63 cells were subjected to intervention with 0.25 ymol/l of SVNs and SV. A 3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay kit and flow cytometry
were used to determine cell proliferation activity, cell cycle distribution, and apoptosis. The osteoblastic differentiation of MG 63
cells was evaluated by measuring alkaline phosphatase (ALP) activity, ALP staining, and the expression levels of the osterix
(Osx) and osteocalcin (OC) proteins. In addition, 0.5 mg of SVNs or SV was applied to the skull defect area of rabbits. Micro-
CT, hematoxylin and eosin (HE) staining, and Masson’s trichrome staining were used for qualitative and quantitative evaluation
of new bone in three dimensions and two dimensions. Results. The SVNs had a mean diameter of 38.97 nm. The encapsulation
and drug-loading efficiencies were 54.57 £3.15% and 10.91 +0.63%, respectively. In vitro, SVNs and SV can inhibit the
proliferation activity and promote osteogenic differentiation of MG63 cells by arresting MG63 cells at the GO/G1 phase without
increasing the apoptosis rate. In vivo quantitative results showed that the bone mineral density (BMD), bone volume (BV)/total
volume (TV) ratio, and trabecular number (Tb.N) in the gelatin sponge with SVNs (SVNs-GS) group and gelatin sponge with
SV (SV-GS) group were 362.1%, 292.0%; 181.3%, 158.0%; and 215.2%, 181.8% of those in the blank control (BC) group,
respectively. Histological results identified the new bone tissue in each group as irregular fibrous bone, and the arrangement of
trabecular bone was disordered. There were significantly more osteoblasts and new capillaries around the trabecular bone in the
SVNs-GS group and SV-GS group than in both the BC and drug-free nanomicelle (DFNs) groups. Both in vitro and in vivo,
SVNs exhibited greater osteogenic efficacy than SV. Conclusion. SVNs significantly improved the osteogenic efficacy of SV.

1. Introduction

Trauma, infection, and tumors can all cause bone defects.
Due to mineral deposits and an insufficient blood supply in
bone defect areas, the rate of new bone formation is very
slow, and large bone defects cannot self-heal [1, 2]. Methods
such as bone grafting, bone tissue engineering, and
membrane-guided bone regeneration are commonly used
to promote bone defect repair, and the materials used include
autogenic bone, allogenic bone, synthetic bone replacement
materials, stem cells, and exogenous growth factors [3, 4].

Among these materials, autogenic bone is the gold standard
of bone repair materials due to its superior osteoconduction,
osteoinduction, and osteogenesis [5]. However, autogenic
bone grafting is associated with considerable trauma and
increased patient suffering, which substantially limits its clin-
ical application [6]. Allogenic bone, which is mainly derived
from human cadavers derived, has been applied in clinical
practice and has yielded good results [7]. However, the
potential risks of spreading viruses and immunological rejec-
tion limit the application of allogenic bone in clinical practice
[8]. Synthetic biodegradable bone replacement materials
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overcome the limitations of the above two materials but have
the disadvantages of fast degradation, low strength, and
localized inflammation caused by degraded products [9,
10]. The addition of exogenous osteogenic growth factors
(such as bone morphogenetic protein 2 (BMP-2)) to the
above materials can significantly improve the osteoinductive
ability and promote the proliferation and differentiation of
osteoblasts [11-14]. However, exogenous osteogenic growth
factors are expensive, have a short half-life, are difficult to
store, and have low cell-targeting properties [15]. Therefore,
some scholars have attempted to identify specific drugs to
accelerate the formation of new bone in the bone defect area
by regulating endogenous osteogenic growth factors.

Simvastatin (SV), which is commonly used in clinical
practice, is inexpensive, safe, and reliable. SV can specifically
bind to HMG-CoA reductase, a key enzyme in cholesterol
synthesis, to inhibit cholesterol synthesis and prevent cardio-
vascular diseases [16]. In 1999, Mundy et al. first reported
that subcutaneous injection of SV and lovastatin could signif-
icantly promote the formation of new bone in a mouse cra-
nial bone defect area [17]. Studies have shown that SV can
promote osteogenesis mainly through the induction of
BMP-2 and VEGF gene expression, thereby promoting
angiogenesis and the differentiation of osteoblasts [17, 18].
In addition, SV inhibits the RANKL expression to suppress
the differentiation of osteoclasts and promote osteogenesis
[19, 20]. The osteogenesis-promoting effect of SV is closely
associated with the regulatory functions of osteogenesis-
related signaling pathways, such as the Smad pathway, the
Erkl1/2 pathway, and the Pi3k/Akt pathway [21-26].

SV is liposoluble and poorly soluble in water. When used
systemically, most drugs are metabolized by the liver. Only
small amounts of drugs can reach bone defect areas. An
extremely low available drug concentration seriously impacts
the promoting effect of SV [27]. Increasing the dose of SV for
systemic administration can effectively increase the drug
concentration in the bone defect area, but high doses can also
increase the systemic side effects of SV, such as liver and kid-
ney damage and rhabdomyolysis [28, 29]. Therefore, the
extremely low bioavailability in bone defect areas and the
potential side effects of SV are urgent problems requiring
resolution.

Nano-based drug carriers include nanoparticles, nanoli-
posomes, solid lipid nanoparticles, magnetic nanoparticles,
and polymeric nanomicelles. Among these carriers, poly-
meric nanomicelles, which were first proposed by Ringsdorf
et al. to be used as a drug carrier, have become a research
focus of drug delivery systems. Amphiphilic polymeric nano-
micelles are self-assembled nanostructures formed by hydro-
philic shells and a hydrophobic core. Polymeric nanomicelles
are mostly spherical in shape and are mainly used for encap-
sulation and delivery of lipophilic small-molecule drugs [30,
31]. The particle sizes of polymeric nanomicelles are rela-
tively small, mostly ranging between 10 and 80 nm [32]. Cur-
rently, polyethylene glycol (PEG), polyethylene oxide (PEO),
and chitosan (CTS) are commonly used in the synthesis of
the hydrophilic segments of polymeric nanomicelles [33,
34]. PEG has good water solubility and a large exclusion vol-
ume, which can effectively prevent aggregation of micelles.
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PEG can also reduce the capture of the reticuloendothelial
system (RES) and extend the half-life of polymeric nanomi-
celles [33, 34]. The hydrophobic segments of polymeric
nanomicelles are usually synthesized using polylactic acid
(PLA) and polycaprolactone (PCL), which mainly serve the
functions of encapsulating hydrophobic drugs [30, 34]. Poly-
meric nanomicelles prepared with these materials have excel-
lent biocompatibility and biodegradability [35]. Polymeric
nanomicelles can be excreted through the kidneys and will
not accumulate in the body. Therefore, polymer micelles
have great application prospects as drug carriers.

We hypothesized that the encapsulation of SV using
polymer nanomicelles can significantly improve the in vitro
and in vivo osteogenic effect of SV. In previous studies, we
applied methoxy-PEG (mPEG-) PLA to encapsulate SV,
successfully synthesized simvastatin-loaded nanomicelles
(SVNs) by dialysis, and preliminarily verified that an appro-
priate concentration of SVNs can significantly improve the
osteoblast differentiation-promoting effect of SV in vitro
[24]. In the present study, we not only further verified the
role of SVNs in promoting osteoblast differentiation
in vitro but also evaluated the in vivo osteogenesis-
promoting effects of SVNs.

2. Materials and Methods

2.1. Preparation and Characterization of SVNs. Based on pre-
vious experience in preparing nanomicelles in our group
[24], SVNs (mPEG-PLA-SV) were prepared using a dialysis
method. In short, 10 mg of mPEG-PLA (Mn = 5000 — 3000)
(Jinan Daigang Biomaterial Co., Ltd., Shandong, China)
and 2 mg of SV (National Institutes for Food and Drug Con-
trol, Beijing, China) were dissolved in 2ml of acetonitrile
(Fisher Scientific, Waltham, MA, USA) and slowly added
dropwise into 12 ml of purified water. The mixture was stir-
red for 1 h at room temperature and then dispersed via ultra-
sonication for 5 min. Finally, the above solution was dialyzed
for 7h. The drug-free nanomicelles (DFNs) were also pre-
pared in a similar way in the absence of SV.

The particle sizes of SVNs and DFNs were measured
using a Zetasizer instrument (Mastersizer 2000, Malvern
Instruments Ltd., Malvern, UK). Nanomicelle morphology
was observed with a transmission electron microscope
(TEM; HT7700, Hitachi Limited, Tokyo, Japan). High-
performance liquid chromatography (HPLC; LC-20AD, Shi-
mazu Corporation, Kyoto, Japan) was used to determine the
drug-loading content and drug entrapment efficiency.

2.1.1. In Vitro Simvastatin Release. SVNs were sealed in a
dialysis bag and incubated in 4% HAS solution at 37°C and
50rpm. The same amount of free SV was dialyzed under
the same conditions as a control. At predetermined time
intervals, 12 ml of the samples was withdrawn and replaced
with 12ml of fresh release medium. The SV concentration
was analyzed using the HPLC system.

2.2. Cell Experiment

2.2.1. Cell Culture and Experimental Group. The human
osteoblast-like MG63 cells were purchased from the Cell
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FiGure 1: The surgical procedures with rabbit calvaria. (a) A mucoperiosteal flap was raised, and four critical bone defects (6.5mm in
diameter) were created at the top of the skull. (b) The defects were divided into the following four groups: no augmentation (blank
control, BC) group, gelatin sponge (GS) group, gelatin sponge with 0.5 mg SV (SV-GS) group, and gelatin sponge with 5mg SVNs (0.5 mg

SV) (SVNs-GS) group.

Bank of the Chinese Academy of Sciences, Shanghai, People’s
Republic of China. The MG63 cells were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM; Thermo Fisher Sci-
entific, Waltham, MA, USA) with 10% fetal bovine serum
(FBS; Thermo Fisher Scientific, Waltham, MA, USA) and
1% penicillin-streptomycin (HyClone, Logan, UT, USA) at
37°C in a humidified incubator with 5% CO,. The medium
was refreshed every three days.

The experiment was divided into four groups: SVNs
group, SV group as the positive control, DFNs group, and
blank control (BC) group as the negative control. According
to the preliminary results of our group, the SV in the SVNs
group and in the SV group was dissolved and diluted to
0.25 ymol/l in the complete medium. Equal concentrations
of DENs were also prepared.

2.2.2. Cell Proliferation. MG63 cells were seeded onto 24-well
plates at 10* cells per well and cultured with the drug formu-
lations (500 pl/well) for 72h. Then, culture medium was
replaced with serum-free medium. The plate was incubated
for 2h at 37°C in a humidified atmosphere with 5% CO,.
An MTS assay kit (MTS; Biovision Inc., CA, USA) was used
to measure cell proliferation. One hundred microliters of
MTS solution was mixed with culture medium per well.
One hundred microliters of the mixture was pipetted into
each well of a 96-well plate, and absorbance was measured
at 30min intervals at 490nm using a microplate reader
(Tecan, Tecan Trading AG, Switzerland).

2.2.3. Cell Cycle and Apoptosis. MG63 cells were seeded in
6 cm Petri dishes at 1 x 10°/dish. The experiment was termi-
nated at 72 h after dosing, and the effects of drugs on the cell
cycle and apoptosis of MG63 cells were measured by flow

cytometry.

(1) Cell Cycle. A cell cycle detection kit (keygen, Keygen bio-
tech, Jiangsu, China) was used to detect the cell cycle. The
cells were digested and collected by centrifugation at 1,000
x g at 4°C for 5min. With the supernatant removed, the cells

were resuspended with 1 ml of precooled Buffer A and col-
lected by centrifugation again. Then, the cells were resus-
pended with 100yl of precooled Buffer A, slowly dripped
into 900 ul of precooled 70% ethanol, and fixed at -20°C for
at least 12 h. The cells were collected by centrifugation again,
washed with precooled Buffer A to remove ethanol, and
resuspended in 500 yl of Buffer A; then, RNase A was added,
and the solution was further incubated at 37°C for 30 min.
The samples were stained with propidium iodide (PI) at
room temperature for 30 min in the dark and analyzed by
flow cytometry.

(2) Cell Apoptosis. An Annexin V-FITC/PI Apoptosis Detec-
tion Kit (BD, Becton, Dickinson and Company, NJ, USA)
was used to detect the apoptotic cells. The cells were collected
using trypsin without EDTA by centrifugation and resus-
pended with 300 pl 1x binding buffer. One hundred microli-
ters of cell suspension was pipetted into culture tubes; then,
5ul of Annexin V-FITC was added to each tube, followed
by incubation for 15 min at room temperature. Five microli-
ters of PI stain was added to the cells for 5min at room tem-
perature without light. After the addition of 400 ul of 1x
binding buffer to each tube, cell apoptosis was analyzed by
flow cytometry.

2.2.4. Alkaline Phosphatase (ALP) Activity. MG63 cells were
seeded onto 24-well plates at 10* cells/well. After 7d of cul-
turing, the culture medium was removed, and 50 ul/well of
Laemmli sample buffer together with protease inhibitor
(50: 1v/v) was added to lyse the cells. Then, the samples were
centrifuged at 10,000 rpm, at 4°C. Ten microliters of superna-
tant was pipetted to measure the protein concentration using
a bicinchoninic acid protein assay kit (Thermo, Thermo
Fisher Scientific, MA, USA). The absorbance of the solution
was measured at 562 nm, and the amount of total protein
was calculated using a generated calibration curve. In addi-
tion, 30 ul of supernatant was pipetted to measure the ALP
activity, and the absorbance of the solution at 520 nm was
measured. To determine the ALP activity, the amount of
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FIGURE 2: The characteristics of simvastatin-loaded nanomicelles. (a) The particle size of simvastatin-loaded nanomicelles was measured
using a Zetasizer instrument. (b) Simvastatin-loaded nanomicelle morphology was observed with a transmission electron microscope
(TEM). (c) The in vitro cumulative release profiles of simvastatin from simvastatin-loaded nanomicelles using human serum albumin as
dissolution medium by a dynamic dialysis method. The simvastatin concentration was measured via the HPLC method at a UV
absorbance of 238 nm. The results are the mean values of three independent measurements (+SD).
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ALP was normalized to the amount of total proteins
synthesized.

2.2.5. ALP Staining. The slides of MG63 cells were stained for
the presence of ALP using an ALP assay kit (86C-1KT;
Sigma-Aldrich Corp., St. Louis, USA) according to the man-
ufacturer’s instructions after incubating in various experi-
mental media for 7d. The cells were fixed in a citrate-
acetone-formaldehyde solution for 30s and then incubated
in an ALP mixture solution containing sodium nitrite solu-
tion, fast blue BB base (FBB-) alkaline solution, and naphthol
AS-BI alkaline solution as a substrate for 30 min at room
temperature away from light. Stained cells were rinsed twice
with deionized water and photographed.

2.2.6. Western Blotting. MG63 cells were seeded onto 6-well
plates at 5 x 105 cells/well and cultured with the correspond-
ing drugs according to the experimental group. The protein
expression levels of osterix (OSX) and osteocalcin (OC) were
determined by western blot analysis according to the follow-
ing steps: cultured cells were washed twice with ice-cold PBS,
and then, the total proteins were extracted from the cells
using the RIPA lysis buffer containing a protease inhibitor
(Cell Signaling, Cell Signaling Technology Inc., MA, USA)
and phosphatase inhibitors (Cell Signaling, Cell Signaling
Technology Inc., MA, USA). The protein concentrations
were determined using the bicinchoninic acid (BCA) protein
assay (Pierce BCA Protein Assay Kit; Thermo Fisher Scien-
tific). An equal amount of protein (20 pg/lane) was separated
by 10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis, then transferred to polyvinylidene difluoride
(PVDF) membranes (Millipore, Bedford, MA, USA). After
blocking with 5% BSA in TBS with Tween-20 (TBST) for
60 min, the PVDF membranes were incubated with primary
antibodies at 4°C overnight. Next, the membranes were incu-
bated for 60 min at room temperature with a horseradish
peroxidase-linked secondary antibody. The bands were visu-
alized using the enhanced chemiluminescence (ECL)
detection system. The quantification of protein was calcu-
lated by densitometry analysis using the Image] software.
The primary antibodies used were specific for OSX (1:1500
diluted; Abcam, Cambridge, UK), OC (1:1500 diluted;
Abcam), and GAPDH (1:1500 diluted; Cell Signaling, Cell
Signaling Technology Inc., MA, USA).

2.3. Animal Experiment. Six New Zealand white rabbits (20-
24 weeks, 2.3-0.3 kg) were used as experimental animals in
this experiment. The experimental protocol was approved
by the Animal Ethics Committee at Shenzhen University.

2.3.1. Surgical Procedure. All surgical procedures were per-
formed under sterile conditions. First, the animals were anes-
thetized with an injection of 3% sodium pentobarbital
(30 mg/kg) into the lateral ear vein. Then, the head of the rab-
bit was shaved and sterilized with iodine solution. Next, 2 ml
of 2% lidocaine was administered to the operating site as local
anesthesia. A perpendicular incision was made, and a muco-
periosteal flap was raised. Four critical bone defects (6.5 mm
in diameter) were created at the top of the skull and ran-
domly divided into the following four groups: no augmenta-
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FIGURE 3: The effect of SVNs and SV on the proliferative activity of
MG®63 cells. The results are the mean values of three independent
measurements (+SD). *P < 0.05 vs. BC group; #P <0.05 vs. SV

group.

tion (blank control, BC) group, gelatin sponge (GS) group,
gelatin sponge with 0.5mg SV (SV-GS) group, and gelatin
sponge with 5mg SVNs (0.5 mg SV) (SVNs-GS) group. The
surgical procedure is depicted in Figure 1. The animals were
sacrificed four weeks after surgery.

2.3.2. Microcomputed Tomography (Micro-CT) Analysis. The
effects of SVNs and SV on osteogenesis were evaluated radio-
graphically. The specimens were removed en bloc, fixed in
10% neutral formalin, and scanned with a micro-CT scanner
(Skyscan-1176; Bruker, Belgium) (pixel size: 18.05um;
source voltage: 62kV; source current: 380 #A). Micro-CT
images were reconstructed using Skyscan NRecon software
(Bruker, Belgium). The bone defect area (6.5 mm in diame-
ter) of each image was defined as the region of interest
(ROI), and the volume of interest (VOI) was made up of
the ROIs of 150 images. The newly formed bone volume
(BV), bone mineral density (BMD), percent bone volume
(bone volume/tissue volume, BV/TV), and trabecular num-
ber (Tb.N) of the newly formed bone were measured using
Skyscan CTAn software (Bruker, Belgium).

2.3.3. Histomorphometric Analysis. After the specimens were
completely fixed, they were demineralized with 10% EDTA
for four weeks and paraffin-embedded after dehydration.
All the specimens were sectioned into 4 ym-thick serial sec-
tions for hematoxylin and eosin (HE) and Masson’s tri-
chrome staining for observation of the newly formed bone
under a microscope.

2.4. Statistical Analysis. Statistical analysis was performed
using SPSS version 19.0 (IBM Corp., Armonk, NY, USA).
All data are shown as the mean + standard deviation (SD)
from at least three independent experiments and were ana-
lyzed by repeated-measures ANOVA and Student’s ¢-test.

3. Results

3.1. Characterization of Simvastatin-Loaded Nanomicelles.
The mean diameter of the SVNs was determined with
dynamic light scattering (DLS) and found to be approxi-
mately 38.97 £ 1.96 nm (Figure 2(a)). The SVNs were nearly
spherical in shape based on the TEM results (Figure 2(b)).
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Under 20% theoretical drug-loading capacity (DLC) condi-
tions, the SVNs presented an encapsulation ratio and drug-
loading efficiency of 54.57 £3.15% and 10.91 +0.63%,
respectively. These nanomicelles were selected for subse-
quent experiments to evaluate their osteogenic effects.

3.1.1. In Vitro Simvastatin Release. As shown in Figure 2(c),
the free SV was nearly completely released at 12h, whereas
only approximately 35% of the total SV had been released

from the nanomicelles at the same time. SVNs showed good
sustained-release properties in vitro.

3.2. Cell Experiment Results

3.2.1. Cell Proliferation. Figure 3(a) shows that the number of
cells significantly decreased in the SVNs group and the SV
group at 3 d after administration of the drugs in comparison
with the BC group. The SVNs group had fewest cells,
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indicating that SVNs exerted a significantly more potent
inhibitory effect on cell proliferation than SV.

3.2.2. Cell Cycle and Cell Apoptosis. To clarify whether the
inhibitory effect of SVNs and SV on the proliferative activity
of MG63 cells is related to a drug-induced alteration of cell
cycle and apoptotic rate, flow cytometry was used to analyze
the cell cycle and apoptotic rate of the MG63 cells in all
experimental groups.

Figure 4 shows that the percentages of the MG63 cells in
the GO/G1 phases of the cell cycle were significantly
increased, while the percentage of cells in the S phase of the
cell cycle was markedly reduced, in the SVNs group and the
SV group 3 d after administration of the drugs in comparison
with the BC group. No significant changes were observed in
the percentages of G2/M phase cells.

Moreover, Figure 5 shows that the apoptotic rate of
MG63 cells did not increase significantly after treatment with
SVNs and SV. The above cell proliferation experiment results
show that SVNs and SV significantly reduced the number of
MG®63 cells. The decrease in the number of cells in the SVNs
group and the SV group did not appear to be related to
apoptosis.

3.2.3. ALP Activity Assay. The osteoblastic differentiation of
MG63 cells was evaluated by measuring the ALP activity after
culturing with different drug formulations for 7 d. As shown
in Figure 6(a), the ALP activities of cells in the SVNs group
and SV group were significantly higher than those of cells
in the BC group, and the SVNs group exhibited the greatest
cellular ALP activity. ALP staining results (Figure 6(b))

showed obvious blue areas in the SVNs group and SV group,
especially in the SVNs group, and almost no blue areas were
observed in the DFN group and BC group. These results are
consistent with those of the quantitative analysis of ALP
activity described above.

3.2.4. Protein Levels of OSX and OC. The protein expression
levels of OSX and OC in MG63 cells were determined by
the western blot analysis. At 7d or 14d after drug applica-
tion, the protein expression levels of OSX (Figure 6(c)) and
OC (Figure 6(d)) of cells in the SVNs group and SV group
were significantly higher than those of the cells in the BC
group. SVNs could further significantly enhance the promot-
ing effect of SV on the expression of OSX or OC in MG63
cells.

The above results showed that SVNs and SV significantly
promoted the osteogenic differentiation ability of the MG63
cells in vitro. Their osteogenesis-promoting effect in vivo
requires further verification in animal experiments.

3.3. Animal Experiment Results. The animal experiment was
executed smoothly, the experimental animals healed well
after surgery, and no complications such as inflammation,
infection, splitting, or exposure were noted in the surgical
area. During specimen preparation, one specimen was dam-
aged and was not included in the subsequent analysis. The
number of samples in each group was n =5.

3.3.1. Microcomputed Tomography (CT) Analysis Results.
Animals were sacrificed by air injection into an ear vein 4
weeks after surgery. Under sterile conditions, the surgical
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F1GURE 6: The effect of SVNs and SV on the osteogenic differentiation of MG63 cells. (a) ALP activity was measured in whole-cell extracts. (b)
ALP staining. The ALP activity was proportional to the intensity of the blue-violet color. (c) The protein expression of OSX after treatment
with different drug formulations for 7 d. (d) The protein expression of OC after treatment with different drug formulations for 14 d. The
results are the mean values of three independent measurements (+SD). *P < 0.05 vs. BC group; #P < 0.05 vs. SV group.

area was completely delineated at the site larger than 5mm
along the edge of the defect area. After scanning with
micro-CT, the Skyscan CTAn software of the scanner was
used to perform three-dimensional reconstruction of the
defect area (Figure 7(a)). At 4 weeks after surgery, each
experimental group had different degrees of new bone forma-
tion, and the direction of the new bone formation mainly
extended from the edge of the bone defect toward the center
of the defect area. New bone formation was most extensive in
the SVNs-GS group, followed by the SV-GS group, while new
bone formation was the least obvious in the BC group, and
large defects were still present in the bone defect area. The
bone defect area was further divided into VOI, and three-
dimensional reconstructed images more clearly showed that
the new bone formation in the SVNs-GS group was signifi-
cantly more obvious than that in the other groups
(Figure 7(b)). Quantitative analysis of BMD (Figure 7(c)),
BV/TV ratio (Figure 7(d)), and Tb.N (Figure 7(e)) in the
new bone by Skyscan CTAn software showed that the BMDs
in the SVNs-GS, SV-GS, and GS groups were 362.1%,
292.0%, and 183.5% of the BMD in the BC group; the BV/TV
ratios were 181.3%, 158.0%, and 133.8% of the BV/TV ratio
in the BC group; and the Tb.N values were 215.2%, 181.8%,
and 145.4% of the Tb.N in the BC group, respectively.

3.3.2. Histological Evaluation Results. At 4 weeks after sur-
gery, sagittal primary bone slices obtained from the centers
of the bone defect areas were subjected to HE staining
(Figure 8). The results showed that the bone defect areas of
each group were covered by new fibrous tissue and immature
bone tissue, with a small amount of irregular cancellous bone
at the edge of the primary bone defect. The SVNs-GS group
had the most newly formed irregular cancellous bone and
the smallest remaining bone defect areas. The new bone for-
mation in the SVNs-GS group and SV-GS group was signif-
icantly greater than that in the BC group and GS group.
Under high magnification, the new bone tissue in each group
was identified as irregular fibrous bone, and the arrangement
of trabecular bone was disordered; a large number of spindle-
shaped osteoblasts were attached to the surface of the pri-
mary trabecular bone, and some osteoblasts had transformed
into immature bone cells and were buried in the bone lacu-
nae. The extensive new capillary formation was evident
around the primary trabecular bone, especially in the
SVNs-GS group.

Adjacent blank sections were subjected to Masson tri-
chrome staining (Figure 9). The results showed that the
new fibrous tissues in the bone defect areas of all groups were
stained blue, the new bone tissue at the edge of the bone
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ratio (d), and Tb.N (e) in the new bone. The results are the mean values of five independent measurements (+SD). *P < 0.05 vs. BC group;

#P < 0.05 vs. SV group.

defect area was stained blue or red and blue, and the sur-
rounding old bone was stained red. In the BC and GS groups,
the arrangement of collagen fibers in the new fibrosis tissues,
which showed lighter staining, was sparse and slightly disor-
dered; only a small amount of new bone formation was noted
on the edge of the defect, the bone defect area was large, tra-
becular bone was scarce, and no obvious mature red lamellar
bone tissue was observed. In the SVNs-GS and SV-GS
groups, the arrangement of collagen fibers in the new fibrosis
tissues, which showed darker staining, was regular and dense;
a large number of blue or red-blue primary trabecular bones
had formed at the edge of the defect area and extended to the
center of the defect area, the bone defect area was signifi-
cantly reduced, and the trabecular bones at the proximal
end of the bone defect appeared to be almost mature and
exhibited red-stained lamellar bone. These observations were
especially obvious in the SVNs-GS group. Under high magni-
fication, the SVNs-GS group and SV-GS group had a large
amount of osteoblasts with blue-violet nuclei attached to
new trabecular bones that were gradually surrounded by
newly formed osteoid, which were buried inside a new tra-
becular bone to form lacunae, and osteoblasts had gradually
transformed into bone cells. The BC and GS groups had
formed few new trabecular bones, osteoblasts were mainly
located in the newly formed collagen fibers, and no apparent
mature bone tissue structure was noted.

4. Discussion

Autogenic bone, allogeneic bone, and artificial bone replace-
ment materials are often used in the repair of large bone
defects [3-7]. Adding exogenous osteogenic growth factors
such as BMP-2 to these materials can increase the osteoinduc-
tivity of the materials, thereby enhancing the osteogenesis-
promoting effect [11-14]. However, the high cost and short
half-life of exogenous osteogenic growth factors largely limit
their clinical application [15]. SV, a commonly used lipid-
lowering agent, has been found to increase the expression of
BMP-2 in osteoblasts in vivo to promote the formation of

new bone in bone defect areas [28, 36]. Therefore, SV is
expected to replace exogenous BMP-2 for bone formation
promotion since the cost of SV is 16,000-times lower than that
of BMP-2 [17].

The local concentration of SV in the treatment area is
closely related to whether SV can exert its osteogenesis-
promoting effect. In animal experiments, SV is mainly
administered systemically, and oral administration is the
most common route of administration [28]. SV is a lipid-
soluble drug with a low affinity for bone. After oral adminis-
tration, most drugs will be metabolized by the liver, and
eventually, only very small amounts of drugs can reach the
treatment area [27]. The low concentration of SV in the treat-
ment area results in a negligible promoting effect on new
bone formation. Increasing the oral dose and repeated drug
administration can enhance the osteogenic effect of SV.
However, an excessive dose also substantially increases the
likelihood of systemic side effects [28, 29]. Local administra-
tion of SV is an effective approach to avoid the above prob-
lems [28, 37].

Local administration of SV has the advantages of avoid-
ing liver metabolism and improving the bioavailability of
SV. Many methods can be used for local SV administration
[38-40]. The simplest method is to combine SV directly with
bone scaffold materials. The disadvantage of this method is
that due to the burst release effect, a large amount of SV
can be released from the stent into the blood and be quickly
cleared from the body [28]. As a result, SV can act only for
a short time, resulting in a limited osteogenic effect. There-
fore, the goal of local SV administration should be slow and
sustained drug release to the bone defect area to promote
bone formation and to effectively improve the bioavailability
of SV [40].

In previous studies, some scholars synthesized SV-loaded
microspheres or nanospheres and confirmed that SV could
be slowly released from the microspheres or nanospheres
[41-44]. The present study used mPEG-PLA polymeric
nanomicelles to encapsulate SV using the preferred dialysis
method developed in a previous study. The prepared SVNs



Journal of Nanomaterials

SV-GS

SVNs-GS

11

FicuRre 8: Histologic images of the surgical defects at four weeks (HE stain, x40, X100, x400). The “«” arrows point to the original defect
margins, the “|” arrows indicate newly formed capillary, and the “1” arrows indicate osteoblasts.

SVNs-GS

FiGure 9: Histologic images of the surgical defects at four weeks (Masson stain, x40, X100, x400). The “—” arrows indicate osteoblasts.

had a small size and a spherical shape, which extended the
release time of the same amount of SV from 12h to over
100 h, reflecting excellent sustained-release properties.

Few studies related to the osteogenesis-promoting effect of
SV are available. Existing studies have shown that nano-based

drug carriers can significantly improve the osteogenesis-
promoting effect of SV in vivo and in vitro [41-44]. Our pre-
vious in vitro study preliminarily confirmed these findings
[24]. In the present study, we detected the ALP activity and
protein expression levels of OSX and OC in MG63 cells and
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again confirmed that SVNs can significantly improve the oste-
oblast differentiation-promoting effect of SV in vitro. In previ-
ous studies, we found that after adding SVNs and SV, the
number of MG63 cells was significantly decreased compared
with that in the control group, and cell proliferation activity
was inhibited. The premise of cell differentiation is currently
believed to be that cells stop proliferation. Whether the
reduced number of cells after drug application is the result of
cell differentiation or drug-induced apoptosis requires further
investigation. The results of the present study showed that
SVNs and SV can block MG63 cells in the GO/G1 phase and
thus inhibit cell proliferation; however, SVNs and SV did not
increase the cell apoptosis rate. These results suggest that the
osteoblast differentiation-promoting effects of SVNs and SV
are closely related to changes in the osteoblast cell cycle.

We also evaluated the in vivo osteogenic effects of SVNs
and SV through a rabbit skull defect model. To avoid the
drawbacks of systemic administration, local SV administra-
tion was used in the study. Because micro-CT scans of spec-
imens were needed in the later stage to observe and analyze
the new bone formation, we loaded SVNs and SV on gelatin
sponges, which do not interfere with X-rays. The amount of
SV used in the animal experiments had a significant impact
on the experimental results. SV at a low concentration cannot
promote the formation of new bone, while excessively high
doses of SV can trigger inflammation in the bone defect area
and affect bone healing [45]. In animal experiments, doses of
0.1 mg to 0.5mg of SV have been suggested to be suitable
[46]. Within this range, the bone healing-promoting effect
of SV was directly proportional to the amount of SV used
[47, 48]. Therefore, we selected 0.5 mg as the dose of SV in
the present study. Micro-CT quantitative analysis results
showed that SVNs and SV both significantly promoted the
formation of new bone and significantly increased the BMD
and the amount of new trabecular bone in the bone defect
area. It is well known that the formation of new bone mainly
depends on the number of osteoblasts. Histomorphology
qualitative results showed that both SVNs and SV signifi-
cantly increased the number of osteoblasts in the bone defect
area. In addition, both SVNs and SV increased the number of
new blood vessels in the bone defect area, which may be
related to the promotion of the expression of vascular endo-
thelial growth factor by SVNs and SV, thus stimulating the
differentiation of endothelial progenitor cells and ultimately
stimulating angiogenesis. The increases in the number of
osteoblasts and new blood vessels both promoted the forma-
tion and maturation of new bones in the bone defect area.
The above quantitative and qualitative results showed that
compared with the same amount of SV, SVNs had a greater
effect on the promotion of new bone formation in the bone
defect area, which may be due to the slow and sustained
release of SV by SVNs. SVNs continuously and slowly release
SV into the bone defect area to maintain a high local concen-
tration while substantially prolonging the duration of SV
action, resulting in a stronger osteogenic effect. In addition,
due to their small size, nano-based drug carriers have physi-
cal and chemical properties (such as surface effects and
small-size effects) that traditional materials do not have.
Therefore, SVNs and SV may have significantly different

Journal of Nanomaterials

effects on cellular uptake, intracellular distribution, and reg-
ulation of osteogenesis-related signaling pathways. Com-
pared with SV, SVNs have a stronger osteogenic effect.

This study has certain limitations. This study did not elu-
cidate the possible mechanism through which SVNs signifi-
cantly improve the in vivo and in vitro osteogenesis-
promoting effect of SV. In addition, this study mainly
focused on the effects of SVNs and SV on the early stage of
osteogenesis, and further studies are needed to investigate
their roles in the late stage of osteogenesis. Finally, porous
scaffolds play an important role in bone tissue engineering
[49]. In the future, we will try to prepare porous scaffolds
combined with SVNs in order to achieve better bone defect
repair effects.

5. Conclusion

This study showed that polymeric nanomicelles can be used
to encapsulate SV to prepare SVNs. In vitro, SVNs can pro-
mote the differentiation of osteoblasts by arresting osteo-
blasts at the GO/G1 phase and significantly increase the
ALP activity and protein expression levels of markers associ-
ated with osteogenesis. In vivo, SVNs can promote the for-
mation and mineralization of new bones in bone defect
areas by increasing the number of osteoblasts and new blood
vessels and accelerating the repair process of bone defects.
Therefore, polymeric nanomicelles can be used as SV carriers
to enhance the osteogenic effect of SV.
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TiO, nanoparticles (NPs) have the potential to be used in the human body as an artificial implant because of their special
physicochemical properties. However, information about the effects of TiO, NPs on preosteoblast proliferation and osteogenic
differentiation is not clear. In this work, we focus on the impact of TiO, NPs with different shapes and sizes on the proliferation
and differentiation of MC3T3-E1 cells. The morphology and physicochemical properties of TiO, NPs are analyzed by scanning
electron microscopy, transmission electron microscopy, Quadrasorb SI analyzer, dynamic light scattering, and zeta potential.
The MTT results indicate that when the concentration of TiO, NPs is less than 20 ug/mlL, the proliferation of osteoblasts is
preserved the most. The expression of alkaline phosphatase and osteocalcin is detected by BCA and enzyme-linked
immunosorbent assay to analyze the differentiation of osteoblasts. The results indicate that both rutile and anatase TiO, NPs
have a significant inhibiting influence on the differentiation of osteoblasts. Alizarin Red staining is performed on cells to detect
the mineralized nodules. The results show that TiO, NPs can promote the mineralization of MC3T3-E1 cells. Then, we study
the oxidative stress response of MC3T3-E1 cells by flow cytometry analysis, and all TiO, NPs induce the excessive generation of
reactive oxide species. On the other hand, our study also shows that the early apoptotic cells increase significantly. TiO, NPs are
swallowed by cells, and then the agglomerated particles enter mitochondria, causing the shape of mitochondria to change and
vacuolation to appear. All these results show that TiO, NPs have certain cytotoxicity to cells, but they also promote the
mineralization and maturation of osteoblasts.

1. Introduction

With the development of nanotechnology, there is a tremen-
dous growth in the application of nanoparticles (NPs) to
drug delivery systems, healthcare, antibacterial materials,
optics, and electronics [1, 2]. Compared with fine particles,
the interest in NPs is mostly due to their special physico-
chemical properties like higher specific surface area, which
enhances their reactivity. Since surface properties, such as
energy level, electronic structure, and reactivity, are quite dif-
ferent from interior states, the bioactivity of NPs is consid-

ered different from that of the fine size analogue [3].
Therefore, the potential impacts of NPs on cells and tissue
have been investigated by many researchers [4-10].

As a member of NPs, TiO, NPs possess similar surface
properties to the general NPs. Due to their unique physico-
chemical properties, TiO, NPs are widely used as a photoca-
talyst in solar cells, pigment in paints, corrosion-protective
coating in bone implants, etc. [11-14]. Recently, concerns
have been raised on the biological response of TiO, NPs.
Ferin et al. [15] reported that ultrafine TiO, (~20nm)
accessed the pulmonary interstitium in rat lung and caused
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inflammatory response compared with fine TiO, at the same
mass burden. Kumazawa et al. [16] observed that fine Ti par-
ticles (1-3 um) were phagocytized by the neutrophils (about
5 um) both in vitro and in vivo, and they concluded that the
cytotoxicity of Ti particles was dependent on the particle size.
Thereafter, TiO, NPs have been widely investigated to iden-
tify the potential toxicity to various cells, such as human
fibroblasts, macrophages, and dermal microvascular endo-
thelial cells [17, 18]. These studies tried to illustrate the cell
toxicological influence of TiO, NPs based on particle sizes
[19], surface coatings [20], crystal structures, and doses
[21]. However, few studies investigated the impact of TiO,
NPs on cell osteogenic differentiation.

Bone tissue is an extremely dynamic and diverse tissue in
the human body. Trauma, injury, infections, and bone extra-
cellular matrix loss are among the most health-threatening
problems for humans [22]. Bone tissue engineering is an
exciting approach to directly repair bone defects or engineer
bone tissue transplantation [23]. A large number of studies
on bone tissue engineering have verified the influence of var-
ious materials, stress, and other factors on cell proliferation,
differentiation [24-29], and mineralization [30-33] in bone
tissue. During bone reconstruction, several cell types, espe-
cially osteoblasts, colonize the bone defect. Osteoblasts are
mostly responsible for bone regeneration because of their
ability to secrete a large amount of proteins on the bone
matrix surface by their large Golgi apparatus [34]. Owing to
the important role osteoblasts play in bone formation, it is
of great interest to investigate whether TiO, NPs could pro-
mote cell osteogenic differentiation. In this study, we investi-
gate the influence of concentration, shape, and size of NPs on
preosteoblast proliferation and its osteogenic differentiation
by coculturing MC3T3-E1 cells with TiO, NPs. MC3T3-E1l
cell proliferation is detected by the CCK-8 kit. Cell apoptosis
and reactive oxidative species (ROS) are analyzed by flow
cytometry. ALP and OCN are detected to evaluate the differ-
entiation and proliferation of osteoblasts, and the mineral-
ized nodules are stained using Alizarin Red to estimate the
mineralization of osteoblasts.

2. Materials and Methods

2.1. Materials. The commercial pure TiO, NPs (A1, R1, and
R2; Wan Jing New Material Co. Ltd.; purity > 99.8%) and
rutile TiO, NPs (A2, Beijing Nanchen Technology Develop-
ment Co. Ltd.) without any coating were used in this study, as
shown in Table 1. Minimum Essential Medium Eagle (MEM)
was purchased from Gibco Invitrogen (USA). Fetal bovine
serum (FBS) was purchased from MDgenics (New Zealand).
Penicillin G and streptomycin were purchased from
INALCO (USA). Cell counting kit-8 (CCK-8); ALP assay
kit; 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA)
assay kit; total glutathione assay kit; superoxide assay Kkit;
total superoxide dismutase (SOD) assay kit with WST-1;
lipid peroxidation product (malondialdehyde, MDA) assay
kit; cell lysis buffer; and BCA protein assay kit were all
obtained from Beyotime Institute of Biotechnology (Jiangsu,
China). Phenylmethanesulfonyl fluoride (PMSF) was pro-
vided by Roche Co. Ltd. The trypsin was purchased from
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AMRESCO (USA). The mouse bone gla protein/osteocalcin
(BGP/OCN) ELISA kit was provided by Nanjing Jiancheng
Bioengineering Institute. Alizarin Red S was obtained from
Bellancom Chemistry. Dexamethasone and f3-glycerophos-
phate were obtained from Sigma-Fluka. L-ascorbic acid was
purchased from AMRESCO (USA). All other reagents used
in this study were analytical grade.

2.2. Characterization of TiO, NPs. TiO, NPs were suspended
in anhydrous ethanol and ultrasonicated for 5 s x 10 circles at
200 W. The suspension was dipped on the cleaned silicon
wafer. The size and shape of TiO, NPs were detected by
SEM (Hitachi S-4800 SEM). TEM (FEI Tecnai G2 F20 S-
Twin) was used to characterize the microstructure profile of
TiO, NPs. The surface properties for TiO, NPs such as sur-
face area, average pore diameter, and pore volume were
determined under the Quadrasorb SI analyzer (Quanta-
chrome Instruments, USA) by N, absorption at 77.3K. To
evaluate the dispersion and aggregation status of TiO, NPs
in aqueous solution, the DLS method was performed by a
particle size and zeta potential analyzer (Zetasizer Nano
7590, Malvern Instruments, UK).

2.3. Sedimental Observation of TiO, NPs Suspended in PBS. A
series of experiments were set to observe the sediment of the
TiO, NP suspension. The TiO, NPs were dispersed in fresh
sterilized PBS solution at the concentrations of 10, 30, and
100 pug/mL, respectively. To disperse the TiO, NPs, the sus-
pension was ultrasonicated for 5s with a 7s interval at
200 W for 10 times (ultrasonic cell disruptor system, Jiangsu,
China). Then, the TiO, NP suspension was left standing for
12h. The sediment status was recorded by digital camera
(Canon PowerShot S95, Japan). Then, 5, 10, 20, and 30 ug/mL
nano-TiO, suspensions were prepared in PBS. To increase the
dispersion of NPs, bovine serum albumin (BSA) was added in
PBS with a concentration of 2 mg/mL (40:1 compared with
the weight of TiO, NPs). The 20 ug/mL TiO, NPs in MEM
was used as a contrast. All TiO, NP suspensions were standing
for 48 h to record the status of the sediment.

2.4. Cell Culture. The mouse preosteoblast MC3T3-E1 cells
were obtained from the National Platform of Experimental
Cell Resources for Sci-Tech (Beijing, China). The cells were
incubated in MEM supplemented with 10% FBS, 100 U/mL
penicillin, and 100 yg/mL streptomycin at 37°C in a fully
humidified atmosphere containing 5% CO, in air. The culture
medium was changed every 3d until the cells reached 80-
100% confluence. The cells were seeded in 96-well plates at a
density of 8.0 x 10° cells per well in 100 uL culture medium
to evaluate the cell activity. For other analyses, the cells were
seeded in 6-well plates at a density of 2.5 x 10 cells per well
in 2mL of culture medium. After 70% confluence, the cells
were exposed to four types of nano-TiO, suspensions. The
TiO, NP suspension (1 mg/mL) was freshly dispersed in PBS
solution containing 2 mg/mL BSA. To avoid aggregation, the
suspensions were ultrasonicated for 30 min in sealed sterile
tubes. Then, the suspension was diluted by MEM to 20 pg/mL.
After adding 10% FBS, 20 ug/mL TiO, NP suspension was



Journal of Nanomaterials 3
TaBLE 1: Characterization of TiO, NPs.
Original Specific surface Average pore Total pore Z-Ave Zeta
No. Crystal Shape Size (nm) 2 . potential
no. area (m°/g) diameter (nm) volume (cc/g) (d'nm) (mV)
Red blood  D:45.87 %
1 Al Anatase cell like 775 97.75 1.79 0.56 166.6 5.7
D:79.39 +
6 A2 Anatase Sphere 22.58 10.37 1.93 0.05 653.3 -18.7
D:52.37 £
2 R1 Rutil L d 735 21.51 2.17 0.22 408.7 2.3
utile ong ro L: 86.55 + . . . . .
12.13
D: 2546 +
4 R2 Rutile L d 965 28.27 2.44 0.17 183.6 22.0
utile ong ro L: 75.34 + . . . R -22.
13.28

cultured with MC3T3-E1 cells. Culture media without TiO,
NPs served as the control in each experiment.

2.5. CCK-8 Assay. The MC3T3-El1 cells were exposed to four
types of nano-TiO, for 24h, and the concentration of NPs
was 20 ug/mL. Then, the cells were washed with PBS for 2
times and incubated with 100 uL. MEM medium and 10 uL
CCK-8 at 37°C for 2h. MEM and CCK-8 without cells were
set as the negative control. The intensity was detected using
the Varioskan Flash microplate reader (3001, Thermo Fisher
Scientific, USA) at 450 nm. Cell viability was expressed as the
percentage of viable cells relative to control. All experiments
were performed at least in triplicate.

2.6. Determination of ROS Production and Superoxide. The
production of ROS was determined by the fluorescence
probe DCFH-DA. After being cocultured with four types
of 20 ug/mL TiO, NPs for 24h, MC3T3-E1 cells were col-
lected. Then, the cells were incubated with 10 uM DCFH-
DA in the dark for 20min at 37°C and reverse mixed
every 3-5min to prove the full reaction of the probe with
cells. Then, the cells were washed 3 times with serum-free
culture medium. The cells cultured with 1 yL Rosup served
as positive control. The oxidation of DCFH by ROS yields
a highly fluorescent compound, 2' 7' -dichlorofluorescein
(DCF), which can be analyzed by flow cytometry (BD
FACSCalibur, USA). The mean intensity of DCF fluores-
cence was obtained from 20,000 cells in each experiment
group under 488nm excitation and 530 nm emission set-
tings. WST-1 was reduced by superoxide to orange soluble
formazan, which was detected at 450nm. In this kit, the
catalase enzyme was added to eliminate the interruption
of H,0,, and SOD was used to exclude the interference
and correct the result.

2.7. TEM of MC3T3-E1 Cells. For the TEM study, MC3T3-E1
cells cocultured with or without TiO, NPs were collected by a
cell scraper, then immediately immersed in 2.5% glutaralde-
hyde at 4°C overnight. After washing with PBS sufficiently,
the samples were fixed with 1% osmium tetroxide, dehy-

drated in a graded series of ethanol, embedded in araldite,
and polymerized for 24h at 37°C. The ultrathin sections
(60 nm) were cut, stained with uranyl acetate and lead citrate,
and then observed with a TEM (Hitachi H-600, Japan) at
50kV.

2.8. Cell Apoptosis Assay. Apoptosis was assessed by Annexin
V-FITC and PI staining followed by analysis with flow
cytometry. The methodology followed the procedures as
described in the Annexin V-FITC/PI detection kit. The cul-
tured cells were exposed to four types of TiO, NPs at a con-
centration of 20 ug/mL for 24 h. Then, the cells were collected
by trypsinization, washed with PBS, and centrifuged at
1,000 rpm for 5min. The cells were resuspended at 1 x 10°
cellsymL in Annexin V binding buffer solution eventually.
Aliquots of cells (100 yL/tube) were incubated with 5uL
Annexin V-FITC, then mixed and incubated for 15min at
room temperature in the dark. PI was added to distinguish
necrotic cells. Finally, 400 yL binding buffer was added to
each tube, and the cells were analyzed by flow cytometry
within 1h of staining.

2.9. Determination of ALP Activity and OCN. ALP was
assayed as the release of p-nitrophenol from p-nitrophenyl
phosphate (pNPP) in alkaline buffer as mentioned before.
Briefly, cell layers in a 6-well plate were washed 3 times with
PBS and then incubated with 100 uL cell lysis buffer with 1%
Triton X-100 for 40 min on ice. The cell lysates were removed
with a cell scraper placed into an EP tube. After centrifuga-
tion at 12,000 rpm for 10 min at 4°C, the supernatant was
used to determine the enzyme activity. At the same time,
the protein content was also detected according to the BCA
method. The products of OCN in the culture medium was
measured using the method of ELISA. The assays were per-
formed strictly according to the manufacturer’s instruction.
Briefly, a purified anti-mouse OCN antibody was precoated
onto an ELISA microplate. The culture media was concen-
trated by lyophilization and reconstituted in PBS and pipet-
ted into the wells. All OCN present was bound by the
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FIGURE 1: Micrographs of TiO, NPs by SEM. (a) The diameter of Al TiO, NPs is 45.87 + 7.75nm. (b) The diameter of A2 TiO, NPs is
79.39 £22.58 nm. (c) The diameter and length of R1 TiO, NPs are 52.37 + 7.35nm and 86.55 + 12.13 nm, respectively. (d) The diameter
and length of R2 TiO, NPs are 25.46 + 9.65 nm and 75.34 + 13.28 nm, respectively.

immobilized antibody. Polyclonal HRP-conjugated avidin
was used to measure the fixation of primary Abs.

2.10. Mineralized Nodule Staining. Alizarin Red S staining
was used to evaluate the influence of TiO, NPs on MC3T3-
El cell mineralization. Briefly, the cells were cultured to
100% confluence in MEM medium and exposed to four types
of TiO, NPs in the osteogenic medium containing MEM
medium and 10mmol/L  S-glycerophosphate  and
0.05mmol/L-ascorbic acid. The osteogenic medium was
changed every 3 d. At 28 d, the cell layers were washed 3 times
with PBS and fixed in 95% ethanol for 10 min. After being
washed 3 times with water, the cells were stained by 0.1%
Alizarin Red S for 30min. The mineralized nodules were
imaged and counted by microscopy.

2.11. Statistical Analysis. All data were reported as mean +
standard deviation (SD) and analyzed using the SPSS 13.0 (SPSS
Inc., USA). Statistical analysis was performed for the experimen-
tal data using one-way analysis of variance (ANOVA). Results
with p < 0.05 were considered statistically significant.

3. Results

3.1. Characterization of TiO, NPs. In this study, anatase and
rutile TiO, were provided and characterized in detail. The

SEM and TEM micrographs of TiO, NPs are shown in
Figures 1 and 2. For the anatase TiO,, Al was like red blood
cells (Figure 2(a)) with an average diameter of 45.87 +7.75
nm (Figure 1(a)). A2 was spherical (Figure 2(b)) with an
average diameter of 79.39 + 22.58 nm (Figure 1(b)). For the
rutile TiO,, R1 and R2 were long rods with different sizes
(Figures 2(c) and 2(d)). The average length of R1 was 86.55
+12.13nm and the average diameter was 52.37 + 7.35nm
(Figure 1(c)), whereas the average length of R2 was 75.34 +
13.28 nm and the average diameter was 25.46 + 9.65nm
(Figure 1(d)). The physical properties of TiO, NPs are well
summarized and listed in Table 1.

DLS was used to analyze the aggregation ability of TiO,
NPs in solution. The hydrodynamic diameter distribution
of TiO, NPs in an aqueous solution is shown in Figure 3.
For the rutile TiO,, R1 showed a peak at 408.7 nm (size dis-
tribution from 141 to 1106 nm) with a zeta potential of
2.3mV, which suggested that Rl was agglomerated and
aggregated easily in solution. R2 showed a narrow peak at
183.6 nm (size distribution from 105 to 396 nm), which indi-
cated that the R2 suspension was stable owing to the zeta
potential of -22.0mV (Table 1). For anatase, the average
diameter of Al at the peak was 166.6 nm, and A2 showed a
high, narrow peak at 235.3nm with a low peak at 5.1 ym.
The zeta potentials of the anatase and rutile suspensions are
determined and listed in Table 1.
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FIGURE 2: Micrographs of TiO, NPs by TEM: (a) Al is erythrocyte like; (b) A2 is spherical; (c) R1 is a long rod; (d) R2 is a long rod.

3.2. Determination of TiO, NP Concentration. The sedimen-
tation of TiO, NPs was recorded by camera to select the
appropriate concentration used in the experiment.
Figure S1 shows the sedimentation of TiO, at
concentrations of 10, 30, and 100 yg/mL in PBS containing
BSA for 12h. The 100 ug/mL TiO, NP group was allowed
to settle after standing for 2 h. There were some flocculated
precipitates in 30ug/mL TiO, NPs at 6.5h, and the
precipitates became obvious at 12h. However, no sediment
was observed in the suspension at the concentration of
10 pg/mL by settling for 12 h.

Figure S2 is the sedimentation of TiO, NPs lower than
30pug/mL in PBS and culture medium for 48h. The
20ug/mL TiO, NPs in culture medium was set as
control. The 30ug/mL group showed flocculated
precipitates at 12h, whereas no precipitate could be
found in TiO, NP suspension at a concentration of less

(d)

than 20ug/mL after 48h. This indicated that the
suspension with a concentration of less than 20 ug/mL
showed good stability and dispersion both in PBS and in
culture medium.

3.3. Viability of MC3T3-E1 Cells Cocultured with TiO, NPs.
The cell viability was determined by coculturing MC3T3-E1
preosteoblast cells with A1 and R2 TiO, NPs at different con-
centrations (Figure 4). After 24h incubation, cell viability
was decreased over 50% when the concentration of TiO,
NPs was higher than 50 yg/mL, and this group also exhibited
high cytotoxicity (Figure 4(a)). The cells showed about 80%
viability when the concentration of TiO, NPs was between
30 and 50 yg/mL, which was significantly lower than the con-
trol group (Figure 4(c)). However, when the concentration of
TiO, NPs was lower than 10 yg/mL, it had no influence on
cell viability (Figure 4(b)). At 20 ug/mL, TiO, NPs also
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F1Gure 3: Hydrodynamic diameter distribution of nano-TiO, in aqueous solution analyzed by the DLS method. (a) The average diameter of
Al at the peak is 166.6 nm. (b) A2 shows a high, narrow peak at 235.3 nm. (c) R1 shows a peak at 408.7 nm. (d) R2 shows a narrow peak at

183.6 nm.

showed no obvious effect on cell viability. These results indi-
cated that 20 ug/mL was a critical value for the cell viability of
TiO, NPs, and different levels of cytotoxicity were shown
over this concentration.

3.4. ALP and OCN Expression of MC3T3-EI Cells. To find out
the influence of NPs on ALP expression, the MC3T3-E1 cells
were cocultured with Al and R1 TiO, NPs at concentrations
of 20, 50, and 100 pg/mL for 7 and 14 d. Compared with the
blank control group, the osteogenic differentiation ability of
all experimental groups was significantly decreased
(Figure 5(a)). Moreover, Al and R1 TiO, NPs had different
degrees of influence on osteoblast differentiation. When the
concentration is low, the inhibitory effect on cell differentia-
tion of R1 is less than that of A1. However, with the increase
of NP concentration, the inhibitory effect of rutile materials
on cell differentiation was gradually stronger than that of
anatase materials. The ALP level of cells cocultured with Al
and R1 materials for 14d is shown in Figure 5(b). When
the concentration of Al was 20 yg/mL, the ALP level was
reduced by 64.30% compared with the control. When the
concentration was 50 and 100ug/mL, the ALP level

decreased by 43.01% and 47.69%, respectively. The inhibition
effect of R1 on cell differentiation was similar with that of Al.
These results indicated that both Al and R1 had negative
impacts on the differentiation of preosteoblast cells. As for
the results of OCN, there was no significant difference

between the experiments groups and the control group
(Figure S3).

3.5. Determination of ROS Production and the Antioxidant
Level. Lots of evidence pointed out that ROS production
represented a hallmark in TiO, NP toxicity. In this study,
ROS production and the antioxidant level in MC3T3-El
cells were tested and the results are shown in Figure 6.
The fluorescence intensity of oxidized DCF increased in
cells when treated with TiO, NPs (Figure 6(a)), which
was especially obvious in the Al, Rl, and R2 groups
(p <0.05). This meant that ROS was generated in response
to the treatment of 20 ug/mL TiO, NPs. In addition, WST-
1 was used to detect the level of superoxide production in
cells. Compared to the control group, four types of TiO,
NPs induced significantly higher superoxide production
(Figure 6(b)). Total glutathione (T-GSH), the main
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F1GURE 4: Cell viability of MC3T3-El cells cocultured with different concentrations of TiO, NPs. *p < 0.05 significantly different from the

corresponding control group.

antioxidant, decreased in TiO, NP-treated cells, and the
significantly downregulated T-GSH was detected in the
Al and R1 groups (Figure 6(c)). SOD and MDA were also
detected to show the level of oxidative stress in MC3T3-E1l
cells. After treatment with TiO, NPs, SOD and MDA activ-
ity was slightly higher than that in the control, which was
especially obvious for the Rl group (p<0.05)
(Figures 6(d) and 6(e)).

3.6. TEM Characterization of MC3T3-E1 Cells Cocultured
with TiO, NPs. After coculturing with TiO, NPs, the mem-
brane of MC3T3-E1 cells was distorted and caved in, enclos-
ing the aggregated TiO, NPs (Figure 7(a)). The clustered
TiO, NPs were enclosed by the plasma membrane of cells
and internalized into the cytoplasm around cell nucleus
(Figure 7(b)). Some NPs were located in the mitochondria,
and the internalization of TiO, NPs caused the ultrastruc-
tural change of MC3T3-E1 cells. The nuclear envelope was

distorted though the cell nucleus was clear and intact. Mean-
while, the nuclear chromatin was condensed and distributed
over the fringe of the nucleus. The number of mitochondria
and lysosome increased, and the lamellar cristae became
irregular and disordered. At the same time, mitochondrial
structures became swollen and vacuous, suggesting that the
storage of nano-TiO, within mitochondria resulted in some
damage to the organelle. The swelling of the golgi complex
was also observed (Figure 7(c)), which suggested the injury
of the golgi complex. After exposure to A2 and R2 for 24 h,
cell disintegration and an apoptotic body appeared
(Figures 7(d) and 7(e)). The TEM results indicated that
TiO, NPs were absorbed in the cells and induced some injury
at the subcellular level.

3.7. Cell Apoptosis and Mineralized Nodules of MC3T3-E1
Cells Cocultured with TiO, NPs. MC3T3-E1 cell apoptosis
and necrosis were observed by flow cytometry
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quantitatively. As shown in Figure 8, after exposure to the
four types of TiO, NPs, the percentage of cells in early
apoptosis increased by 130.37% (Al), 81.38% (A2),
99.63% (R1), and 116.11% (R2) compared to the control
group, respectively. Moreover, the percentage of cells in
late apoptosis and necrosis in the exposure groups was sig-
nificantly higher than that in the control group. However,
it is worth noting that the majority of the cells were alive.
The percentage of live cells was 88.64% in the control
group, and the percentage in the exposure groups
remained at the level of about 80%. This was consistent
with the result obtained by the CCK-8 method.

After 28 d of culture with differential medium, the miner-
alized nodules were stained with Alizarin Red S (Figure 9).
The mineralized nodules could be found in all groups, which
increased significantly in TiO, NP-exposed groups. These
results indicated that TiO, NPs promoted osteoblast miner-
alization and maturation.

4. Discussion

In this study, we selected anatase and rutile TiO, NPs as test
nanomaterials. MC3T3-E1 preosteoblast cells were used as
tested cells to evaluate the influence of TiO, NPs with differ-
ent sizes and shapes on bone formation. Firstly, the sizes and
shapes of TiO, NPs were evaluated by SEM and TEM. The
anatase nanomaterials were like red blood cells with a diam-
eter of 45.87+7.75nm and had a spherical shape with a
diameter of 79.39 + 22.58 nm. Some studies found that the
same materials with different sizes have a different influence
on cell formation [35]. It is generally believed that the parti-
cles with sizes smaller than 10 ym are easily swallowed by
cells, while those with sizes bigger than 10 ym are more likely
to be circumvoluted by macrophages. Based on this, we pre-
dicted that the nanomaterials can be swallowed by preosteo-
blasts and influence the cells. According to the results of the
NP suspension precipitation experiment, we found that
material concentrations below 30 yg/mL can guarantee no
precipitation for 24 h. By measuring the effects of different
concentrations of TiO, NPs on cell proliferation, we deter-
mined that the optimum material concentration for experi-
ments is 20 ug/mL, which not only conforms with the
actual range of material concentration in the physical envi-
ronment but also ensures that TiO, NP precipitation does
not occur after 24 h.

Osteoblast is the main cell type participating in bone for-
mation, which is responsible for synthesis, secretion, and
mineralization of the bone matrix. Bone is constantly recon-
structed, and the bone reconstruction process is maintained
by the cooperation of osteoblasts and osteoclasts. The bal-
ance between osteoblasts and osteoclasts is the key to main-
taining normal bone mass. It was found that particles from
high molecular polyethylene wear can inhibit the prolifera-
tion and differentiation of osteoblasts [36]. We find the same
trend in the process of cocultivation of TiO, NPs and osteo-
blasts. By cell proliferation tests, we can find that if the con-
centration of TiO, NPs is lower than 50ug/mL, the
osteoblast proliferation is significantly impaired as the parti-
cle concentration increases. Once the concentration of TiO,
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NPs is less than 10 yg/mL, the NPs do not produce a dose
effect on cells. We reckon that cell proliferation ability does
not show an obvious change when the material concentration
is too low. Besides, when the concentration of TiO, NPs is in
the range of 10-50 pg/mL, the dose effect on cells appears at a
slower trend. The comprehensive results show that TiO, NPs
can affect cell growth and metabolism, seriously reducing the
number of living cells. This is probably because NPs are rec-
ognized as foreign bodies, and the exogenous substances
block cell endocytosis and metabolism.

We selected 20ug/mL as the test concentration to
observe the effect of coculture time with different types of
TiO, NPs on osteoblast differentiation and intracellular
mineralization. The results showed that at short coculture
times, the NPs had little effect on osteoblasts, but when
the coculture time was prolonged to 7 or 14d, it showed
a significant difference. All experimental groups inhibited
the expression of ALP, which means that TiO, NPs inhibit
the proliferation and differentiation of MC3T3-E1 cells, and
anatase NPs inhibited the expression of ALP more than
rutile NPs. The results of oxidative stress also indicated that
TiO, NPs can induce cells to produce ROS and superoxide,
leading to cell apoptosis or necrosis. Some studies reveal
that metallic ions have a significant influence on the cell
cycle distribution of osteoblasts, inhibiting their prolifera-
tion and leaving most cells dormant [37, 38]. From the
TEM micrograph of MC3T3-El1 cells, we can also see that
NPs are prone to reuniting in the solution, then entering
mitochondria after being swallowed, causing mitochondrial
degeneration, necrosis, cavitation, and even an intracellular
material leakage phenomenon which reduces the activity
and differentiation ability of cells. At the same time, the
apoptosis rate increased and the ALP expression was inhib-
ited by TiO, NPs, which reduce the vitality of osteoblasts.
Thereafter, we can conclude that though TiO, NPs can
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promote the maturation and mineralization of osteoblasts,
they are not absolutely safe biomedical materials, and even
a low dose of 20 ug/mL for short periods of stimulation has
influence on cells.

5. Conclusion

TiO, NPs have a certain negative influence on bone forma-
tion. Here, we find that all the concentrations, shapes, and
coculture times of nano-TiO, have different influence on
the proliferation and differentiation of bone cells. In general,
the presence of nano-TiO, in tissues can accelerate cell senes-
cence and apoptosis, leading to decreased osteoblast activity
and obstructed bone formation.
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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 (17~20 GPa) and com-
pressive strength (131~224 MPa) [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
bone matrix 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 200~350 ym, 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 15~20 GPa
and 0.1~2 GPa, 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 from micrometer
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-

Journal of Nanomaterials

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 two metabolic effects, i.e., increas-
ing osteoblasts and reducing osteoclast activity [53]. It has
been found that adding strontium ions (Sr*") 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 25 mg/kg of strontium [57].
Sr** 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 Sr** are very
similar to Ca®’, they can displace Ca*>* 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-xB 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 Sr** 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 Sr** [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 SrCOj;-containing PCL nanofibers [69]. The
PCL nanofibers containing 20% nSrCO; (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 Sr** stimulates the differentiation of hBMSCs into osteo-
blasts [78]. Therefore, nSrCO; 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 and MTT 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,



Preosteoblast PGE2
‘ reph'cationT o
N o \

h

b
OPGT¢

®°3
CGSR &’

T

Osteoclast
differentiation 1

Preosteoclast

o

7‘

0
o
Resorption

Journal of Nanomaterials

Qsteoblast Formation
dJITerentiationT —7 g

RANKL, d

RANK

)o
(¥)

Jeas

-
o

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

Material Cell lines/animal model Results Ref.

gf/lgé?fﬁiﬁffe. gr)—(iz:te d Stem cells of human exfoliated Strontium-loaded PCL nanofibers promote osteogenic [26]

PCL & deciduous teeth (SHEDs) differentiation of SHEDs.

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

PLLA; 5Sr/PLLA; 10Sr/PLLA; 15Sr/PLLA promoted cell proliferation and osteogenic

15Sr/PLLA BMSCs/Sprague-Dawley rats 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 MC3T3-El Sr-coated PCL/PLGA-PVA NFs increased the differentiation of [50]

PCL/PLGA-PVA preosteoblast cells.

PCL; PCL-StHANF MG63 osteoblast-like cells PCL-STHANE composite membrane possessed elevated ()
osteogenic potential.

BGEF; 50Sr-BGNF; RAW264.7; human vascular Sr dopant significantly enhanced osteogenesis and suppressed

50Sr/0.5Cu-BGNF; 508r/1Cu-  endothelial cells (HUVECs); pantsig Y 8 PP [65]

BGNF hBMSCs

osteoclastogenesis.

and differentiation, their poor mechanical strength still limits
their application. By adding Sr coating on PCL or cospinning
St/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 Sr** for controlled times and showed higher
release rates of Ca®* and PO, and excellent ability to pro-
mote proliferation and osteogenic differentiation of BMSCs.
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Importantly, in vivo experiments showed that the mineral-
ized Sr/PLLA nanofibers promote bone regeneration. The
Sr** 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 1~3 ym) except for
BBG-Sr particles (<45 ym) 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 Ca** for Sr** 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-SrHANTF film to evaluate the
behavior of osteoblast [92]. The effect of StTHANFs 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 Ca®", 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 StHANFs may lead to an
increase in the concentration of Ca** and Sr**, which affects
cell proliferation. The detection of ALP activity, OCN gene
expression, and colourimetric calcium quantitative determi-
nation showed that the presence of StHANFs in the PCL
membrane promoted the differentiation and activity of oste-
oblasts, as shown in Figure 4. Sr** 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 Sr** 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 Sr** was
developed to enhance osseointegration [89]. It was observed
from PCL/PLGA-PV A nanofibers that Sr>* was continuously
released for more than two months. SEM images also showed
that compared with non-Sr**-doped nanofibers, Sr**-doped
nanofibers have fewer dense structures and greater porosity.
In addition, PCL/PLGA-PVA nanofibers doped with Sr**
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 Sr**. 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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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].

diameter of bioactive glass fiber can be increased by adding Sr
instead of Ca. The reason may be that the conductivity of Sr**
is lower than that of Ca®*, 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 Sr** 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 Sr** 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 Sr?* 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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staining for quantitative analysis of mineral deposits [82].

RANKL and prevented it from binding to RANK [64].
Therefore, Sr** 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
Sr** are required to produce this osteoclast-resistant effect.
In previous studies, low concentrations (about 200 ppb) of
Sr** released from p-tricalcium phosphate (Sr-doped S-
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 Sr** in the extraction
medium from the doped bioactive glass nanofibers was high
enough (about 0.3-0.4 mM) 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 Sr** was continuously released
during the test period, and Sr dopants significantly increased
osteogenesis and inhibited osteoclastogenesis.
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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 Zn** and Sr** 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 Zn>*- and Sr**-
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-CO; 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 CaCOj, 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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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
Sr** 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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Bone tissue engineering has been introduced several decades ago as a substitute for traditional grafting techniques to treat bone
defects using engineered materials. The main goal in bone tissue engineering is to introduce materials and structures which can
mimic the function of bone to restore the damaged tissue and promote cell restoration and proliferation. Titania and zirconia
are well-known bioceramics which have been widely used in tissue engineering applications due to their unsurpassed
characteristics. In this study, hierarchical meso/macroporous titania-zirconia (TiO,-ZrO,) nanocomposite scaffolds have been
synthesized and evaluated for bone tissue engineering applications. The scaffolds were produced using the evaporation-
induced self-assembly (EISA) technique along with the foamy method. To characterize the samples, X-ray diffraction
(XRD), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), simultaneous thermal analysis
(STA), and Brunauer-Emmett-Teller (BET) analysis were performed. The results showed that TiO,-ZrO, scaffolds can be
produced after sintering the samples at 550°C for 2h. Among samples with different weight percentages of zirconia and
titania, the sample containing 13 wt.% zirconia was considered as the optimum sample due to its structural integrity. This
scaffold had pore size, pore wall size, and mesopores in the range of 185+ 66 ym, 15+ 4 um, and 7-13nm, respectively.
The specific surface area obtained from the BET theory, total volume, and mean diameter of pores of this sample was
13.627 m’g", 0.03788 cm®g”", and 11 nm, respectively. The results showed that the produced scaffolds can be considered as
the promising candidates for cancellous bone regeneration.

connected pores [30, 31]. One of the main issues is to
synthesize scaffolds with a hierarchical porous structure
with pore interconnectivity to mimic the ECM of the
host tissue. Different pore sizes play a remarkable role in

1. Introduction

In recent decades, a great deal of effort and attention has
been focused on designing scaffolds which are biologi-

cally, chemically, physically, mechanically, and structurally
carefully matched to that of natural bone [1-23].
Although each type of bone tissue has specific require-
ments which must be met, there are some features in
common that should be considered in designing bone
scaffolds to present the exact function of host tissue
[24, 25]. Generally, bone has a complex meso/macropor-
ous hierarchical structure [24-29] with multisized inter-

enhancing cell viability and osteogenesis and finally in thera-
peutic effects for bone tissue engineering applications [32-
36]. The macropore size of larger than 150 ym is required
for cell accommodation and proliferation and also for vascu-
larization [32, 37-42]. Mesopores with the size of 2-50 nm
are also required to insert the nutrients and release the biolog-
ical agents, to remove waste materials, and also to enhance the
surface activity and bioactivity [37, 40-42].
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Different techniques have been used to synthesize hierar-
chical structures including templating methods [43, 44],
freeze-drying technique [45-47], and sol-gel method [48, 49].
In this study, the sol-gel method was utilized to synthesize
the samples.

According to the literature, the sol-gel method is a facile
way to synthesize metal oxide nanoparticles with high quality
and purity at low temperatures. In this technique, precursors
are dispersed in an aquatic or alcoholic environment at
temperatures lower than 100°C. Through the hydrolysis and
condensation, aggregation in the obtained colloidal solution
which is called “sol” causes to make “gel” with a 3D network
of M-O-M or M-OH-M units. Unlike other techniques such
as the solid-state method, the sol-gel procedure requires low
temperatures and very fine powders in which a homogeneous
composition can be obtained. However, there are some
disadvantages as well which should be considered such as a
relatively high cost of initial precursors and the formation of
cracks during the heat treatment cycles to remove the organic
materials [50].

On the other hand, the evaporation-induced self-
assembly technique (EISA) is a successful, simple, fast, and
efficient method for the preparation of mesoporous metal
oxides [51, 52]. The existence of hydrophobic and hydro-
philic components in the surfactants causes the formation
of micelle-like structures that are removed from the system
by burning the hydrocarbon chains which leaves pores
behind. This technique was first used to synthesize the silica
mesoporous structure [53-55] and gradually was incorpo-
rated with the sol-gel method by using surfactants for other
metal oxides [56]. Among many kinds of surfactants, the
nonionic Pluronic F127 formed a well-organized mesopore
structure [57].

TiO,-ZrO, nanocomposite has been used in different
applications. For example, Fu et al. [58] and Yu et al. [59]
worked on its photocatalytic properties, individually. They
reported that this nanocomposite shows better photocatalytic
behavior compared to titania or zirconia, separately. The
bioactivity of titania-zirconia nanocomposite has been
studied by Marchi et al. [60]. The results showed an increase
in apatite formation ability which indicates its good bioactiv-
ity in the biological environment. Also, this composite has
been used as a 3D scaffold and coating. Tiainen et al. [61]
investigated the mechanical properties of titania-zirconia
nanocomposite scaffolds with different weight percentages
of zirconia. The results showed that increasing the amount
of zirconia in the composite decreased the mechanical
strength of the scaffolds. Titania coating on its alloys is widely
used in dental implants and hip prosthesis due to their
excellent biocompatibility. According to the literature, TiO,
has excellent biocompatibility, low toxicity, good corrosion
resistance, and low density [62-64]. On the other hand,
zirconia has several upsides over other bioceramics. Zirconia
is bioinert in vivo and in vitro [65-67]. In vitro tests have
shown that zirconia has lower toxicity than titanium oxide
[68]. Additionally, cytotoxicity and carcinogenicity have not
been reported [68]. Besides, it has good mechanical proper-
ties such as corrosion and abrasion resistance. Furthermore,
it increases the crack self-healing potential of scaffolds by
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its transformation toughening mechanism [69, 70]. The
strength of interfacial bonding between substrate and coating
will be improved by the help of adding ZrO,. Also, zirconia
enhances apatite formation due to increasing the hydrophi-
licity of the substrate [71].

In the present study, for the first time, nanocomposite
Zr0,/TiO, scaffolds were produced using the EISA tech-
nique combined with the foamy method. Interconnected
macropores were prepared by polyurethane (PU) (60 pores
per inch (ppi)) sponge, and mesopores were made using
Pluronic F127 surfactant by the help of a self-assembly
technique in order to simulate the natural bone hierarchical
porous structure. Structural features, chemical composition,
and porosity features of the ZrO,/TiO, nanocomposite
scaffolds were evaluated. Furthermore, the formation mecha-
nism of the produced scaffolds was evaluated as well.

2. Materials and Methods

2.1. Sample Preparation. In this study, the sol-gel technique
was used to fabricate TiO,-ZrO, nanocomposite scaffolds.
A schematic representation of the sol-gel method is shown
in Figure 1. To prepare the samples, titania and zirconia solu-
tions were produced. Titania solution was prepared accord-
ing to our previous study [72]. Briefly, 5ml titanium (IV)
butoxide (C,;H;,0,Ti, 97%, Sigma-Aldrich) was added to
3.092 ml acetylacetone (CsHgO,, 99.5%, Merck) and 125 ml
absolute ethanol (C,HO, 99.5%, Sigma-Aldrich). Next, a
mixture of 2 gr Pluronic F127 (PF127, C;H,O [C,H,O],
[C3H(0],[C,H,0],C;H;0,, 99.5%, Sigma-Aldrich) that
was dissolved in 125ml absolute ethanol (C,H.O, 99.5%,
Sigma-Aldrich) and 6.67ml hydrochloric acid (HCL,
38 wt.%, to adjust the pH solution to 4 as the zeta potential
of the solution in order to disperse the particles and avoid
coagulation) was gently added to the previous solution,
stirred for 24 h with the speed of 1000 rpm at room tempera-
ture, and then aged for 48 h at a location with 40% humidity.
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TaBLE 1: Designation and specification of different samples.

Sample designation TiO, content (wt.%) ZrO, content (wt.%) Solution type

Including foam Including solution Heat treatment

Siaze 87 13
Syeze 74 26
Seozs 50 50
Soeze 24 76
Seezs 14 86
SE X X
SS 87 13
SSF 87 13

A v v v
B v v v
C v v v
D v v v
E v v v
X v X X
A X v X
A v v X

Based on the previous study [73], to prepare zirconia
solution, 3.65ml zirconium (IV) butoxide (Zr(OC,H,),
80wt.%, Sigma-Aldrich) and 0.63 gr citric acid (CsHgO,,
Merck) were dissolved in 125 ml absolute ethanol and stirred
by a magnetic stirrer until a clear solution was obtained. Then,
a combination of 2 gr PF127, 125ml absolute ethanol, and
6.67 ml hydrochloric acid was gently added to the zirconia
solution, stirred for 24 h with the speed of 1000 rpm at ambi-
ent temperature, and then aged for 48h at a location with
40% humidity. Samples with different weight ratios of titania
and zirconia solutions were prepared to investigate their effect
on the sample integrity and microstructure. Table 1 shows the
designation and specification of different samples.

PU sponge (60 PPI) with a mean pore size of 300-700 ym
was used to make blocks with a dimension of 10 mm x 10
mm x 10 mm. The blocks were dipped in different solutions
with various ZrO, to TiO, weight ratios for 1 h. The saturated
PU blocks with the solution were squeezed by a hand roller.
These blocks were then dried at room temperature for 72 h.
The dried foams were sintered at 550°C for 2h with the
heating/cooling rate of 5°Cmin . Figure 2 illustrates the
preparation steps of different samples.

2.2. Sample Characterization. In order to assess the thermal
decomposition temperature of PU foam and volatile mate-
rials and to optimize the calcination temperature of materials
used to make the solutions, a simultaneous thermal analysis
(STA) test was performed up to 550°C with the heating rate
of 5°C/min, using the NETZSCH STA 449F3 machine.

To investigate the morphology and to measure the pore
size of the scaffolds, scanning electron microscopy (SEM)
was applied using SEM/EDS, Zeiss, Germany machine (FEI
Quanta 200 SEM) with the working distance in the range of
9.5-13.8 ym and the voltage in the range of 15 to 25kV. To
evaluate the elemental compositions of samples, energy-
dispersive spectroscopy (EDS) was utilized. Map scan analyses
were performed to determine the elements formed in
randomly selected locations of the scaffolds using the same
machine. Small-angle X-ray scattering (SAXS) was performed
using the Asenware AW-DX300 diffractometer to approve the
formation of a mesoporous structure. SAXS traces were
recorded with 20 in the range of 0.5-10 degrees with a Cu
Ka radiation source with A =0.154184nm. Wide-angle X-
ray diffraction (WAXRD) analysis with 20 in the range of
10-90 degrees was used to study the crystalline phase of
samples using the same machine. The nitrogen adsorption-

desorption isotherms were used at 77 K using the BELSORP-
mini IT analyzer to determine the pore structure and to assess
the specific surface area.

3. Results and Discussions

3.1. STA Evaluation. To assess the weight loss and to deter-
mine the temperature of reactions that occurred during the
sintering procedure of TiO,-ZrO, scaffolds, simultaneous
thermal analysis (STA) was utilized. Different samples
(Table 1, SS which contains only solution, SF which contains
only PU foam, and SSF which contains a solution with PU
foam together), 3 samples for each, were used to accurately
determine the effect of each component on the STA traces.
Figure 3 shows the results of the thermogravimetry-
differential scanning calorimeter (TG-DSC) curves of different
samples. The TG curve of the SF sample (contains only PU
foam) showed that foam is burned out at a temperature of
around 310 + 2°C (Figure 3(a)) [74]. The results proved that
at the sintering temperature, no sponge was left in the structure.

Figure 3(b) shows the STA analysis of the SS sample
which only contains solution A (see Table 1). The results
showed that there is an exothermic peak at 301.6°C. The
TGA result also showed that this exothermic process
accounted for a substantial amount of the total weight loss
on the whole decomposition process from about 50°C to
around 300°C. The exothermic peak and the associated
weight loss were due to the decomposition of organic mate-
rials and their removal from the system, as proved by the
EDS analysis of the sintered scaffolds, at 550°C in which no
organic material was detected (Figure 4).

The exothermic peak and subsequent mass change at
around 300°C were in good agreement with the reported
results of previous studies. In other words, the range of around
171.40-301.37°C has been considered as the decomposition
temperature of Pluronic F127. The decomposition tempera-
ture of zirconium butoxide, acetylacetone, titanium butoxide,
and citric acid was reported to be around 176.85°C, 280°C,
122°C, and 19.85-399.85°C, respectively [72, 75-80].

Also, Figure 3(c) pertains to the SSF sample, the one with
both foam and solution. It can be seen that foam was
removed from the system at 283.6 +2°C. The exothermic
peak occurred at 434.9 + 1°C could be ascribed to the oxida-
tion of titanium and zirconium. Based on the results of
Figure 3, the calcination temperature was adjusted to 550°C
to ensure that at the end of the heat treatment cycle, no foam
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FIGURE 2: Schematic representation of the synthesis procedure of meso/macroporous TiO,-ZrO, scaffolds.

and organic additives were left in the scaffolds and only
titanium and zirconium oxides were present in the structure.

3.2. SEM/EDS Evaluation. The morphology and pore size of
the scaffolds are extremely important to achieve desirable
mechanical properties and to have effective cell adhesion, cell
proliferation, and strong cell growth into the scaffolds. The
optimized sample in this study was known as the one with
structural integrity without any cracks. To investigate the
morphology of pores that have been formed through the
foamy method after heat treatment and their size, samples
were studied with SEM. Figure 5 shows the structure, pore
morphology, pore size, pore distribution, mesopores, and
finally pore wall of a random macropore of S,;,. sample
which was annealed at 550°C for 2h. Figures 5(a) and 5(b)
show the macropore structure, and Figures 5(c) and 5(d)
show the mesopore structures in the scaffolds.

On the other hand, Figure 6 shows the structure of other
samples with different amounts of zirconia that were
annealed in the same condition. As can be seen in Figure 6,
all samples have some structural defects such as cracks on
the wall of pores (shown by arrows). The high amount of
zirconia can be the reason for the existence of cracks in the
scaffolds which makes them completely useless for bone
tissue engineering applications [61]. However, as can be seen
in Figure 5, S,;,, sample (containing 13 wt.% zirconia and
87wt.% titania) exhibits an integrated structure with no
crack, appropriate pore size for cell accommodation, cell

growth, and cell proliferation. Therefore, S,;,, sample was
considered as the optimized sample for further studies.

Figure 7 shows the histogram of the macropore size in the
S5z sample. As it is obvious, the formation of appropriate
macroporosity with a desirable size (more frequency in pore
sizes measured greater than 150 ym that is beneficial for cell
accommodation, penetration, and differentiation) in the
produced scaffold can provide a suitable environment for
the vascularization which plays a vital role in the success of
the scaffold. EDS was utilized to reveal the average local
chemical composition in the produced scaffold. Figure 4
shows the EDS results of the S5, sample. A homogeneous
distribution of Ti and Zr elements was observed in the EDS
results of the optimized scaffold.

Figure 8 shows the results of the EDS elemental mapping
of the S5, sample. The results showed a homogeneous
distribution of Ti and Zr in this sample which demonstrate
the effectiveness of the fabrication technique to form a
uniform structure.

3.3. XRD Evaluation. The phase transformation of the S,;,,
sample was investigated by XRD. Figure 9(a) illustrates the
wide-angle X-ray scattering (WAXRD) pattern. The presence
of metal oxide formed at the low temperature was success-
fully proved by the XRD patterns. As can be seen in
Figure 9(a), the sample has not been completely crystallized
due to the low temperature used for heat treatment. The low
annealing temperature was used to protect and retain the
mesopores of the sample because the mesopores will collapse
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thermal analysis of SFF sample.

during a high temperature of sintering [81]. On the other hand,
the mesoporous structure transforms the long-range order of
crystals into the short-range order. So the XRD pattern of
mesoporous structures is similar to semicrystalline structures
[81]. An intensive peak can be seen in Figure 9(a) in 20 equals
to 25 degrees that shows the formation of the anatase phase
(XRD JCPDS data file No. 01-071-1169) in the structure.

Titania and zirconia can form different crystal poly-
morphs at different temperatures [82, 83]. According to their
phase diagram and the calcination temperature, the anatase
phase for titania and monoclinic phase for zirconia should
be stable at room temperature [84].

Based on the literature, the monoclinic phase of zirconia
is thermodynamically its most stable phase; however, the less
stable phases of zirconia (cubic or tetragonal) could form at
higher temperatures. In other words, according to the zirco-

nia phase diagram, the monoclinic phase of zirconia is stable
from ambient temperature to 1170°C. The tetragonal phase is
stable from 1170°C to 2370°C, and from 2370°C to the melt-
ing point cubic phase of zirconia will be stable [83].

On the other hand, the most stable phase of titania is
rutile; however, according to previous studies, the formation
of short-range order TiOy in anatase is easier than the forma-
tion of long-range order TiOy in rutile [82]. Also, thermody-
namically, the level of surface free energy of anatase is lower
than that of the rutile phase which causes that TiO,-based
nanocomposites and nanofilms contain anatase phase at
room temperature [82].

Some elements such as Ca, scandium, strontium, yttrium,
niobium, barjium, lanthanum, aurum (gold), boron, aluminum,
silicon, phosphorus, sulfur, chlorine, cerium, neodymium,
samarium, europium, gadolinium, terbium, dysprosium,
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FIGURE 5: Scanning electron microscopy (SEM) images of sample S5, as the optimized sample (S,;,,) sintered at 550°C for 2 h: (a) the
general shape of the scaffold which shows the favorable structural integrity, (b) acceptable pore morphology and pore size (no crack can
be observed), (c) desirable size of mesopores which are the best space to insert nutrients to be used by cells in order to proliferate and
grow into the scaffold, and (d) strong pore wall which exhibits nice interconnectivity and strong structure for each macropore to mimic

the natural bone tissue structure.
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their structure which results in forming cracks and weak pores and pore walls and also the high amount of zirconia in the samples has a

detrimental role in structural integrity.
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holmium, erbium, thulium, ytterbium, and specifically zirconia
have an inhibitor role against phase transformation from ana-
tase to rutile in titania [4, 82, 85]. In this study, Zr has been used
as the second phase of the nanocomposite. In fact, the addition
of zirconia to titania stabilizes the anatase phase of titania and
inhibits its grain growth [86].

Figure 9(b) shows the small-angle X-ray spectroscopy
(SAXS) pattern of sample S,;,, which was sintered at 550°
for 2h. In the SAXS analysis, the intensity and sharpness of
the peak is a sign of the formation of a well-ordered mesopo-
rous structure [87, 88]. SAXS was performed in the 20 range
of 0.5-10 degrees. As can be seen in Figure 9(b), a sharp peak
in 26 equals to 0.7 degrees can be observed which indicates
the formation of well-ordered mesoporous structures in this
sample. The results obtained from the SAXS analysis were
in good agreement with those obtained from the SEM obser-
vation (Figure 5(c)).

In general, TiO, formation occurs in three different steps.
As mentioned, the sol-gel method through the alkoxide route
was used to prepare TiO, and ZrO, solutions. At the first
step, the aqueous environment induces alkoxide hydrolysis
and produces titanium hydroxide and zirconium hydroxide
and alcohol (alkoxide group hydroxide). The second step
can occur through the interaction between either two
hydroxide metals or a hydroxide metal and an alkoxide metal
that finally produce A-O-A, in which A refers to the metal
(Zr or Ti) and O refers to the oxygen, and water or alcohol
in an aqueous and alcoholic environment [89-91]. TiO,
and ZrO, particles act as the nuclei to expand metal oxides
formed during the synthesis procedure. The steps of the
formation of TiO, can be expressed as follows [90]:
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FiGure 8: EDX elemental mapping of S;;,, sample: (a) oxygen (5wt.%), zirconium (12 wt.%), and titanium (83 wt.%); (b) oxygen; (c)

zirconium; (d) titanium.
(1) Hydrolysis of titanium alkoxide:

C,6H350,Ti + 4H,0 — Ti(OH), + 4C,H,OH
(1)

(2) Condensation of hydrolyzed species:

Ti(OH), — TiO, + 2H,0 2)

Equation (2) can also be expressed as follows:

Water condensation : Ti(OH), + Ti(OH), — Ti—O—Ti+ HOH

Alcohol condensation : Ti(OH), + Ti(OC,Hy), — Ti—O—Ti
+ C,HyOHTIO, sol particles

3)

(3) Growth of TiO, sol particles

On the other hand, almost the same procedures happen
during the formation of ZrO, [91]:

(1) Hydrolysis of zirconium alkoxide:

C,¢Hs0,Zr + H,0 — Zr(OH), + C,;H;0, (OH)
(4)

(2) Condensation of hydrolyzed species:

Zr(OH), + ZrO,Hy4C,s — Zr — O — Zr + C,4H,;40, (OH)
(5)

In more details:

Water condensation : Zr(OH), + Zr(OH), — Zr—O—Zr + HOH

Alcohol condensation : Zr(OH), + Zr(OR), — Zr—O—Zr
+ C,H,OHZrO, sol particles

(6)

(3) Growth of ZrO, sol particles

Figure 10 shows the schematic representation of the
aforementioned steps clearly in detail.

The nuclei growth phenomenon stems from the incredi-
ble high surface area of particles and consequently their high
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FIGURE 9: (a) Wide-angle XRD of the optimized sample contains 13wt.% ZrO, and 87 wt.% TiO, heated at 550°C for 2h with the
heating/cooling rate of 5°Cmin™". (b) Small-angle XRD of optimized meso/macroporous titania-zirconia sample heated at 550°C for 2 h.

amount of energy which makes them thermodynamically
unstable. For this purpose, metal oxide particles (as the
nuclei) start to grow through Ostwald ripening or oriented
attachment mechanism or even both, to decrease their energy
level. According to Ostwald ripening phenomenon, small
particles dissolve in the solution because of their high energy
level and bigger particles get bigger and bigger in regular
spherical shapes by attracting small particles. Based on the
oriented attachment mechanism, small particles get together
and aggregate at the first step; then, they will be considered as
a specific place for other small particles to attach and conse-
quently form crystals [92]. Linear F127 polymer that was
used as the template for mesopores has hydrophilic and
hydrophobic parts. After dissolving in ethanol, F127 forms
special structures that usually transforms into regular spher-
ical micelles in solution. Finally, drying and calcination cause
the formation of mesostructure [93]. Figure 11 shows the
mechanism of mesopore formation.

3.4. BET Evaluation. Figure 12 demonstrates the nitrogen
adsorption-desorption isotherms of the S,;,. sample after
sintering at 550°C for 2h. The specific surface area of the
Si3z: sample measured by the Brunauer-Emmett-Teller
(BET) theory was 13.627 m’g"; the total porosity volume
obtained from the adsorption curve of the isotherm diagram
and mean pore diameter were 0.03788 cm’g ™" and 11.119 nm,
respectively.

4. Conclusions

In this study, hierarchical meso/macroporous hierarchical
titania-zirconia nanocomposite was fabricated for tissue
engineering applications. Different samples with different
weight percentages of titania and zirconia were prepared by
the help of the EISA technique coupled with the foamy
method. The foamy method was applied to provide the
macropore template, and the EISA method was utilized to
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FIGURE 12: BET analysis of the S, ;,, scaffold as the optimized sample.

provide a mesopore structure. The results showed that
scaffolds with a lower amount of zirconia had less structural
defects. This scaffold had pore size, pore wall size, and meso-
pores in the range of 185+ 66 ym, 15+ 4 ym, and 7-13 nm,
respectively. The specific surface area obtained from the BET
theory, total volume, and mean diameter of pores of this sam-
ple was 13.627 m’g !, 0.03788 cm®g’, and 11 nm, respectively.

Data Availability

The raw/processed data required to reproduce these findings
cannot be shared at this time as the data also forms part of an
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data, please contact the corresponding author.

Additional Points

Highlights. (1) ZrO,/TiO, nanocomposite scaffolds were
synthesized using the EISA and foamy method. (2) The
formation mechanism of the scaffolds was scrutinized. (3)
The influence of the ZrO, on the integrity of the scaffolds
was evaluated. (4) Nanocomposite scaffolds consisting of
13 wt.% ZrO, showed an integrated structure
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Bone growth and metabolism are mainly regulated by a series of intracellular molecules and extracellular stimuli. Exosome, as a
nanoscale substance secreted to the outside of the cells, plays an extensive role in intercellular communication. This review
provides theoretical references and evidences for further exploration of exosomes as noncoding RNA carriers to regulate bone
tissue recovery through the following aspects: (1) basic characteristics of exosomes, (2) research progress of exosomal noncoding
RNA in bone tissue engineering, (3) current status and advantages of engineering exosomes as nanocarriers for noncoding RNA

delivery, and (4) problems and application prospects of exosome therapy in the field of orthopedics.

1. Introduction

Destructive osteopathy is mainly due to the failure of the
bone remodeling process, including enhanced osteoclast
activity or reduced osteoblast generation [1, 2]. Osteoarthri-
tis, osteoporosis, etc. will lead to a continuous decline in the
quality of patients’ life [3, 4], deemed to be an important
global health problem [5, 6]. The process of bone remodeling
is to repair bone damage and restore aging bone tissue [7].
This is the prerequisite for maintaining mass and mechanical
strength of bone [8]. Mutual regulation of osteoblasts and
osteoclasts is essential for bone remodeling [9], dominated
by molecular signals [10, 11].

Extracellular vesicles are natural nanoscale particles
secreted by cells. They are spherical bilayer membrane vesicles
with diameters ranging from 30nm to 1000 nm, including
exosomes of uniform size (30-150 nm), microvesicles of vary-
ing sizes (50-1000nm), and apoptotic bodies [12]. Recent
studies reported that the key factor for bone reconstruction
was exosome [13]. These organelles play a crucial role in inter-
cellular messengers, transferring bioactive molecules to
nearby or distant cells under physiological and pathological
conditions [14, 15]. Noncoding RNAs in exosomes supply a
method that cells can straightly regulate the expression of pro-

tein in target cells. As a kind of nanomaterial, exosome has
been explored in the field of diagnostic [16], therapeutics
[17], and drug delivery [18] (Figure 1).

Existing drug carriers, such as artificially manufactured
liposomes, can cause accumulated toxicity and immunoge-
nicity in the body, thus limiting the wide application of such
drug carriers [20, 21]. As a natural drug delivery carrier, exo-
somes have significant advantages of biocompatibility, high
stability, and targeting. In order to better understand the
mechanism of exosomes as noncoding RNA vectors regulat-
ing bone remodeling, we reviewed the newest findings on the
feature and role of exosomes in bone formation. In addition,
we focused on elaborating the feasible clinical application of
bone exosomes and the characteristics of exosomal noncod-
ing RNAs in the regulation of bone reconstruction.

2. Biological Characteristics of Exosomes

Exosome was first discovered in 1981, considered cellular
trash initially [22]. Subsequently, exosomes caught the inter-
est of immunologists in the 1990s. Raposo et al. in 1996
reported that exosomes have the ability of antigen presenta-
tion, activating T cell immune response [23]. In addition,
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noncoding RNA exosomes [19].

exosomes were found to carry miRNAs and mRNAs for
intercellular communication in 2007. Most importantly, the
mechanism of exosomal transport was cracked by three inde-
pendent groups [24-26]. The history, biomarkers, and func-
tions of exosomes are shown in Figure 2.

Exosomes are membrane vesicles with diameters
between 30 and 150 nm [27, 28] (Figure 3). They are derived
from body cells including tumor cells [29, 30]. Studies
revealed that exosomes are also secreted from bone-related
cells (osteoclasts, osteoclast precursors, osteoblasts, and
MSCs) [31-33]. Exosomes reflect the complex molecular
processing that occurs inside the parent cells and are more
appropriate as a potential replacement for parent cell in body
fluids. Multiple studies have confirmed the loyalty of exoso-
mal cargo to parental cells [34, 35]. Exosomes can encapsulate
fragments of genomic and different kinds of RNA, such as
miRNA, IncRNA, circRNA, and ribosomal RNA [36-39].

3. Exosomes from Osteoclasts and Osteoblasts

3.1. Osteoclast Exosomes. Exosomes secreted by osteoclasts
may provide clues on how to coordinate bone absorption
and construction. In calcitriol-stimulated mouse bone
marrow (C-SMM), osteoclasts and osteoblasts differentiated
synergistically within six days. Osteoclast precursor-derived

exosomes stimulated the proliferation of osteoclasts in C-
SMM, while exosomes of mature osteoclasts inhibited osteo-
clast formation [13, 40]. Osteoclast exosomes stimulate the
osteoblasts and other nonosteoclasts in a paracrine manner
and produce factors that regulate osteoclast differentiation.
miRNA-214, involved in bone remodeling, adjusts
Osterix and activates transcription factor (ATF) 4, which is
an essential transcription factor in osteogenesis process [41,
42]. Higher levels of miRNA-214 were noted in the plasma
of fractured elderly women and ovariectomized mouse. In
vitro, by using transwell membranes (that only permitted
exosomes through), exosomal miRNA-214 was transmitted
from osteoclasts to osteoblasts, inhibiting proliferation and
mineralizing activity of osteoblast in vitro and vivo [43, 44].

3.2. Osteoblast Exosomes. Osteoblasts release exosomes con-
taining receptor activator RANKL. These exosomes induce
osteoclast precursors to differentiate to osteoclasts [31]. Oste-
oblasts release RANKL exosomes and osteoclasts release
RANK exosomes. Studies have shown that the RANKL-
RANK-osteoprotectin signal network is the essence of bone
biology. RANKL exosome from osteoblasts may be capable
of promoting osteoclast formation and activity without direct
intercellular contact. RANK exosome may inhibit RANKL in
a method the same as osteoprotectin. Both RANKL and
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RANK-containing exosome may be able to fuse in their
target cells to release regulatory molecules, which could assist
to reprogram target cells [45].

4. The Roles of Exosomal Noncoding RNAs in
Bone Growth

Noncoding RNA refers to RNA that does not encode protein.
They have biological functions at the RNA level. Noncoding
RNAs are generally divided into 3 categories according to
their size: less than 50nt, including microRNA (miRNA),
small interfering RNA (siRNA), and piwi-interacting RNA
(piRNA); 50nt to 500nt, including nuclear small RNA
(snRNA) and small nucleolar RNA (snoRNA); and greater
than 500 nt, long noncoding RNA (IncRNA) and circular
RNA (circRNA) [46,47]. This article reviews current research
hotspots of osteoarthritis: miRNA, IncRNA, and circRNA.

4.1. miRNA. The latest two years of exosome miRNA in the
regulation of bone growth and development is listed in
Table 1. Exosome miR-128-3p regulates osteogenesis and
fracture healing by targeting Smad5 [48]. Decreasing miR-
221-3p in exosomes can significantly reduce chondrocyte pro-
liferation and migration in vitro [49]. Exosome miR-17
secreted by keratinocytes can induce osteoclast differentiation
[30]. By freeze and thaw method, researchers combined exo-
somes and miR-140 to promote cartilage differentiation of
bone marrow stem cells, thereby enhancing cartilage repair
and regeneration [50]. Human umbilical cord mesenchymal
stem cell exosomes can effectively inhibit bone marrow mes-
enchymal stem cell apoptosis and prevent osteoporosis in rats.

The mechanism is mediated by the miR-1263/Mob1/Hippo
signaling pathway [51]. Exosome miR-8485 promotes carti-
lage differentiation of bone marrow mesenchymal stem cells
by regulating the Wnt/B-catenin pathway [52].

Studies on miRNAs have demonstrated that the regula-
tion of the target genes affects the expression of regulators
upstream and downstream of each signaling pathway, to reg-
ulate the osteogenic differentiation process [54]. Runx2 is a
transcription factor that plays an important role in osteoblast
differentiation [55], which is precisely or indirectly regulated
by many miRNAs, including miR-221 [56, 57], miR-133a-5p
[58], miR-467g [59], miR-218 [60, 61], and miR-210 [62].
The expression of Osx can be downregulated by some miR-
NAs, inhibiting osteogenic differentiation, such as miR-145
[63] and miR-143 [64, 65]. Some miRNAs that regulate the
expression of bone-related gene have not been studied in
exosomes, providing clues to the research of exosomes in
the field of orthopedics (Table 2).

4.2. IncRNA. The IncRNA-miRNA-mRNA regulation model
plays a critical role in osteogenic differentiation [66]. IncRNA
can serve as a competitive endogenous RNA, competing for
miRNA binding sites to reduce its direct impact on mRNA.
IncRNA MALAT1 can competitively bind to miR-30, inhi-
biting the interaction between miR-30 and Runx2 to upregu-
late the transcription level of Runx2 and strengthen
osteogenic differentiation of adipose mesenchymal stem cells
[67]. Study revealed that IncRNA TUGI [68], IncRNA
PCATI [69], and IncRNA HIF1A-AS2 also indirectly regu-
late the activity of osteogenesis-related signaling molecules
by adsorbing miRNA [70]. Downregulated IncRNA MEG3
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TaBLE 1: List of miRNA deliveries by exosome in both basic and clinical research of bone formation.
miRNA Target Resource Recipient Mechanism and result Ref.
gene cells
MiR-128-3P  Smad5 MSCs MSCs miR-128-3p was highly expressed in aged exosome, inhibiting fracture healing (48]
by targeting Smad5.
. Murine  Invivo experiments confirmed that miR-221-3p was highly enriched in CPCs-
miR-221-3p CPCs chondrocytes Exos, which can stimulate chondrocyte proliferation and migration. [49]
. Freeze and miR-140 was fused into exosomes by freezing and thawing, promoting the
miR-140 thaw method BMSCs differentiation of BMSCs into chondrocytes.| (501
miR-1263 Mobl  HUC-MSCs BMSCs Exosomes inhibit BMSC apoptosis through miR-1263/Mob1/Hippo signaling (51]
pathway.
. DACT]I, Exosomal miR-8485 regulated the Wnt/f-catenin pathways to promote
miR-8485 GSK3B Chondrocytes  BMSCs chondrogenic differentiation of BMSCs. (521
. The exosomal miR-192-5p of BMSCs can delay the inflammatory response of
miR-192-5p  RAC2 BMSCs rheumatoid arthritis by regulating the expression of proinflammatory factors. (53
. Exosomes derived from hASCs overexpressing miR-375 promoted bone
miR-375 IGFBP3 hASCs BMSCs regeneration by binding to IGFBP3. [84]
. Synovial ~ The hBMSC-derived exosome- miR-26a-5p inhibited the damage of synovial
miR-26a-5p  PTGS2 BMSC fibroblasts fibroblasts by targeting PTGS2. (8]
miR-155 VECs Macrophages VEQ—Exos was rth in miR-155, wh1§h indirectly inhibited osteoclast activity (86]
by interacting with macrophages to improve the symptoms of osteoporosis.
Multiple myeloma (MM) exosome miR-129-5p reduced alkaline phosphatase
miR-129-5p  Spl MMs hMSCs (ALPL) activity by inhibiting the expression of transcription factor Spl in  [87]
hMSCs.
The exosomal miR-17 secreted by keratinocytes with middle ear
miR-17 RANKL Keratinocytes Osteoclasts  cholesteatoma can upregulate RANKL in fibroblasts and induce osteoclast  [30]

differentiation.

MSCs: mesenchymal stem cells; BMSCs: bone marrow mesenchymal stem cells; HUC-MSCs: human umbilical cord mesenchymal stem cells; hASCs: human
adipose mesenchymal stem cells; VECs: vascular endothelial cells; CPCs: chondrogenic progenitor cells; MMs: multiple myelomas.

promotes osteogenic differentiation of human dental follicle
stem cells by epigenetically regulating the Wnt pathway
[71]. Researchers have indicated that exosome IncRNA-
MALAT secreted by bone marrow mesenchymal stem cells
enhanced osteoblast activity in osteoporotic mice [72]. Exo-
somal IncRNA-RUNX2-AS1 secreted by multiple myeloma
cells can reduce osteogenic differentiation of MSC [73].

4.3. circRNA. Increasing evidence indicates the various func-
tions of circRNA in bone marrow mesenchymal stem cell
osteogenesis, which proves to be a valuable checkpoint for
the treatment of bone diseases [74]. CircRNA_436 might be
a part of the critical regulators of periodontal ligament stem
cell differentiation by coordinating with miR-107 and miR-
335 to affect the Wnt/B-catenin pathway [75]. CircRNA_
0127781 may serve as one of the essential regulators in the
inhibition of osteoblast differentiation by interacting with
miR-210 and miR-335 [76-78]. CircRNA_33287 would
block miR-214-3p to intensify the osteogenesis process and
active the construction of ectopic bone [79]. Both cir-
cRNA_19142 and circRNA_5846 target miR-7067-5p to reg-
ulate osteoblast differentiation [80]. Lipopolysaccharide
(LPS) is indicated to promote bone resorption by activating
TLRs [81]. GO analysis showed that circRNA_3140 is related
to the TLR signaling pathway [75]. The mechanism of exoso-
mal circRNA in the regulation of osteogenic differentiation
is seldom studied. However, the circular structure of cir-
cRNA makes it more stable than linear RNA and difficult

to be degraded [82]. It has great research potential in
exosome engineering. Studies have shown that during the
osteogenic differentiation of periodontal ligament stem cells,
differentially expressed circRNAs are rich in membrane-
bound vesicles [83].

5. Engineering Exosomes as Nanocarrier for
Noncoding RNA Delivery

5.1. Methods of Exosome Extraction. The separation and
purification of exosomes have always been a concern of
researchers. It is crucial to obtain high-purity exosomes for
subsequent research. Researchers currently use ultracentrifu-
gation [91], immunomagnetic beads [92], ultrafiltration [93],
size-exclusion chromatography [94], or kits to achieve exo-
somes (Figure 4). In Table 3, we summarize several methods
for extracting exosomes and list their characteristics.

5.2. Merging Therapeutic RNA into Exosomes. Exosome cargo
with therapeutic activity is not restricted to naturally occur-
ring cell-derived biomolecules. Instead, exosomes can also
carry exogenous therapeutic molecules. Exosomes have been
engineered to bind therapeutic molecules, including protein
[95], small molecule drugs [96], peptide ligands [97], and
therapeutic RNA [98, 99]. Researchers have used multiple
methods to engineer exosomes for cargo delivery, including
incubation with saponin, electrical stimulation, sonication
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TaBLE 2: List of miRNAs in bone formation.
miRNA Z:iit Cell type Mechanism and result Ref.
ZEPM2 miR-221 inhibited osteoblast differentiation by targeting ZFPM2 56
miR-221 Runx2) Osteoblasts  and Runx2 to reduce the expression levels of osteocalcin (OC), alkaline phosphatase 57]’
(ALP), and collagen, type I, a1 (COL1AL).

. miR-218 participated in the negative regulation of osteoclastogenesis and bone resorption [60,
miR-218 Runx2 Osteoclasts by inhibiting the p38MAPK-c-Fos-NFATc1 signaling pathway. 61]
miR-210 Runx2 MSCs Overexpression of miR-210 in MSC led to the differentiation of MSC into osteoblasts by 62]

upregulating Runx2, ALP, and osteocalcin.

. Smads3, MicroRNA-145 suppressed osteogenic differentiation of hBMSCs partially via targeting
miRA45 - gpmaza  BMSCs Smad3 and SEMA3A. [63]
miR-143-3 BMPR2 BMSCs miR-143-3p regulated the early chondrogenic differentiation of BMSCs and promoted  [64,

p cartilage damage repair by targeting BMPR2. 65]
miR-542-3p SFRP1  Osteoblasts ~ miR-542-3p prevented ovariectomy-induced osteoporosis in rats by targeting SFRP1. [88]
miR-433-3p DDK1  Osteoblasts MicroRNA-433-3p promoted osteoblast differentiation through targeting DKKI. [89]

. miR-133a-5p inhibited the expression of osteoblast differentiation-associated markers by
miR-133a-5p Runx2 Osteoblasts {argeting the 3’ UTR of RUNX2. [58]

. Ihh/Runx- . o . . T
miR-467g ) Osteoblasts miR-467g inhibited new bone regeneration by targeting IThh/Runx-2 signaling. [59]
miR-208a-3p ACVRI  Osteoblasts miR-208a-3p suppresses osteoblast differentiation and inhibits bone formation [90]

by targeting ACVRI.

MSCs: mesenchymal stem cells; BMSCs: bone marrow mesenchymal stem cells.
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TasLE 3: Comparison of methods about exosome extraction.

Name Method Advantage Disadvantage Ref.
(1) A lot of materials need to be
prepared in the early stage

. (2) The exosome yield is low
EllezarLizw speed to remove cells and apoptotic (1) The gold standard for  (3) Repeated centrifugation
Ultracentrifuge . . . exosome extraction causes damage to exosome [78]

(2) High speed to eliminate larger vesicles . . . . .
(3) Higher speed to precipitate exosomes (2) Simple operation vesicles and reduces its quality

(4) Soluble proteins can form

clumps with exosomes and cause

pollution

Concentration In different liquid density intervals, each particle Comparec.l WIth.

. . L. . ultracentrifugation, the [78,
gradient will eventually stay at the same position as its own . Same as above
. . . recovery rate and purity 82]
centrifugation density .
are higher
Using ultrafiltration membranes with different ~ Simple and efficient Erll)e igfaiih$;0?02£t3;o§éfqres
Ultrafiltration molecular weight (MWCO) for separation, small without affecting the (2) The pressuZe and shearing  [80]
molecular substances will be filtered to the other biological activity of . .
. force during filtration may cause
side of the membrane exosomes
of the damage of exosomes
(1) High specificity (1) ng efﬁaency - .
incubati ith ic bead d with (2) Biological activity is easily
Immunomagnetic By incubating with magnetic beads coated wit (2) Easy to operate affected by pH and salt
bead antimarker antibodies, exosomes can be adsorbed (3) Not affecting the concentration [79]
and separated exosomal morphological .
intearit (3) Not conducive to
sry downstream experiments
With columns filled with porous polymer . .
microspheres, molecules pass through the (1) Time-consuming
Size-exclusion . ’ . R Exosomes are not affected (2) Not suitable for large sample
microspheres according to their diameter. [81]

chromatography Molecules with a small radius take longer to

migrate through the pores of the column

by shear forces processing

(3) Special equipment required

[100], extrusion, freeze/thaw [101], click chemistry [102,
103], and antibody binding [104] (Figure 4).

We concentrate on methods and applications of fusing
exogenous RNA into exosomes. One mean is through electro-
poration of exosomes. Researchers electroplated siRNA into
dendritic cell-derived exosomes. Up to 60% GAPDH RNA
and protein were knocked down in the mouse cortex, mid-
brain, and striatum by intravenous injection of electroplated
exosomes [98]. Electroplating of siRNA against MAPK-1 into
exosomes derived from peripheral blood monocytes reduced
the expression of MAPK-1 in donor lymphocytes and mono-
cytes [105]. In a conclusion, these results indicated that elec-
troporation is wildly used in various kinds of exosomes and
recipient cells. However, this method is inappropriate for all
types of RNA cargo. For instance, researchers reported that
miRNA cannot be electroplated into HEK 293-derived exo-
somes, indicating that some dimension or structure of RNA
may be less suitable for this method [106].

Another strategy for fusing RNA into exosomes is over-
expressing the cargo RNA in the exosome donor cells. The
specificity of this method is poor. This kind of cargo RNA
includes chemically modified 3'benzopyridine miRNA [99],
mRNA [107, 108], and shRNA [109]. Researchers incubated
exosomes carrying these RNAs with recipient cells. These
mRNAs were translated into protein. Target genes were

knocked down by shRNA and miRNA. This strategy is appli-
cable to various RNA cargos and recipient cells.

5.3. Targeting Exosomes to Recipient Cells. The safe applica-
tion of exosome therapy requires the assessment of potential
exosomes targeting cell and subcellular regions. Although
the pharmacokinetics of exosomes used by IV has not been
elaborated, the application of purified exosomes in mice can
cause exosomes to accumulate in the kidney, liver, and spleen
[98, 106]. This distribution is similar to most nanoparticle
delivery vehicles, usually through bile excretion, kidney clear-
ance, or macrophage clearance [110, 111]. Strategies for exo-
somes to target specific recipient cells have been reported.
One strategy is to utilize proteins and peptides from the
virus with the ability of targeted delivery. For example,
researchers used EBV glycoprotein 350 modifying exosomes
to target CD19+ B cells, but not other peripheral blood
mononuclear cells (PBMCs) [112, 113]. Ligands of viruses
can also enhance exosome-mediated transport to target cells
in vivo. RVG-labeled exosomes transferred siRNA to the
mouse brain, while unlabeled exosomes convey siRNA to
the liver, spleen, and kidney [98]. Viral ligands can not only
enhance the targeting ability of exosomes but also enhance
the ability of exosomes to be integrated into the recipient
cells. Exosomes labeled with VSV-G and OVA peptides are
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absorbed by DC at a higher rate than exosomes labeled with
OVA alone [114, 115]. Although viruses can be used to
improve the ability of exosome to target cells, the strategy is
limited to the known interactions. The side effects of this
strategy are still unknown.

6. Exosome-Based Strategies for Restoration of
Bone Defect

Bone-derived exosome containing noncoding RNA is
considered significant in regulating bone formation and

absorption (Figure 5). Various key factors, regulating osteo-
clasts and osteoblasts (such as RUNX2, BMP, and sclerostin),
are adjusted by specific bone-derived exosomes embodying
noncoding RNA [116]. Studies showed that intravenously,
exosomes tend to their original place [117].

However, the same noncoding exosomes may have oppo-
site effect on the differentiation and proliferation of osteo-
clasts and osteoblasts. Therefore, during the process of bone
remodeling, bone-derived exosomes may not have functions
completely coherent with the parental cells. The abundance
of noncoding RNA in recipient cells and exosomes does not
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match, indicating that in addition to noncoding RNA, other
components of exosomes also have regulatory effects [118].
Researchers have utilized exosomes from other tissues to
enhance tissue healing efficacy [119] and to reduce joint
injury and osteoarthritis by restoring matrix homeostasis
and decreasing inflammation [120]. Efforts were being made
to test the effects of engineered exosomes on orthodontic
tooth movement models in mouse [121].

7. The Advantages of Exosomes as Noncoding
RNA Delivery System

7.1. Biocompatibility. The advantage of exosomes as drug
carriers over existing artificial liposomes lies in their good bio-
compatibility. Currently, liposomes are the main delivery for
siRNA and other RNAs. Liposomes can cause accumulated
toxicity and immune response in the human body, without
good expected effects. Kamerkar et al. used exosomes to
deliver siRNA to prevent the production of KRAS mutant
proteins. Research results showed that compared with lipo-
somes, intravenous injection of siRNA-loaded exosomes can
better inhibit the expression of KRAS protein, without immu-
nogenicity in vivo [122]. Usman et al. used electroporation
technology to introduce nucleotides into red blood cell-
derived exosomes. The results showed that the nucleotides
loaded with exosomes have a significant inhibitory effect
on breast cancer cells and there is no immunity in the body
[123]. Compared with other RNA drug delivery vehicles
(such as adenovirus, lentivirus, retrovirus, and liposome),
exosomes are not immunogenic and cytotoxic, showing
good biocompatibility.

7.2. Biological Stability. Exosomes derived from antigen-
presenting cells can express membrane-bound complement
regulators CD55 and CD59 to enhance the stability of circula-
tion in the body [122]. Studies have shown that even if
exposed to an inflammatory environment, exosomes still have
alonger circulation time [124]. A large number of studies have
proved that due to their small size (<100 nm), nanoparticles
can achieve targeted aggregation of tissues through enhanced
penetration and retention effects [125]. In addition, the circu-
lation time of polyethylene glycol-modified exosomes can
reach more than 60 minutes in vivo [126]. Polyethylene
glycol-modified exosomes can significantly improve the
biological stability of exosomes in vivo by prolonging the
clearance time, making the study of exosomes as drug carriers
more promising.

7.3. Targeting. Multiple studies have confirmed the loyalty of
exosomal cargo to parental cells. Exosomes derived from
central nerve cells can pass through the blood-brain barrier
and target specific neurons. Exosomes derived from hypoxic
tumor cells tend to recruit into hypoxic tumor tissues [127,
128]. The results of biodistribution studies also showed that
the accumulation of exosomes in tumor tissues depended
on the type of embryonic cells. Therefore, when studying
exosomes targeting specific tissues or cells, it is necessary to
consider the targeting efficiency [129].

8. Conclusions and Perspective

Exosomes are increasingly being studied in the field of bone
reconstruction. From the initial research on tumor diseases
and related mechanisms to studies on drug delivery and engi-
neering exosomes, there is still a lot of research space.

(1) How to select cells with strong ability to secrete exo-
somes? The scaffold used with MSCs provides an ideal envi-
ronment for the osteogenic differentiation of MSCs
[130][131]. However, there is no research on the inducing
factors involved in this mechanism. Scaffold may enhance
the paracrine function of MSCs, thereby secreting exosomes
to induce the osteogenic differentiation. (2) The loading of
exosomes on the scaffold to promote bone repair has been
widely studied, but how to make the scaffold play a controlled
or slow-release effect is another problem that needs to be
solved. Maybe the solution is to control the pore size and deg-
radation rate of the scaffold material. (3) Another direction is
to improve their targeting ability by modifying the exosomal
membrane molecules and preventing unwanted derivatives
from entering the exosomes

Further research is needed to evaluate the biological effi-
cacy of exosomes in treating bone defects in vivo and vitro.
As therapeutic delivery vectors, exosomes have engineering
potential, and they are easy to design and well tolerated
in vivo. Overcoming each of these miseries will turn the
surprise discovery of exosomes as a drug delivery system into
a viable mature technology.
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The combination of tissue-engineered bone scaffolds with osteogenic induction molecules is an important strategy for critical-sized
bone defects repair. We synthesized a novel thiolated chitosan/calcium carbonate composite microsphere (TCS-P24/CA) scaffold
as a carrier for bone morphogenetic protein 2- (BMP2-) derived peptide P24 and evaluated the release kinetics of P24. The effect
of TCS-P24/CA scaffolds on the proliferation and differentiation of bone marrow mesenchymal stem cells (BMSCs) was
evaluated by scanning electron microscope (SEM), CCK-8, ALP assay, alizarin red staining, and PCR. A 5mm diameter
calvarial defect was created, then new bone formation was evaluated by Micro-CT and histological examination at 4 and 8
weeks after operation. We found the sequential release of P24 could last for 29 days. Meanwhile, BMSCs revealed spindle-
shaped surface morphology, indicating the TCS-P24/CA scaffolds could support cell adhesion and mRNA levels for ALP,
Runx2, and COLlal were significantly upregulated on TCS-10%P24/CA scaffold compared with other groups in vitro
(p <0.05). Similarly, the BMSCs exhibited a higher ALP activity as well as calcium deposition level on TCS-10%P24/CA
scaffolds compared with other groups (p <0.05). Analysis of in vivo bone formation showed that the TCS-10%P24/CA
scaffold induced more bone formation than TCS-5%P24/CA, TCS/CA, and control groups. This study demonstrates that the
novel TCS-P24/CA scaffolds might contribute to the delivery of BMP2-derived Peptide P24 and is considered to be a potential
candidate for repairing bone defects.

1. Introduction

Regeneration of critical-sized bone defects resulting from
tumor resection and congenital malformation or trauma is
still a challenging problem in orthopedic surgery [1-3].
Autograft is the “gold standard” and clinical approach for
bone defect reconstruction; it has considerable limitations

such as insufficient graft material, and unpredictable bone
resorption [4, 5]. Hence, bone tissue engineering has been
recommended as a promising approach for bone regenera-
tion [6, 7]. However, most of the bone tissue engineering
scaffolds were recorded for the significant lack of osteoinduc-
tivity. The combination of osteoinductive growth factors or
peptides is of important significance [8].
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BMP-2 has been proved previously in inducing bone for-
mation owing to its better osteoinductive activity [9, 10].
BMP-2 is known as well too costly, and it usually needs to
be applied in a high-dose for clinical therapy, followed by
side effects such as promotion of tumor angiogenesis and
excessive bone resorption [11, 12]. Alternatively, BMP-2
derived peptide P24 has been investigated and demonstrated
as an enhanced effect of osteogenesis [13]. The P24 peptide is
composed of small molecules and has chemical stability and
structural alignment, which is beneficial to its biological
effect [3]. Besides, the P24 peptide contained ample phos-
phorylated serine and aspartic acid, which can improve the
acceleration of nucleation and mineralization [14]. Also,
P24 peptide has a low production cost and is suitable for
preparation [3]. According to these characteristics, BMP-2-
derived peptide p24 seems to have application space.

Over the past few decades, scaffolds used to release pep-
tides or proteins have received considerable attention. Chito-
san has attracted remarkable attention for bone tissue
engineering owing to its promising nontoxicity, biodegrad-
ability, and biocompatibility [15]. The addition of the thiol
group on the amino group of chitosan can ameliorate some
properties of chitosan [16]. Chitosan is not soluble in neutral
medium, however, the thiolated chitosan showed good solu-
bility under the condition of neutral pH [17]. Therefore, thio-
lated chitosan-based scaffolds suitable for delivering peptides
or proteins sensitive to pH changes were prepared [18]. This
thiol group on thiolated chitosan might be more conducive to
the delivery of cysteine-rich peptides or proteins in the thio-
lated chitosan-based scaffolds.

However, the structure of the pure thiolated chitosan
scaffold has the drawback of quick degradation and weak
mechanical properties [19]. Therefore, thiolated chitosan
scaffolds may be compounded with calcium carbonate,
which is bioabsorbable and has good bone conductivity
and biocompatibility. Synthetic calcium carbonate compos-
ite scaffolds have been considered as a promising material
for bone defect repair [20]. In this research, carboxymethyl
chitosan known as a derivative of chitosan, with better
water solubility, has been used to prepare and incorporate
at the same time an intermediate formula for calcium car-
bonate. The calcium carbonate hybrid microspheres have
excellent biocompatibility, bone conductivity, and biode-
gradability [21]. According to these findings, we believe
that when calcium carbonate microsphere, being synthe-
sized by in-situ precipitation method and combined with
thiolated chitosan, can be used as an effective carrier of
P24 peptide [22-25]. However, thiolated chitosan/calcium
carbonate composite scaffolds for P24 peptide sustained
release have not been reported yet. Thus, it is highly signif-
icant to analyze the P24 sustained release characteristics for
the potential application of TCS-P24/CA scaffolds in bone
tissue engineering.

In this study, we synthesized a novel TCS-P24/CA scaf-
folds for the continuous delivery of P24 peptide. First of all,
we tested the physical properties of TCS-P24/CA scaffolds
in vitro. Secondly, we performed the proliferation and shape
of BMSCs on the TCS-P24/CA scaffolds. Thirdly, the ALP
activity, osteogenic-specific genes, and calcium deposition
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of BMSCs cultured on the TCS-P24/CA scaffolds were eval-
uated. Finally, calvarial bone defect models were created to
evaluate the effect of TCS-P24/CA scaffolds for bone
regeneration.

2. Materials and Methods

Calcium chloride, chitosan (degree of deacetylation: 80%-
95%), ammonia carbonate, and sodium tripolyphosphate
were purchased from Sinopharm Chemical Reagent Co. Ltd.,
China. Chondroitin sulfate C and carboxymethyl chitosan
(Molecular weight: ~150kDa, deacetylation degree: >90%)
were purchased from Rubio Co. Ltd, Germany. 2-
iminothiolane hydrochloride was purchased from Sigma,
USA. P24 Peptide (N — C: KIPKA SSVPT ELSAI STLYL
SGGC) was synthesized by Shanghai ZiYu Biotech Co. China.

2.1. Thiolated Chitosan Fabrication. Thiolated chitosan
(TCS) was fabricated by a previously described method
[26]. Briefly, 400 mg of chitosan was dissolved in 200 mL
1% acetic acid for 5h to obtain a 0.2% (w/v) chitosan solu-
tion. 80 mg of 2-iminothiolane hydrochloride was added into
the solution, and the pH was adjusted to 6. Furthermore, the
mixed solution was dialyzed against 5mM HCI once, 5 mM
HCI (containing 1% NaCl) twice, 5mM HCI once, and
1 mM HCl once, 1 day for each time. The TCS samples were
obtained by lyophilizing the mixed solution at —80°C and
20 Pa.

2.2. Calcium Carbonate Microspheres (CA) Fabrication.
10 mg/mL of carboxymethyl chitosan and 0.4 mol/L of cal-
cium chloride solution were mixed and stirred for 10minutes,
recorded as solution A. Concerning solution B, 20 mg/mL of
chondroitin sulfate and 0.8 mol/L of ammonium carbonate
solution were mixed and stirred for 10 minutes. Solution B
was added drop by drop into solution A and then stirred
for half an hour. Finally, the solution was mixed and washed
4 times, and then the calcium carbonate microspheres were
obtained by drying the sediment for 48 hours.

2.3. TCS-P24/CA Scaffold Fabrication. 100 mg calcium car-
bonate microspheres (CA) were added to 5mL 2% thiolated
chitosan (TCS) solution and mixed by ultrasonic crusher.
The different amounts of P24 were used to fabricate TCS/CA,
TCS-5%P24/CA, or TCS-10%P24/CA mixed solution. There-
fore, a 96-well plate was used as a mold and the mixed solution
was lyophilized at —80°C and 20 Pa to obtain the TCS/CA,
TCS-5%P24/CA, or TCS-10%P24/CA scaffolds.

2.4. In Vitro P24 Release Study from TCS-P24/CA Scaffold.
TCS-P24/CA scaffold was prepared as previously described.
TCS/CA scaffolds loaded with P24 were placed in Eppendorf
tube. After that, 3 mL PBS was added to the Eppendorf tube.
All samples were continuous shaking at 60 rpm and incu-
bated under 37°C. During the designed time interval, the
amount of 0.5 mL release medium was tested and replaced
by the PBS. The concentration of P24 is determined by the
BCA detection kit (Nanjing Jiancheng, China) according to
the company’s guidelines.
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2.5. Cell Preparation. BMSCs were isolated as described else-
where [27]. The primary BMSCs were cultured in DMEM-
F12 with 10% fetal bovine serum in a mixed environment
at 37°C and 5% CO2. Cell passage numbers P3 and P6 were
identified and utilized for all experiments.

2.6. Characterization of Scaffold and Observation of Cell
Morphology. The interior morphology of the TCS-P24/CA
composite scaffolds was observed by scanning electron
microscopy (SEM) as described [28]. And then, BMSCs were
seeded onto TCS-P24/CA scaffolds and cultured in DMEM-
F12 with 10% fetal bovine serum. After 5 days of coculture,
samples were fixed with 0.25% glutaraldehyde solution for
24h and immersed in OsO4 for 1h and then rinsed 5 times
in 1x PBS. The samples were dehydrated with increasing con-
centrations of acetone (30-100%). Therefore, the samples
were fixed on aluminum stubs and then observed under
scanning electron microscopy (Hitachi S-3000 N, Japan).

2.7. Cell Proliferation Assay. BMSCs were seeded on TCS-
P24/CA scaffolds. At present time points, the Cell Counting
Kit-8 (CCK-8, Dojindo) was used to assess cell activity
according to the user manual, and OD values were measured
at 450 nm by a microplate reader.

2.8. In Vitro Osteogenesis Study. BMSCs were cultured for 1,
3, and 7 days. Alkaline phosphatase (ALP) activity of the
BMSCs in the different groups was determined by the ALP
assay kit (Nanjing Jiancheng, China) according to the user
manual. The calcium mineral deposition formed by BMSCs
was evaluated by alizarin red staining (AR-S). BMSCs were
cultured in osteogenic induction medium for 21 days, cells
were fixed in 4% paraformaldehyde, rinsed three times with
PBS and treated with alizarin red (Beyotime) for 10 min,
and washed with ultrapure water. Three randomly selected
fields were analyzed by Image-]J for calcium mineral deposi-
tion area under a microscope.

2.9. Real-Time Polymerase Chain Reaction (PCR). The total
RNA was isolated by Trizol reagent, and the synthesized
cDNA was used to perform PCR. Specific primers (Table 1)
were used for PCR amplification to analyze the expression
of type I collagen al (COLlal), alkaline phosphatase
(ALP), and runt-related transcription factor 2 (Runx2).
Transcriptor cDNA Synth Kit and Fast Start Universal SYBR
Green Master were used for PCR. All of the reactions were
normalized to GAPDH.

2.10. In Vivo Study. All in vivo experiments were conducted
according to the protocols approved by the Southern Medical
University Institutional Animal Care and Use Committee.
Twenty-four female SD rats (180-250g) were used in this
study, and rats were randomly assigned to the control group
(no scaffold), TCS/CA group, TCS-5%P24/CA group, and
TCS-10%P24/CA group. General anesthesia was induced by
1.0ml 2% pentobarbital sodium. Under general anesthesia,
a dental bur was used to create a circular calvarial bone
defect of 5mm. Then, the scaffolds were implanted into
the calvarial bone defect, and the skin was closed. After 4

and 8 weeks, all calvarial samples were harvested and soaked
in 4% paraformaldehyde.

2.11. Micro-CT Analysis. The harvested calvarial samples for
weeks 4 and 8 were examined using an advanced micro-
computed tomography instrument (Micro-CT, ZKKS-MC-
Sharp-IV, Zhongke Kaisheng Bio, Inc.) with scanning
parameters of a 0.5mm aluminum filter, 200 mA, and
50kV. Morphometric parameters such as the bone mineral
density (BMD) were analyzed.

2.12. Histological Examination. After Micro-CT imaging, all
calvarial samples were fixed and decalcified, and the speci-
mens were dehydrated through an alcohol gradient and
embedded in paraffin blocks. 5 ym thick serial slices was pre-
pared and subsequently stained with hematoxylin and eosin
(HE) and Masson’s trichrome staining.

2.13. Statistical Analysis. All data are expressed as mean + SD
; the student’s ¢-test was used to examine whether the differ-
ences between groups were statistically significant. The prob-
ability level of significant difference is p < 0.05.

3. Results

3.1. Characterization of Scaffold, Morphology, and Proliferation
of BMSCs on Scaffold. The inner structure and morphology of
the scaffold were examined by Scanning Electron Microscope
(SEM). As shown in Figure 1(a), the majority of the pores
have a diameter from 90-120 ym. To evaluate whether the
scaffolds affected cell growth, BMSCs were seeded onto
TCS/CA, TCS-5%P24/CA, and TCS-10%P24/CA scaffolds.
The SEM results indicated that most of the BMSCs showed
a spindle morphology on TCS/CA, TCS-5%P24/CA, and
TCS-10%P24/CA (Figure 1(b): B1, B2, and B3), which have
been shown to promote the differentiation and maintain
the multipotency efficiency of BMSCs. Cell viability and pro-
liferation were measured by the CCK-8 assay (Figure 2(a)).
CCK-8 results showed that the proliferation of BMSCs on
TCS-P24/CA scaffolds (Figure 2(a)) was similar to control
groups after 1, 3, 7, 10 days. These results demonstrated that
the TCS-P24/CA scaffolds were noncytotoxic to BMSCs and
might support a good proliferation pattern of BMSCs.

3.2. Release Behaviors of the BMP2-Derived Peptide P24. The
cumulative release amounts of P24 from TCS-P24/CA scaf-
folds are shown in Figure 1(c). The TCS-P24/CA scaffolds
could release P24 peptide continuously for 29 days. The
cumulative release curve of P24 peptide showed that during
the 29-day release cycle, the release rate of P24 peptide was
faster in the first 7 days, then slowed down and the release
curve tended to be stable. 80% of P24 was released from the
TCS-P24/CA scaffold within 29 days. In summary, the
TCS-P24/CA scaffold can release P24 peptide continuously
and effectively.

3.3. In Vitro Osteogenesis. Osteogenic differentiation by
BMSCs within the TCS-P24/CA scaffolds was evaluated by
the ALP activity, the expression of osteogenic genes, and
the level of calcium deposition. As shown in Figure 2(b), on
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TaBLE 1: Primer sequences of osteogenic markers.

mRNA Forward (5'-3") Reverse (5'-3")

COLlal GCAACAGTCGCTTCACCTACA CAATGTCCAAGGGAGCCACAT
GAPDH TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG
ALP GGCTGGAGATGGACAAATTCC CCGAGTGGTAGTCACAATGCC
Runx2 CCAACCCACGAATGCACTATC TAGTGAGTGGTGGCGGACATAC

COL1al: collagen type I alpha 1; GADPH: glyceraldehyde-3-phosphate dehydrogenase; ALP: alkaline phosphatase; Runx2: runt-related transcription factor 2.
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FiGure 1: (a) SEM image of TCS-P24/CA scaffold (A1:100X; A2:200X). (b) SEM view of BMSCs cultured on (B1) TCS/CA, (B2) TCS-
5%P24/CA, and (B3) TCS-10%P24/CA scaffolds at a magnification of 5000X. (c) Cumulative in vitro release curves of the TCS-P24/CA

scaffold. Error bars represent mean + SD (n = 3).

day 3, the ALP activity of BMSCs in the TCS-5%P24/CA and
TCS-10%P24/CA groups was significantly higher than con-
trol and TCS/CA groups (p < 0.01). On day 7, the ALP activ-
ity of BMSCs of TCS-10%P24/CA group was significantly
higher than other groups (p <0.05). The level of calcium
nodule deposition after 21 days in culture was investigated
by alizarin red staining. The results revealed that the control
group showed almost no positive staining; TCS/CA and TCS-
5%P24/CA groups showed positive staining, while TCS-
10%P24/CA group presented the most significantly positive
staining (p <0.05 Figure 2(c)). Moreover, as shown in

Figure 2(d), PCR showed that ALP, Runx2, and COL1al gene
expression increased in the TCS-10%P24/CA group com-
pared to the other groups (p < 0.05).

3.4. TCS-P24/CA Scaffolds Promote Bone Regeneration. We
next investigated the effect of TCS-P24/CA scaffold on rat
calvarial defect repair at 4 and 8 weeks after operation. The
Micro-CT results revealed that there was no bone repair in
the control group (Figure 3(a)), whereas the TCS/CA and
TCS-5%P24/CA groups demonstrated a small amount of
new bone formation into the defect. Additionally, bone
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FIGURE 2: (a) CCK-8 test of BMSCs viability after coculture with TCS/CA, TCS-5%P24/CA, and TCS-10%P24/CA scaffolds at days 1, 3, 7, and
10. (b) The relative ALP activity of BMSCs cultured in a scaffold-stimulated medium. (c) Alizarin red S staining of BMSCs cultured with
TCS/CA, TCS-5%P24/CA, and TCS-10%P24/CA scaffolds for 21 days. (d) The level of the mRNA for osteogenic-specific genes (Runx2
and ALP) and related matrix genes (COLlal) of rat BMSCs cultured on TCS-P24/CA scaffolds for 7 days. Levels, quantified using
real-time RT-PCR, are normalized to the reference gene GAPDH. (*p <0.05; **p <0.01); Error bars represent mean + SD (n=3).
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formation was significantly increased in the TCS-
10%P24/CA group compared to other groups at 8 weeks.
After 8 weeks, according to Micro-CT analysis, the BMD
was significantly higher in the TCS-10%P24/CA group.

We performed HE and Masson staining to further verify
the repair effect after 4 and 8 weeks (Figure 4). At 4 weeks,
although there was no new bone formation in the control
group, which had fibrous tissue formation, a small amount
of new bone formation was found in the TCS/CA, TCS-
5%P24/CA, and TCS-10%P24/CA groups. 8 weeks after
implantation, different from the lack of obvious bone forma-
tion in the defect area of the control, TCS/CA, and TCS-
5%P24/CA groups, the repaired area of TCS-10%P24/CA
group had stronger osteogenic ability, and more osteoblasts
were observed around the new bone, and vascularization
could be seen at the edge of the bone defect. In summary,
our results demonstrated that TCS-10%P24/CA significantly
enhances bone regeneration in vivo.

4. Discussion

Excellent bone tissue engineering scaffold should not only
support cell attachment, cell proliferation, and migration
but also could to carry and release osteogenic induction mol-
ecules [29, 30]. In the present study, the TCS-P24/CA scaf-
fold was used to accomplish the controlled delivery of P24
peptide to enhance osteogenesis. Our findings demonstrated
the safety and efficiency of the TCS-P24/CA scaffold in bone
regeneration and affirmed the potential application value of
this material in bone regeneration.

The efficiency of BMP-2 depends on the form of delivery.
It has been proved that long-term delivery of BMP-2 is more
effective in promoting bone formation in a certain dose range
[31]. At present, one of the pivotal issues of BMP-2 is to select
a suitable drug delivery system to ensure its controlled release
and maintain biological activity. In many cases, the BMP-2
deposited in the material is released with an early eruption.
Therefore, a more reliable carrier for sequential delivery of
growth factors to the target has received widespread atten-
tion. As a carrier for localization and delivery of BMP-2,
the system includes polylactic-glycolic acid, absorbable colla-
gen [32]. Chitosan is also a well-tested vehicle. The effective-
ness of thiolated chitosan as a drug controlled release scaffold
has been confirmed by drugs such as insulin [33]. However,
most studies have focused on systematic drug delivery [28].
At the same time, although thiolated chitosan has many
advantages in tissue engineering, however, the structure of
the pure thiolated chitosan scaffold has the drawback of
quick degradation and weak mechanical properties. There-
fore, thiolated chitosan scaffolds may be compounded with
inorganic minerals to improve the mechanical properties.
At present, there are many kinds of bone scaffold materials
in tissue engineering technology. Calcium carbonate used
in this experiment is a kind of artificial bone, which also
includes nanohydroxyapatite, tricalcium phosphate, calcium
sulfate, and calcium phosphate cement [34]. As a bone sub-
stitute material, nanohydroxyapatite has been used in the
clinic for a long time and shows good biocompatibility, bio-
activity, and bone conductivity, but it has low bending
strength, high brittleness, easy to fracture, and difficult to
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FIGURE 4: Histology of the cranial specimens at 4 and 8 weeks after implantation in vivo. (a) Hematoxylin and eosin staining of harvested
tissues in Control, TCS/CA, TCS-5%P24/CA, and TCS-10%P24/CA groups. Yellow arrow represents new bone. (b) Masson’s trichrome
staining of harvested tissues in Control, TCS/CA, TCS-5%P24/CA, and TCS-10%P24/CA groups. Black arrow represents new vessel.

shape [28]. Tricalcium phosphate is similar to bone in chem-
ical composition and crystal structure [35]. Due to its fine
particle size and micropore structure, tricalcium phosphate
has good bone conductivity and biodegradability. However,
its application is limited by its brittleness, intolerance to pres-
sure, and easy decomposition. Calcium sulfate is one of the
earliest bone substitute materials; as a bone conduction mate-

rial, it can be completely absorbed with the formation of bone
tissue and bone structure remodeling, but it often reduces its
mechanical strength because it is absorbed too fast, which is
not conducive to the repair of bone defects at the weight-
bearing site [36]. Calcium phosphate cement is a kind of
injectable biological bone substitute material, which has
attracted many scholars in recent years because of its good



biocompatibility and easy shaping. However, the material
must be closely attached to the bone bed when filling the
defect, and even so, its bone conductivity is still limited,
which limits its clinical application [37].

Calcium carbonate is the main component of coral
and widely used in the repair of bone defects in the
clinic [22]. Calcium carbonate is bioabsorbable and has
excellent biocompatibility and osteoconductivity. However,
coral bone transplantation is confronting limitations, such
as changes in physical marine, ecological environment, and
chemical properties [38]. Synthetic calcium carbonate-
based biomaterials are considered to be effective materials
to replace corals to repair bone defects. The addition of
carboxymethyl chitosan makes calcium carbonate hybrid
microspheres have good biocompatibility, osteoconductivity,
and biodegradability. The addition of carboxymethyl chito-
san makes calcium carbonate hybrid microspheres have
more excellent biocompatibility and biodegradability. Mean-
while, the potential application of this novel thiolated chito-
san/calcium carbonate composite microsphere scaffold in
bone tissue has not been studied.

Bone tissue engineering scaffolds wusually require
extremely porous and interconnected pore structures. More
extensive pore size and porosity usually indicate a large sur-
face area ratio, which is favorable toward cell adhesion to the
scaffold and improves bone tissue reconstruction [39, 40]. A
previous study has shown that the growth quality of bones in
porous systems depends on their pore size [41, 42]. The opti-
mal pore size for mineralized bone growth is still a contro-
versial topic. The previous study has shown that the pore
size of regenerated mineralized bone should be greater than
100 ym [43]. A study [19] revealed pores greater than 20-
100 um were beneficial to cell infiltration, and the neovascu-
larization was improved significantly after exceeding 100 pym.
The porous structure of our scaffold was obtained by a
freeze-drying technique. The results of SEM demonstrated
that the majority of the pores have a diameter from 90-
120 pym. Our studies further revealed that TCS-P24/CA scaf-
folds can effectively promote cell proliferation and bone
growth, indicating that TCS-P24/CA scaffolds with a pore
diameter of 90-120 um are suitable for bone growth.

In addition to the favorable controlled delivery perfor-
mance of the TCS-P24/CA scaffolds, its biological effects
are also desirable. It is well justified for their osteoconduc-
tivity and osteoinductivity of P24 peptides, P24 peptides
play a significant role in osteogenic differentiation [44],
they are indispensable in different stages of bone healing.
A study [45] has revealed that adenovirus-mediated BMP
therapy can cause harmful side effects, such as immunoge-
nicity and tumorigenesis. However, biomaterials as car-
riers, which can provide controllable and continuous
transmission of growth factors at the defect site and simu-
late its time distribution during bone healing in vivo [46].
The results showed that the TCS-P24/CA group maintains
the prolonged release of P24 continued for 29 days, sug-
gesting that the release velocity from the TCS-P24/CA
scaffold manifests a sustained release of P24 and leads to
osteogenic differentiation of the BMSCs and promoting
bone regeneration.

Journal of Nanomaterials

The biological properties of the TCS-P24/CA scaffolds
in vitro were investigated. CCK-8 analysis showed that the
number of BMSCs in the TCS-P24/CA composite scaffolds
group was similar to that in the control group, indicating
that the composite stent provided a suitable microenviron-
ment for cell proliferation. Furthermore, the important
markers to assess the differentiation of osteoblasts are the
activity of ALP and the level of calcium deposition and the
expression of osteogenic genes. These results showed that
ALP activity of TCS-10%P24/CA group significantly
increased on day 7 compared to the other groups. Similarly,
the level of calcium mineral deposition increased as well in
the TCS-10%P24/CA group after 3 weeks. Furthermore,
PCR results showed that Runx2, Alp, and COLlal mRNA
expression increased significantly in the TCS-10%P24/CA
group. These results indicate that P24, when delivered in
TCS-P24/CA scaffolds, still retains its biological ability.
TCS-P24/CA scaffolds provide an effective approach to
P24 delivery and have stimulatory effects on the matrix
mineralization and differentiation of osteoblastic cells.

In vivo osteoinductive studies, to further evaluate the
ability of TCS-P24/CA scaffolds and promote bone forma-
tion. We created calvarial bone defects in SD rats. These
results demonstrated that BMD in the TCS-10%P24/CA
group was much higher than in the other groups and exhib-
ited robust osteogenic activity. Histological analysis was
similar to the BMD result (Figure 4). These data revealed
that TCS-10%P24/CA scaffolds enhanced the repair and
mineralization of defects compared to other groups, indicat-
ing TCS-P24/CA that scaffolds are osteoconductive, while
TCS-10%P24/CA scaffold can provide an even more effec-
tive approach to the repair of a critical-sized bone defect.
These results may be due to the role of TCS-P24/CA in pro-
moting osteogenic differentiation in BMSCs and supporting
BMSC adhesion and proliferation. These data confirmed the
effectiveness and feasibility of developing functional TCS-
P24/CA scaffolds as a biological factor delivery platform
for bone repair.

There are still some limitations in this experiment, such
as the failure to establish more concentration gradients to
explore the most appropriate concentration of P24 polypep-
tide to promote osteogenesis and further explore the signal
transduction mechanism of materials in the process of osteo-
genesis. Thus, further experiments are needed to improve.

5. Conclusions

In this study, a novel thiolated chitosan-P24/calcium carbon-
ate composite microspheres scaffold (TCS-P24/CA), synthe-
sized by the in-situ coprecipitation and the freeze-drying
methods, can steadily release P24 for 29 days. In vitro inves-
tigation regarding SEM showed that the majority of the
pores have a diameter from 90-120 ym. Moreover, it was
demonstrated to promote BMSCs adhesion, viability, and
proliferation. Additionally, TCS-P24/CA induced osteogenic
differentiation of BMSCs in vitro. Finally, the promoting
effect of TCS-10%P24/CA scaffold on bone regeneration
was significantly higher than that of other groups in vivo.
The novel TCS-P24/CA scaffold is expected to become a
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novel bone substitute material with clinical application
prospects.
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Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) has a great potential in bone repair, but unfortunately, the poor
mechanical properties limit its further application. In this work, zinc oxide (ZnO) nanoparticles were incorporated into PHBV
porous scaffold fabricated by selective laser sintering technique. It was because ZnO nanoparticles could provide nucleating sites
for the orderly stacking of polymer chains, thereby enhancing the crystallinity of PHBV. It was well known that the mechanical
properties of PHBV scaffold could be enhanced with the increase of crystallinity. More significantly, the released Zn** would
combine negatively charged cell membranes of bacterial through electrostatic interaction and consequently destructed the
protein structure and resulted in the death of bacterial, which was highly desired in reducing the risk of implant infection.
Results indicated that the relative crystallinity of scaffold with 3 wt.% ZnO increased remarkably from 38% to 64% compared to
pure PHBV scaffold, which effectively enhanced the compression strength and modulus by 56% and 51.5%, respectively.
Moreover, the scaffold had a favorable antibacterial activity. Cell culture experiments proved that the scaffold could promote the
cell behaviors. The positive results demonstrated the scaffold may serve as a potential replacement in bone repair.

1. Introduction

The large bone defects resulted from trauma, infection, and
tumor are commonly difficult to heal by their own ability,
which seriously affects the patients’ living quality and health
level [1]. Artificial bone scaffolds, which enable to provide a
mechanical and physiological support to cells for in vitro
tissue regeneration and/or in vivo implantation, are considered
to be a promising alternative in the treatment of large bone
defects [2, 3]. Among various biomaterials, poly(3-hydroxybu-
tyrate-co-3-hydroxyvalerate) (PHBV) has received consider-
able attention because of its favorable biocompatibility and
biodegradability. It can degrade in vivo to hydroxybutyric,
which is a normal component of human blood [4]. However,

insufficient mechanical performance has limited its further
application in bone repair.

It is well established that the mechanical property of PHBV
is positively related to its crystallinity [5]. Introducing nanofil-
lers is considered to be an effective countermeasure to improve
the crystallinity [6]. For example, Jun et al. [7] have found that
the crystallinity of PHBV was greatly improved with the
incorporation of carbon nanotubes. Kouhi et al. [8] fabricated
PHBV/hydroxyapatite/bredigite scaffolds and found that the
incorporation of nanoparticles increased the crystallinity of
PHBV matrix and subsequently enhanced the Young’s modu-
lus and ultimate strength. Zhang et al. [9] prepared PHBV /cel-
lulose nanocrystals/silver nanocomposites by using solution
casting. It was found that the composites showed higher
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crystallinity and smaller average crystallite size compared to
PHBV. Meanwhile, the tensile strength and modulus of the
composites were greatly increased by 97.6% and 231%,
respectively.

Among various nanofillers, zinc oxide (ZnO) nanoparti-
cles possess good biocompatibility, which has been approved
as a biomedical material by Food and Drug Administration
(FDA) [10]. More interestingly, ZnO has a favorable antibac-
terial ability against a wide a range of bacteria. It can release
zinc ions (Zn”*) to combine with the negatively charged cell
membranes of bacterial through electrostatic interaction and
consequently destructed the protein structure and resulted in
the death of bacterial, which was highly desired in reducing
the risk of implant infection [11]. Furthermore, it can also
generate reactive oxygen species (ROS) under the irradiation
of ultraviolet light to damage the cell membranes of bacterial
[12, 13]. Moreover, Zn is an important trace element in the
human body and participates in various metabolic pro-
cesses [14]. It has been reported that an appropriate
amount of Zn can promote bone formation while inhibiting
bone resorption.

Although different fabrication methods including solvent
casting, particle-leaching, and foam replication have been
developed to manufacture bone scaffolds with desirable
properties, these techniques have great difficulty in fabricat-
ing bone scaffolds with controllable porous structure and
personalized shape [15]. It is well established that the porous
structure of the scaffold is conducive to the growth of cells,
the transmission of nutrients, and the discharge of metabo-
lites, whereas the personalized shape design can meet the
requirements of various patients [16, 17]. As an emerging
additive manufacturing technique, selective laser sintering
(SLS) can precisely construct bone scaffold with complicated
structure and customized shape from 3D digital data by
sequentially fusing region in a powder bed, layer-by-layer,
via a computer-controlled scanning laser beam. More partic-
ularly, any powdered biomaterial that will fuse but not
decompose under the irradiation of laser beam can be used
to fabricate scaffold [18].

In this work, PHBV/ZnO scaffolds were manufactured by
selective laser sintering. The crystallization behaviors,
mechanical performances, and antibacterial activities were
systematically investigated. The relationship between the
crystallization behavior and mechanical properties was
discussed in depth. Moreover, in vitro cell behaviors were
also explored. This work attempts to provide an effective
countermeasure to simultaneously improve the mechanical
property and antibacterial activity of PHBV scaffold and also
supplies a strategy to overcome challenges in rapidly fabricat-
ing scaffolds with controllable pore structure.

2. Experiment

2.1. Materials. PHBV powders (molecular weight: 280 kDa,
density: 1.25g/cm’) were provided by TianAn Biological
Materials Co., Ltd. (Ningbo, China). ZnO nanoparticles with
average size of 50 nm and specific surface area of 15-25m?/g
were supplied by Aladdin Reagent Co., Ltd. (Shanghai, China).

Journal of Nanomaterials

2.2. Preparation of PHBV/ZnO Scaffold. The fabrication
process of three-dimensional porous PHBV/ZnO composite
scaffolds is illustrated in Figure 1. In detail, a certain amount
of PHBV and ZnO powders was weighted according to the
designed mass ratio and then poured into a beaker contain-
ing ethanol solution. Subsequently, the mixed suspensions
were subjected to mechanical agitation and ultrasonic disper-
sion simultaneously for 2h. Afterwards, the well-mixed
suspensions were filtered and dried in the vacuum drying
oven. Ultimately, the mixed powders could be obtained by
using ball milling.

The scaffolds were manufactured by a laser 3D molding
system with independent intellectual property rights. It
mainly consisted of a continuous wave CO, laser with the
wavelength of 10.6 ym. The whole processing parameters in
this study were set as follows: laser power 5W, scanning
speed 100 mm/s, and scanning space 0.15mm. The three-
dimensional porous scaffolds could be obtained through
layer-by-layer construction. For the convenience of descrip-
tion, PHBV scaffold with various ZnO contents of 1, 3, and
5 wt.%, which were named as PHBV/1nZnO, PHBV/3nZnO,
and PHBV/5nZnO, respectively.

2.3. Microstructure and Mechanical Property. The morphol-
ogies of the samples were characterized by scanning electron
microscopy (SEM, Zeiss, Germany). The functional groups
of the scaffolds were analyzed by the Fourier transform
infrared spectroscopy (FTIR, Tianjin Gang Dong Technol-
ogy Co. Ltd., China). The phase structures of the scaffolds
were measured by utilizing X-ray diffractometer (XRD,
Karlsruhe, Germany). The melting and crystallization perfor-
mance of the scaffolds under a constant heating and cooling
rate of 10°C/min was measured by differential scanning
calorimeter (DSC, TA, USA). The samples were firstly heated
from 30 to 210°C to remove the thermal story of the PHBV
and then cooled to 30°C. Afterwards, the samples were heated
to 210°C again. The thermal stabilities of the samples were
investigated by thermogravimetric analyzer (TG, PerkinEl-
mer, USA). The Zn** concentration released by scaffold in
the deionized water was quantitative analyzed via inductively
coupled plasma optical emission spectrometer (ICP-OES,
SPECTROBLUE SOP, Germany). The compression proper-
ties of the scaffolds were measured by mechanical testing
machine (CMTS5205, MTS, USA) under a deformation rate
of 0.5mm/s.

2.4. Antibacterial Activity. Before the experiment, all experi-
mental apparatus and the samples were washed with ethyl
alcohol under the ultrasound bath and subsequently
sterilized with ultraviolet (UV) for 1 h. The phosphate bufter
solution (PBS) was used to dilute the bacterial suspensions
and then seeded to lysogeny broth (LB) culture medium.
The Escherichia coli (E. coli, ATCC 25922) were selected
to explore the antibacterial properties of the scaffolds. The
antibacterial properties of the scaffolds against E. coli were
quantitatively evaluated by the bacterial inhibition rate. In
detail, the scaffolds with various ZnO contents were
immersed in the Petri dish containing bacterial suspensions
with a density of 1 x 10° CFU/mL and cultured for 1, 4, and
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FIGURE 1: The manufacturing process of the scaffolds.

7 days at 37°C. Then, the optical density of bacterial was also
measured by a microplate reader (Beckman, USA) at
600 nm. The antibacterial rate was calculated as the following
equation:

A,-A
Antibacterial rate (%) = ———L x 100% (1)
1

where A, and A, were the optical density of the bacterial sus-
pensions contained with and without scaffolds, respectively.
Each sample was tested for three times.

The morphologies of bacterial on the scaffolds were
observed by SEM. In detail, the bacterial-scaffold complexes
were taken out from the Petri dish and cleaned with PBS.
Afterwards, the bacterial-scaffold complexes were fixed with
glutaraldehyde and dehydrated with a series of alcohol.
Subsequently, the complex was dried in vacuum drying oven
and finally observed by SEM.

2.5. Cell Response. The cell response of the scaffolds was
evaluated by using human osteoblast-like MG-63 cells. Prior
to testing, the cells were cultured in glucose DMEM contain-
ing 10% fetal bovine serum at 37°C under a humidified
environment with 5% CO,, and the culture medium was
refreshed every two days. Before cell seeding, the scaffolds
were washed with PBS and sterilized with UV for 30 min
followed by transferring them into a 12-well dish. Subse-
quently, the cells were seeded on scaffolds with a density of
1 x 10* cell/mL.

The cell adhesion on scaffold cultured for various periods
was observed by SEM. After 1, 3, and 5 days of cultivation,
the cell-scaffold complex was taken out and then washed with
PBS. Hereafter, the cells on scaffolds were fixed with glutaral-
dehyde and dehydrated with gradient ethanol. Ultimately,
the morphologies of the cells on the scaffolds were observed.

Fluorescence microscope (Olympus Co. Ltd., Tokyo,
Japan) was adopted to observe the cell proliferation. The
cell-scaffold complex was taken out from medium and

washed with PBS for three times after culturing for 1, 3,
and 5 days. Then, the cell-scaffold complex was stained with
live/dead staining agent (PBS solution with 2 yM calcein AM
and 4 yuM EthD-1) and continuously incubated for another
30 min. Finally, fluorescence microscope was selected to
observe the living/dead cell morphologies.

The proliferation of MG-63 cell on scaffolds was quanti-
tatively analyzed by the Cell Counting Kit-8 (CCK-8) assay.
The cell-scaffold complex was gently washed with PBS and
transferred into a new medium containing CCK-8 reagent
(Dojindo Laboratory, Kumamoto, Japan) after 1, 3, and 5
days of cultivation. 100 yL of medium was moved to a 96-
well plate after culture for another 2 hours, and the optical
density was measured via a microplate reader (Beckman,
USA) at 450 nm.

Alkaline phosphatase (ALP), as a specific marker for
early osteoblast differentiation, was observed by ALP stain-
ing. After 1, 3, and 5 days of cultivation, the cell-scaffold
complex was gently rinsed with PBS and fixed with 4% para-
formaldehyde for 20 min. Subsequently, ALP staining was
carried out using the ALP staining kit (Wako, Osaka, Japan),
and images were photographed via a microscopy.

2.6. Statistical Analysis. One-way analysis of variance
(ANOVA) was selected to evaluate the statistical significance.
All data were presented as mean + standard deviations. The
difference with *p < 0.05 was recognized to be significant.

3. Results and Discussion

3.1. Microstructure. The digital photos and the microstruc-
tures of the represent scaffold with height of 10 mm and
diameter of 10 mm are shown in Figure 2(a). Obviously, the
scaffold displayed a well porous structure, which was consis-
tent with the as-designed models. The pore size of the scaf-
fold was approximately 500 ym. It had been reported that
the minimum pore size of the bone scaffold should not be less
than 100 um to ensure the nutrients transport and cells
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FiGure 2: (a) The digital photos and the microstructures of the represent scaffold; (b) the cryofractured morphologies of PHBV and

PHBV/nZnO scaffolds.

growth [19]. Meanwhile, the mechanical performance of the
scaffold would be deteriorated with the continuous ascent of
the pore size, and the maximum pore size should not be
higher than 1000 g#m [20]. It could be concluded that the pore
size of the as-prepared scaffold was in the range of
100~1000 ym and fulfilled the requirement of the bone scaf-
fold. As reported in the literature, the dispersion state of the
nanofillers in the polymer matrix had a significant influence
on their comprehensive properties [21].

The cryofracture morphologies of the scaffolds are
displayed in Figure 2(b). It could be obviously found that
the composite scaffold presented a random and uniform
nanofiller distribution with the content of ZnO lower than
3 wt.%. However, the composite scaffold with 5wt.% ZnO
presented poor nanofiller distribution, with small agglomer-
ation composed of a few particles.

3.2. Thermal Behaviors. The thermal stabilities of the
scaffold were measured by TG, and the results are shown
in Figure 3(a). It could be seen from TG curves that all
scaffolds exhibited a single decomposition stage. The initial
decomposition temperature of PHBV scaffolds remarkably
increased with the increase of ZnO. For instance, the initial
decomposition temperature of PHBV/5nZnO scaffold
increased from 261.2°C to 288.7°C in comparison with that
of the PHBV scaffold. This improvement might be attrib-
uted to the interaction between the hydroxyl group of
ZnO and the carbonyl of PHBV, which could form a barrier
effect [22]. This barrier effect could prevent the transmission
of the decomposition products. Furthermore, ZnO with
excellent thermal conductivity could accelerate the heat
dissipation in the composite and thereby enhance the ther-
mal stability of the composite [23, 24]. It could also be
found that the char residue of PHBV scaffold was gradually
increased with increasing ZnO content, which was attrib-
uted to the relatively higher decomposition temperature of
ZnO nanoparticles [25].

The melting and crystallization behaviors of the scaffolds
are displayed in Figures 3(b) and 3(c). It could be seen from
the melting curves that pure PHBV scaffold presented two
obvious endothermic peaks located at 160.9°C and 170.6°C,
which were due to the melting of the initial crystals and the
recrystallized crystals during the DSC heating process,
respectively [26]. The endothermic peaks of the composite
scaffolds decreased with the increase of ZnO. The crystalliza-
tion peak temperature of PHBV scaffolds gradually shifted to
a higher temperature, which demonstrated that the nanofil-
lers could efficiently promote the crystallization rate of the
polymer (Figure 3(c)) [27]. In addition, the crystallization
peak became more sharpened in the composite scaffolds,
indicating that the nanofillers could efficiently accelerate
the crystallization process of the polymer [28]. The relative
crystallinity of the scaffolds could be calculated by the follow-
ing equation:

H
Mm% 100%.  (2)

AH
X =—— x100%X = ———
w AH pg X w

¢ AH

omx

where AH, is the melting enthalpy of PHBV, w is the mass
fraction of PHBV in the composites, and AHY, is the theoret-
ical enthalpy of PHBV (109]/g) [29]. It could be found that
there was a remarkable increase in the relative crystallinity
of PHBV/3nZnO composite scaffold from 38% to 64% in
comparison with that of PHBV scaffolds, which might be
attributed to the accelerated nucleation effect of ZnO nano-
particles. However, relative crystallinity of the composite
scaffolds was decreased with the further increase of nanofil-
lers. This might be due to the aggregation of the nanofillers,
which hindered the mobility of the polymer chains during
the crystallization process.

The XRD patterns of the scaffolds are shown in
Figure 3(d). There was two obvious peaks located at 20 of
13.4" and 16.9°, being ascribed to the (020) and (110) crystal-
line planes of PHBV, respectively [30]. The characteristic
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the scaffolds.

peaks located at 34.5" and 36.1° were ascribed to the (002)
and (101) crystalline planes of ZnO, respectively [31].
Compared with PHBV, the peak in the composite scaffold
became narrower and more intense, which indicated that
the nanofiller could efficiently promote the crystallization of
PHBYV, thereby resulting in the formation of smaller crystals.
Moreover, there was no peak shift in the XRD patterns,
which revealed that the SLS process did not destroy the
crystal structures of the materials.

The functional groups of the scaffolds were characterized
by FTIR, and the results are shown in Figure 3(e). Pure
PHBV presented a strong peak situated at 1727 cm ™", which
was assigned to the telescopic vibration of carbonyl group

[32]. The peaks situated at 1445 and 1300 cm™’, which were
ascribed to the asymmetric bending vibration of CH; and
the in-plane bending vibration of H-C-O [33]. Once ZnO
nanoparticles were incorporated, a broad band appeared at
3428 cm™’, being attributed to the stretching vibration of
hydroxyl group on the nanoparticle surface [34]. It should
be noted that the carbonyl band in the composite scaffolds
became more intense and slightly shifted to lower wavenum-
ber in comparison with that of pure PHBYV, implying that
there was a hydrogen bond interactions between the carbonyl
group of PHBV and hydroxyl group of the nanoparticles [35].

The wettability of the scaffold had a significant influence
on cell behaviors. It was established that the PHBV presented
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inherent hydrophobic characteristic, which had limited its
further application in bone defects treatment [36]. The water
contact angles of the scaffold are shown in Figure 3(f). As
expected, PHBV scaffold displayed a water contact angle of
97.06 + 1.33°. It was excited to found that the water contact
angles of the composite scaffolds significantly decreased with
the increase of ZnO content. For instance, the water contact
angle of PHBV/5nZnO composite scaffold sharply decreased
to 58.84 +1.29°, which implied that the incorporation of
ZnO could achieve a conversion of PHBV scaffold from
hydrophobicity to hydrophilicity. This transformation might
be attributed to a fact that the ZnO with hydroxyl groups was
facilitated to the absorption of water molecules and thereby
enhancing the hydrophilicity of the composite scaffolds [37].

3.3. Compressive Performance. The compressive performance
of the scaffold plays a critical role in bearing different stresses
and offering structural support to the bone tissues [38]. The
compressive stress-strain curves were measured by mechan-
ical testing equipment and are displayed in Figure 4(a). The
compressive strength and compressive modulus of the
composite scaffolds calculated from their stress-strain curves
are presented in Figure 4(b). The compressive strength of the
composite scaffolds firstly raised and then reduced with the
increase of ZnO content. For instance, the compressive
strength of PHBV/3nZnO scaffold increased from 4.1+ 0.7
to 6.4 + 0.6 MPa, which increased by 56% as compared with
pure PHBV scaffold. This might mainly be ascribed to the
combination of the increase in the crystallinity of PHBV
and a uniform nanoparticle distribution. In detail, the
uniformly distributed nanoparticles in the polymer could
accelerate the orderly stacking of polymer chains, thus
enhancing the crystallinity of the composites. The enhanced
crystallinity could efficiently reduce the deformable space
inside the composites, thereby enhancing their compressive
strength. Meanwhile, the rigid nanoparticles could hinder
the proliferation and development of cracks [39]. Moreover,

the hydrogen bonding interaction between PHBV and ZnO
might absorb a part of energy during the compressive process
[40]. However, the compressive strength of the composite
scaffold reduced with ZnO content further increasing to
5wt.%, which might be ascribed to the aggregation of ZnO.
Even so, the scaffold fabricated in this work still fulfilled the
requirements for compressive strength of natural cancellous
bone, which commonly exhibited a compressive strength of
1~10 MPa [41]. Furthermore, it could be found that the
compressive modulus of the composite scaffolds improved
with the continuously increasing of ZnO content. For
example, the compressive modulus of PHBV/3nZnO scaffold
increased from 58.6+3.36 to 88.8+5.56 MPa, which
increased by 51.5% in comparison with that of pure PHBV
scaffold. This might be attributed to the relatively high
modulus of ZnO nanoparticles, which was in agreement with
the results as reported in the literature [42].

3.4. Antibacterial Properties. Trauma infection was still a big
challenge in bone repair, which required bone implants to
have antibacterial activity [43, 44]. The bacterial inhibition
rates of the scaffolds with various ZnO contents for 1, 4,
and 7 days are shown in Figure 5(a). Obviously, the bacterial
inhibition rates of the scaffolds increased with the extension
of days. The bacterial morphologies on the various scaffolds
for 7 days are shown in Figures 5(b). Obviously, several
rod-like bacteria were adhered and connected to each other
on the surface of PHBV scaffold. On the contrary, the
number of adhered bacteria was greatly decreased with the
introduction of ZnO. More interestingly, the shapes of bacte-
ria became distorted and shriveled, which implied that the
cellular structure was damaged. It has been reported that
the concentration of Zn>* within 3 mg/L shows no cytotoxic-
ity to normal cells [45]. In this work, the Zn** releases con-
centrations of scaffold in the deionized water for 1, 4, and 7
days were measured by ICP-OES, and the corresponding
results is displayed in Figure 5(c). All scaffolds showed a slow
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and sustained Zn** release throughout the whole process.
The maximum released Zn>" concentration of the scaffold
was 0.3364 +0.0024 mg/L, which was much lower than
3 mg/L. Therefore, the scaffolds have no negative effect on
the normal function of cell.

Several antibacterial mechanisms had been proposed to
interpret the antibacterial activity of ZnO nanoparticles, as
shown in Figure 5(d). Briefly, it mainly consisted of the
release of Zn®*; the mechanical damage of the cell
membranes resulted from penetration of the nanoparticles,
and the generation of reactive oxygen species [46]. In this
work, the average size of ZnO was 50 nm, which was unlikely
to penetrate into the cell wall to destroy the bacteria [47].
Moreover, the production of reactive oxygen species by
ZnO should be in the irradiation of ultraviolet light [48].
Therefore, the release of Zn>" might be a potential reason
for the antibacterial activity of the scaffolds. Pasquet et al.

[49] demonstrated that Zn>" could absorb on the negatively
charged bacterial wall by electrostatic interactions and
thereby destroying the normal structure and function of the
bacterial membrane, as well as interfering with protein
metabolism and genetic expression of bacteria.

3.5. Cell Response. The cell response of the scaffolds plays a
vital in bone repair [50, 51]. Considering the mechanical and
antibacterial properties of the scaffolds, the PHBV/3nZnO
scaffold was selected to further explore its cell behaviors. Cell
adhesion was a prerequisite for a series of reactions such as
migration, proliferation, and differentiation [52]. The SEM
images of MG63 cells on PHBV and PHBV/3nZnO scaffolds
for 1, 3, and 5 days are displayed in Figure 6. Apparently,
the spread area of the cell on the scaffolds increased with the
prolongation of time. It could be found that the cell on PHBV
scaffold presented an ellipse shape in the whole culture
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F1GURE 8: ALP staining images of MG-63 cells on PHBV and PHBV/3nZnO scaffolds after 1, 3, and 5 days of culture.

periods, which was attributed to the hydrophobic properties of
the scaffolds [53]. Compared with the PHBV scaffold, the cells
on PHBV/3nZnO displayed a flat and stretched shape after 1
day of culture. With the increase of culturing time, more
adhered cells with longer filopodia attachment were observed
on the PHBV/3nZnO scaffold, indicating its positive effect
on cell adhesion and spreading.

Fluorescence test was performed to further explored the
proliferation of cells on PHBV and PHBV/3nZnO scaffolds
and the corresponding fluorescence images for 1, 3, and 5
days of cultures are shown in Figure 7(a). Live cells are
stained in green, whereas dead cells are stained in red.
Clearly, after 1-day culture, the cells on scaffold presented a
healthy and normal polygonal shape, without obvious dead
cells, which indicated that these scaffolds provided favorable
survival environment. Meanwhile, the cell numbers increased
significantly after 3 and 5 days of culture. The cell proliferation
was quantitatively described by CCK-8 measurements, and
the results are displayed in Figure 7(b). The optical density
of PHBV and PHBV/3nZnO scaffolds displayed a significant
difference after 5-day culture, implying that the ZnO could
promote the cell proliferation.

Alkaline phosphatase (ALP) activity, as a typical marker,
was widely accepted to reflect the early differentiation of
osteoblasts [54, 55]. The staining images of MG-63 cell on
PHBV and PHBV/3nZnO scaffolds after 1, 3, and 5 days of
culture are presented in Figure 8. The ALP-positive areas of
the cells increased with the increase of culture time. More-
over, the MG-63 cells seeded on PHBV/3nZnO scaffolds
displayed a more significant ALP staining than that of PHBV
scaffolds at the same culture time, which indicated that the
PHBV/3nZnO scaffolds could promote the cell differentia-
tion. Combining with CCK-8 and live/dead staining assays,
it was indicated that PHBV/3nZnO scaffold was more
conducive to cell adhesion, growth, and differentiation. The
released Zn** could participate in the modulation of cellular
signaling transduction [56]. Meanwhile, the Zn>" could regu-
late the interaction between signal peptides and extramem-
brane receptors, thereby improving the cell behaviors [57].
In addition, Zn is an important trace element, which widely
involves in synthesis of several nucleic acid and protein [58].

4. Conclusion

In this study, ZnO nanoparticles were incorporated into
PHBYV scaffolds fabricated by the SLS technique, aiming at
improving their mechanical properties and antibacterial activ-
ities. The results indicated that a scaffold with 3wt.% ZnO
exhibited a uniform dispersion and simultaneously could pro-
vide a nucleating site for the orderly stacking of PHBV chains.
The relative crystallinity of PHBV/3nZnO scaffold remarkably
increased from 38% to 64% in comparison with that of pure
PHBYV scaffold. The improved crystallinity could effectively
enhance the compression strength and modulus of the scaffold
by 56% and 51.5%, respectively. Moreover, Zn** released by
the scaffolds could efficiently inhibit the growth of E. coli
and promote the cell behaviors in terms of cell proliferation
and differentiation. All these positive results confirmed that
the scaffold was one potential bone scaffold material.
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Titanium (Ti) is widely used in oral implants. However, there is still a challenge to promote the osseointegration of bone tissue on
the surface of Ti. To solve this problem, we prepared novel gradient nanostructured (GNS) Ti and studied the effect of GNS on the
adhesion, proliferation, and apoptosis of MG63 cells in vitro. The results demonstrated that the GNS Ti promoted the adhesion
effect and proliferation of MG63 cells better than the annealed Ti, while the ability of GNS Ti to inhibit cell apoptosis was better
than that of the annealed Ti, the preliminary mechanism of which indicated by this study might be the enhanced mineralization
capacity, protein adsorption ability, and hydrophilicity of the GNS Ti due to its specific nanostructure which improved the cell
behaviours. The results in this study provide the theoretical and experimental foundations for the applications of GNS Ti in

dental implants and joint replacements.

1. Introduction

Titanium (Ti) is widely used in oral implants due to its non-
toxicity, lightweight, high specific strength, corrosion resis-
tance, and fatigue resistance [1-3]. However, Ti is a
biologically inert material [4-6], which tends to form fibrous
bonds with bone tissue instead of osseointegration [7-11].
To improve the combination between Ti to bone tissue, a
large number of researchers have used surface modification
methods to enhance the bonding strength between Ti and
bone tissue [12]. Especially, nanostructured surface could
hopefully bring desired effects on behaviours of surrounding
cells, thereby promoting bone formation [13]. Chen et al.
reported that nano-scale Ti materials demonstrated better
biocompatibility than micron-scale and millimeter-scale

counterparts, and that the ability of the nano-scale Ti mate-
rials to improve osteogenic differentiation of bone marrow
mesenchymal stem cells was significantly better than that of
the control groups [14]. Yang et al. cultured MC-3T3 cells
on micro-scale and nano-scale silicon structures with differ-
ent surface modifications and found that the silicon scaffolds
with nanostructure had better ability to promote MC-3T3
cells proliferation and adhesion than those with coarse struc-
ture [15]. The study of Huang et al. demonstrated that their
prepared nanostructured Ti-25Nb-3Mo-3Zr-2Sn (TLM)
could support the adhesion and proliferation of hFOB1.19
cells better than their prepared microstructured TLM [16].
Moreover, Li et al. found that the compacts made of carbon
nanotubes could promote osteogenic differentiation of
human adipose-derived MSCs in vitro and bone formation
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in vivo, while graphite compacts with the same component
and dimension could not [17]. Therefore, the construction
of nanostructures on Ti surface may be one of the effective
methods to improve its osseointegration.

Surface mechanical attrition treatment (SMAT) is a
potential physical modification method to obtain novel gra-
dient nanostructured surface (GNS) Ti materials. The princi-
ple involves the use of steel balls to impact metal-based
materials at high speed with indefinite impact direction
under the action of ultrasonic waves, by which the surface
of the material undergoes strong plastic deformation, gradu-
ally refined to nano-scale [18-25]. The surface of GNS is
nano-scale and gradually increased to the micron levels as
the distance from the surface increases.

In this study, the GNS Ti samples were prepared by
SMAT, and annealed Ti samples were obtained by recrystal-
lization annealing, making sure that the two kinds of speci-
mens had similar roughness. Then, MG63 cells were
cocultured with the two kinds of different structured Ti to
investigate the material structure effects on the cellular
behaviours. The effects of material structure changes on sur-
face properties including mineralization capacity, protein
adsorption capacity, and hydrophilicity were also compara-
tively investigated. This study aimed at elucidating the effects
of GNS Ti on adhesion, proliferation, and apoptosis of the
cells and clarifying the preliminary mechanism, providing a
theoretical basis for the application of GNS Ti as a new dental
implant or joint replacement material.

2. Materials and Methods

2.1. Preparation of Materials. The Ti plates were put into
ultrasonic-assisted SMAT to produce GNS Ti, as described
in previous work. Briefly, repeated plastic deformation under
high strains and strain rates was produced within the surface
layer of samples using a large number of hardened steel (AISI
52100) balls, which were vibrated in a chamber driven by an
ultrasonic generator. Consequently, grains in the surface
layer were effectively refined on the nano-scale, and a
depth-dependent microstructure was generated. In this
study, the SMAT process was performed for 20 min at a
driving frequency of 20 kHz.

The controlled group was prepared by the SMAT proce-
dure and followed by a recrystallization annealing process at
680°C for 2h, so that the grain size was grown. The surface
roughness values of the experimental group and controlled
group were similar.

The GNS Ti and the annealed Ti were cut into cylindrical
Ti pieces with a diameter of 11 mm and a thickness of 2.5 mm
by using the electrospark discharge method. After being pick-
led in a 2M HCI aqueous solution to remove any possible
contamination, the samples were subsequently cleaned in
acetone, absolute alcohol, and distilled water under ambient
conditions and finally dried in air before testing.

2.2. Surface Structures and Roughness. The longitudinal
sectional morphology was observed using an FEI Nova Nano
SEM 430 scanning electronic microscope (SEM) operated at
a voltage of 15kV. Meanwhile, the samples were mechani-
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cally ground and polished and then etched in an electrolyte
of perchloric acid, butyl alcohol, and methanol with the ratio
1:6:10 (in volume). Detailed microstructural characteriza-
tion of the SMAT surface was conducted using transmission
electron microscopy (TEM) with a JEOL-2010 unit operated
at 200kV. TEM thin foils were cut using the electrospark
discharge technique, mechanically polished, dimpled, and
finally ion milled from the untreated side. The surface
roughness values of the different samples were observed
using an Olympus LEXT OLS4000 confocal laser scanning
microscope.

2.3. Culture of MG63 Cells. MG63 cells were provided by the
Stem Cell and Regenerative Medicine Laboratory of China
Medical University. MG63 cells were cultured in a high-
glucose medium containing 10% fetal bovine serum and
0.2% gentamicin at 37°C with a humidified incubator con-
taining 5% CO,,.

2.4. SEM Observation. After 1 day of culture, the two groups
of materials were transferred to a new 24-well plate and
washed three times with PBS for 5min each. Then, the sam-
ples were fixed by 2.5% (W/W) buffered glutaraldehyde in
4°C refrigerator for more than 4h and washed three times
with PBS for 5min each. Finally, the samples were dehy-
drated by gradient concentrations (15%, 30%, 45%, 60%,
75%, 90%, and 100%) of ethanol for 10 minutes each time
and dried overnight. The adhesion and morphology of the
cells were observed with a Hitachi S-3- 400 SEM operated
at a voltage of 15kV.

2.5. MTS Analysis of Cell Proliferation. The proliferation
behaviour of MG63 cells was analyzed using optical density
(OD) absorbance measurements. MG63 cells were seeded at
2% 10* cells/cm? into two groups of materials and blank
plates, and each well was made up with 2ml of culture
medium. Each group of materials was paved with 3 holes.
After 1, 3, 5, and 7 days of culture, each group of materials
was transferred to a new 24-well plate and rinsed twice with
PBS. The samples were further cultured for 2h in culture
medium added with MTS. The optical density (OD) value
of each well was measured by using an Infinite M200 micro-
plate reader (Tecan Company, Switzerland) at a wavelength
of 450 nm.

2.6. Flow Cytometric Analysis of Cell Apoptosis. The two
groups of materials were immersed in DMEM culture
medium at a ratio of 1ml DMEM culture medium per
3cm? and placed them in a 37°C incubator for 72 h. Effect
of materials on cell apoptosis was studied using an Annexin
V-FITC cell apoptosis detection kit from Solarbio (Beijing,
China). The cells were seeded in new 24-well plates at a den-
sity of 1x 10° cells/well. After 24h of culture, the culture
medium was replaced by the GNS Ti and annealed Ti extrac-
tion medium and incubated in 5% CO, at 37°C for 48 h. Cells
cultured in the absence of samples were used as the negative
control. The cells were collected by centrifugation and
washed twice with PBS. Cell pellets were resuspended in
195ml of Annexin V-FITC binding buffer. After the addi-
tion of 5ml of Annexin V-FITC and 10ml of propidium
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iodide (PI), cells were incubated at room temperature for
15 minutes and subjected to analysis on a flow cytometer
(Beckman Coulter, USA).

2.7. Biomimetic Mineralization Experiment. The GNS Ti and
annealed Ti were placed vertically into six-well plates and
immersed in simulated body fluid (SBF). The SBF was chan-
ged every two days. The samples were cultured in a constant
temperature incubator (37°C) for 28 days. SEM was used
to observe the change of surface morphology. Energy-
dispersive X-ray spectroscopy (EDX, Hitachi, Japan) was
used to detect the composition of surface deposits.

2.8. Protein Adsorption Experiment. The two groups of sam-
ples after sterilization were placed in 24-well plates with the
treatment surface facing up. Each sample was added culture
medium containing 10% fetal bovine serum and incubated
at a 37°C incubator for 1, 4, and 24 hours. Then, the samples
were transferred to new 24-well plates and gently rinsed 3
times with 1 ml phosphate buffer solution (PBS). One percent
(W/V) of sodium dodecyl sulfate (SDS) was added to each
well. The samples were shaken on a shaker at 70 r/min for
30 min to elute the protein adsorbed on the surface of the
samples. The total protein concentration collected in the
SDS solution was measured by a microplate reader at a wave-
length of 562 nm.

2.9. Hydrophilic Experiment. The hydrophilicity of GNS Ti
and annealed Ti was studied by measuring the contact angles
with deionized water and materials by using a contact angle
measuring instrument (German DataPhysics Company).
Three parallel samples were set in the experiment. Different
areas of each sample was tested three times with deionized
water. The average value was used as the corresponding
index test value to ensure the reliability of the experimental
results.

2.10. Statistical Analysis. All results were generated in
three independent experiments with three repeats. The
results were processed by the SPSS17.0 software and
expressed as mean + standard deviation (standard error).
One-way ANOVA was used to compare the OD value
and protein adsorption between the groups. The comparison
between groups was performed by the LSD ¢ test. The differ-
ence was statistically significant at P < 0.05.

3. Results

3.1. Surface Structure and Roughness of the GNS Ti and the
Annealed Ti. In this study, the samples were characterized
by SEM, TEM, and confocal laser scanning microscopy,
respectively. Evidence of plastic deformation, microstructure
refinement, and the differences in surface roughness between
the materials were clearly observed in Figure 1. As shown in
Figures 1(a) and 1(b), the longitudinal section image of GNS
Ti samples displayed a gradient change that the grain size
gradually decreased from the sample interior to the treated
surface, accompanied by gradually intensifying plastic defor-
mation. The microstructure in the top surface layer could not
be clearly observed in the SEM image due to the extremely

small grain size and intensive deformation. In comparison,
no gradient microstructural characterization could be found
in annealed Ti samples. As shown in Figure 1(c), TEM obser-
vation revealed that the grains in the top surface layer of the
GNS Ti samples were refined into nanometer scale with ran-
dom crystallographic orientations. The difference of surface
morphology was further demonstrated by the 3D isoheight
images captured by the confocal laser scanning microscopy
and quantified with surface roughness parameters, as shown
in Figures 1(d) and 1(e). The surface roughness (R,) values of
the GNS Ti and annealed Ti samples were 1.76 +0.13 um
and 1.84 +0.09 ym, respectively. After statistical analysis,
there was no statistical difference in surface roughness
between two groups of materials (P> 0.05). The effect of
material surface roughness on the cellular behaviours was
ruled out.

3.2. Behaviours of MG63 Cells on the GNS Ti Samples and the
Annealed Ti Samples. As shown in Figures 2(a)-2(f), the
morphology of MG63 cells cultured on the two kinds of
materials for 1 day was presented. The MG63 cells were
observed to spread homogenously and fully on the surface
of GNS Ti samples. Meanwhile, the MG63 cells were pre-
dominantly in the shape of polygon, reaching out plentiful
filopodia to touch the surface of samples or connecting
neighboring cells. In contrast, the number of MG63 cells that
adhered to the annealed Ti was less than that on the GNS Ti.
MG63 cells were usually isolated on the surface of annealed
Ti, having fewer pseudopods protruding.

Typically, OD absorbance values of samples cultured for
different times were measured to evaluate the proliferation
kinetics of MG63 cells. MG63 cells were cocultured with
GNS Ti and annealed Ti for 1, 3, 5, and 7 days. As shown
in Figure 2(g), MG63 cells proliferated well on the GNS Ti
surface within the entire culturing time, suggesting good bio-
compatibility of the GNS Ti group. There was no difference
in the number of MG63 cells at 1 day between the two
groups, while the GNS Ti group showed significantly higher
OD values at 3, 5, and 7 days (P < 0.05), implying MG63 cells
displayed better proliferation capacity on the GNS Ti. Slopes
of the two group of samples are as follows: from day 1 to
day 3: 0.13185+0.03035 vs. 0.08835+0.03515, P <0.05;
from day 3 to day 5: 0.05995+0.0018 vs. 0.0338 +
0.00885, P <0.05; and from day 5 to day 7: 0.0657 +
0.01395 vs. 0.04915+0.00335, P <0.05. After statistical
analysis, the slopes of samples were statistically different
on the 3rd, 5th, and 7th days (P < 0.05).

The scatter plot of cell suspensions was observed to reveal
the results of cell apoptosis, as shown in Figures 2(h)-2(j).
The blank control group and the GNS Ti group were concen-
trated a large number of live cells in the lower left quadrant,
and the late apoptotic cells of the GNS Ti group were signif-
icantly more than the blank control group. Numerous
advanced apoptotic and necrotic cells were identified in the
right upper quadrant of the annealed Ti group. Table 1
showed that no significant differences among the contents
of the early apoptotic cells, late apoptotic cells, and necrotic
cells were found between the blank control group and the
GNS Ti group. However, these three types of cells in the
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FIGURE 1: (a, b) Longitudinal section SEM images of the GNS Ti samples and the annealed Ti samples. The dashed lines mark the treated
surfaces before and after annealing. (c) Typical bright-field TEM images of the top surface layer of the GNS Ti samples. (d, e) 3D
isoheight images show the surface roughness values of the GNS Ti samples and the annealed Ti samples.

annealed Ti group were larger in number than those in the
blank control group (P < 0.05). The early apoptotic cells, late
apoptotic cells, and necrotic cells in the group were higher
than those in the GNS Ti group (P < 0.05).

3.3. Surface Properties of the GNS Ti Samples and the
Annealed Ti Samples. To compare the biomineralization abil-
ity, the samples were immersed in SBF for 28 days. From
Figures 3(a)-3(d), it could be seen that the surface of GNS
Ti induced the formation of new compounds and formed a
spherical coating after 28 days of SBF incubation. The surface
of annealed Ti was snow-like coating that did not induce
the formation of new compounds. Furthermore, the EDX
analysis showed that these new compounds on the GNS Ti
surface (Figures 3(e) and 3(f)) mainly contained calcium
and phosphorus.

The difference in surface properties of the GNS Ti and
annealed Ti was reflected by measuring the total protein
adsorption of the two groups of samples. The total protein
adsorbed on the GNS Ti and annealed Ti surfaces from cell
culture medium containing fetal bovine serum after 1, 4,
and 24h of incubation are displayed in Table 2 and
Figure 3(g). At each incubation time, the GNS Ti significantly
promoted the adsorption amounts of total protein compared

to annealed Ti. After statistical analysis, the protein adsorp-
tion results between the two groups were statistically differ-
ent on the 1st, 4th, and 24th hours (P <0.05). Especially,
the amount of protein adsorption of the GNS Ti increased
rapidly during 4 hours compared with that of the annealed
Ti. Overall, the GNS Ti completed the protein adsorption
on the surface in a comparatively short time.

Water droplet contact angle measurements were used to
test the surface hydrophilicity of the GNS Ti and the
annealed Ti (Figures 3(h) and 3(i)). The contact angle of the
GNS Ti surface was significantly smaller than that of the con-
trol surface (53.7° + 2.4° vs. 96.9° + 3.8°, P < 0.05), suggesting
relatively better hydrophilicity of GNS Ti surfaces, which
might come from the specific nanostructure of GNS Ti.

4. Discussion

In this study, to improve the osseointegration ability of Ti, we
prepared GNS Ti samples by SMAT. The annealed Ti sam-
ples were used as control. It was shown by SEM that the aver-
age grain size of GNS Ti was nano-scale on the uppermost
surface and gradually increased to submicron and micron
levels as the distance from the surface increases. In compari-
son, no such nanostructural characterization could be found
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F1GURE 2: (a—f) SEM morphologies of MG63 cells cultured the surfaces of (a, ¢, e) the GNS Ti samples and (b, d, f) the annealed Ti samples
after culturing for 1 day. (g) Proliferation curves of MG63 cells on the GNS Ti and the annealed Ti samples, reflected by measuring OD
absorbance values after cultured for 1, 3, 5, and 7 days (mean + SD, n=3, * indicates P < 0.05). (h—j) Flow cytometry results show the
MG63 cells apoptosis rate of the blank control group, the GNS Ti group, and the annealed Ti group.

in the annealed Ti samples, and the average grain size of
annealed Ti was micron-scale in the top surface layer. To
evaluate the effectiveness of the nanostructure in vitro, we
cultured MG63 cells on the two kinds of Ti samples and sub-
sequently compared cellular behaviours. MG63 cells had the

ability of rapid proliferation, strong activity, and unlimited
channels. In recent years, they had been widely used in the
research of coculture of metal materials and osteoblast-like
cells [26]. After 1 day of culture, samples were observed by
SEM operated at voltage of 15kV, which showed the
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TaBLE 1: Flow cytometry results showing the MG63 cells apoptosis rate of the blank control group, the GNS Ti group, and the annealed

Ti group.

Cell Blank control (%) GNS Ti (%) Annealed Ti (%)
Late apoptotic cells and necrotic cells 6.76 +2.07 10.38 +3.52% 15.82 +3.30"
Early apoptotic cells 3.93+1.11 4.31+0.974 9.83+3.74"
Normal cells 88.03+2.43 84.54 +3.77% 73.42+2.49

Data are presented as mean = SD, n = 3, and * indicates P < 0.05, compared with the blank control group. Data are presented as mean = SD, 1 = 3, * indicates

P <0.05, compared with the annealed Ti group.

adhesion and morphology of the MG63 cells. The prolifera-
tion behaviour of MG63 cells was analyzed by optical density
(OD) absorbance measurements after 1, 3, 5, and 7 days of
culture. After 6 days of culture, we analyzed the cell suspen-
sions of each group by flow cytometry to study the effect of
materials on cell apoptosis. Cell adhesion, proliferation, and
apoptosis have been always important indicators for evaluat-
ing osteointegration of implants. Adhesion is usually the ini-
tial event after cells come into contact with materials [27].
Bahl et al. reported that the cellular ability to resist the impact
of body fluids or blood flow increased with the improving cell
adhesion effect in a physiological environment [28]. On the
other hand, Logan et al. found that the enhanced adhesion
effect of mesenchymal stem cells could promote subsequent
cell proliferation and osteogenic differentiation [29]. There-
fore, cell adhesion effect was crucial for regulating subse-
quent cellular behaviours. Wang et al. reported that the
main functions of osteoblasts which induced from stem cells
were to synthesize bone matrix and promote mineralization
of the matrix to form bone tissue [30]. The excellent osteo-
blast proliferation ability could accelerate the occurrence of
osteointegration on the surface of the materials [31]. Yuan
et al. reported that osteoblast apoptosis was related to bone
reconstruction in multiple parts of the body. Inhibition of
osteoblast apoptosis could prolong the survival time of cells
and affect osseointegration around orthopedic implants
[32]. It was found in this study that the MG63 cells on the
GNS Ti spread better and the cells were polygonal with more
pseudopods after 1 day of culture. The result suggested that
GNS Ti could promote the cell adhesion effect better than
the annealed Ti. The OD values of the two groups of mate-
rials were statistically different on the 3rd, 5th, and 7th days
(P <0.05). Moreover, the slope of the GNS Ti group was
larger than that of the control group, indicating that GNS
Ti could promote the cell proliferation better than the control
group. The results of flow cytometry demonstrated that the
number of viable cells in the GNS Ti group was more than
that in the annealed Ti group, while the number of late apo-
ptotic cells in the annealed Ti group were significantly more
than that in the GNS Ti group, which showed that the ability
of GNS Ti to inhibit cell apoptosis was higher than that of
annealed Ti. The above results demonstrated that the nano-
structure on the Ti surface might be one of the effective
methods to improve cellular behaviours of the osteoblast-
like cells.

In order to explore the related mechanism of GNS Ti
promoting cellular behaviours, we tested the mineralization
ability, protein adsorption, and hydrophilicity of two sets of

materials because it has been shown that cellular behaviours
might be affected by those properties [33-40]. Lee et al. found
that the compound formed by calcium and phosphorus
deposition could significantly improve the adhesion and pro-
liferation of bone marrow mesenchymal stem cells [41].
Moreover, Sharkov et al. reported that the osteoblasts were
cocoltured with compound formed by calcium and phospho-
rus deposition, the results of which showed that the com-
pound could obviously upregulate the expression level of
osteogenesis-related genes of the cells [42]. So, the increased
calcium and phosphorus deposition could promote osteo-
genic behaviours of cells. The results of biomimetic mineral-
ization experiment in this study demonstrated that the
surface of GNS Ti induced the formation of new compounds
and formed a spherical coating. The surface of annealed Ti
was snow-like coating and did not induce the formation of
new compounds. Furthermore, the EDX analysis showed
that those new compounds on the GNS Ti surface mainly
contained calcium and phosphorus. Durmus et al. reported
that the SMAT metal materials showed excellent hydrogen
storage reversibility and promoted surface activation. As
the surface activation energy was increasing, the adsorption
capacity for calcium and phosphorus ions increased [26].
Venkatsurya et al. found that the surface energy of materials
was increased after SMAT, so that the mineralization was
promoted [43]. Therefore, the gradient nanostructure
obtained after SMAT treatment in this study might improve
the surface mineralization ability of materials.

On the other hand, it was well known that the first step
for biomaterial after implantation is protein adsorption,
and the composition and structure of the material surface
determine the amount and type of protein adsorption [44].
The greater the amount of protein adsorbed, the better the
adhesion of subsequent cells [45-50]. In this study, it was
shown that as the incubation time increased, the amount of
protein adsorption of the GNS Ti was always more than that
of the annealed Ti. The amount of protein adsorption was
statistically different on 1st, 4th, and 24th hours (P < 0.05).
Especially, the amount of protein adsorption of the GNS Ti
materials increased rapidly during 4 hours compared with
that of the annealed Ti. So it was indicated that the GNS Ti
had better protein adsorption capacity than the annealed Ti
and completed the protein adsorption on the surface in a
comparatively short time.

Moreover, the cellular behaviours were closely related to
the hydrophilicity of the materials [51]. It was reported that
the surface of untreated Ti implants were generally weakly
hydrophilic or even hydrophobic [52]. However, in this
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TaBLE 2: The protein adsorption results of the GNS Ti and annealed Ti samples at different time points.

Time/h 1 4 24
GNS Ti (ug/ml) 16.3861 + 3.0270" 64.0108 + 3.1453" 75.8873 +2.0287*
Annealed Ti (pg/ml) 11.4245 +2.5289 54.0222 £1.8226 56.8764 £ 2.9268

Data are presented as mean + SD, n =3, * indicates P < 0.05, compared with the annealed Ti group.
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FIGURE 4: The pattern diagram for the effect of GNS Ti on behaviours of MG63 cells in vitro and its preliminary mechanism.
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study, the results showed that GNS Ti was significantly more
hydrophilic than the annealed Ti. Ji et al. reported that the
surface of the hydrophilic material could increase the amount
of adsorbed protein, thereby promoting the adhesion of
osteoblasts and inhibiting cell apoptosis [53]. Li et al.
found that the excellent surface hydrophilicity could
obtain larger surface energy, promoting the behaviours of
human periodontal ligament stem cells [54]. Edalati et al.
reported that the surface of the hydrophilic material had
a more active biological conformation, which promoted
adhesion of MC-3T3 cells [55].

In this study, the enhanced hydrophilicity might be
another main reason why the GNS Ti promoted cellular
behaviours better.

Above all, this study has demonstrated the effects of GNS
Ti on behaviours of MG63 cells in vitro and elucidated its
preliminary mechanism, as shown in Figure 4. It provides
the theoretical and experimental foundations for the applica-
tions of GNS Ti in dental implants. However, the related
molecular biology mechanism of GNS Ti remains unclear,
and in vivo study is still blank. Before a new material can be
used in clinic, it must undergo a lot of comprehensive
in vivo and in vitro studies [56, 57]. In the near future, we will
focus on whether GNS Ti can promote osteogenic differenti-
ation of bone-related cells to further examine the osteogenic
functions of the GNS Ti. Simultaneously, we will conduct a
series of animal experiments to detect whether the material
has the problems of metal ion release in the body and evalu-
ate the biocompatibility of the GNS Ti. Furthermore, we will
implant GNS Ti into the mandibular defect of animals to
examine the formation of the new bone around the material.
Hopefully, we can come up with more meaningful and con-
structive research results soon.

5. Conclusion

In this study, GNS Ti was successfully prepared by means of
SMAT. In vitro studies into behaviours of the cultured MG63
cells demonstrated that the GNS Ti promoted adhesion effect
and proliferation of the cells better than the annealed Ti,
while the ability of GNS Ti to inhibit cell apoptosis was better
than that of annealed Ti, the preliminary mechanism of
which indicated by this study might be the enhanced miner-
alization capacity, protein adsorption ability, and hydrophi-
licity of the GNS Ti due to its specific nanostructure that
improved the cell behaviours. Although further investiga-
tions into the in vivo responses are needed, we believe that
the GNS Ti will find broad applications in dental implants
and joint replacements.
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Meniscal injury is more likely to cause a permanent alteration of the biomechanical and biological environment of the knee
joint, mainly due to the morphological mismatch and substantial loss of meniscal tissues. Herein, to overcome this challenge,
we developed an improved bioink with enhanced printability, while maintaining the biocompatibility of major cellular
component of the meniscus, namely fibrochondrocytes. Firstly, cellulose nanofiber (CNF) was mixed with gelatin-alginate
thermal-responsive bioinks to improve the printability. Afterward, individual-specific meniscal prototypes based on the 3D
reconstruction of MRI data were bioprinted using our bioink. The rheological and printability properties of the bioinks
were characterized to select proper bioink content and bioprinting parameters. And then, a series of biological
characterizations of the bioprinted samples, such as cell viability, metabolic activity, and extracellular matrix accumulation,
were carried out in vitro. The results indicated that superior rheological performance and printability of CNF-modified
bioink were achieved, ensuring high-precision bioprinting of specific-designed meniscal prototype when compared with the
non-CNF-containing counterparts. Meanwhile, biological tests indicated that fibrochondrocytes encapsulated within the
CNF-modified bioink maintained long-term cellular viability as well as acceptable extracellular matrix accumulation. This
study demonstrates that the CNF-modified bioink is in favor of the printing fidelity of specific meniscus by improved
rheological properties, minimizing the mismatch between artificial meniscal implants and native knee joint tissues, thereby
permitting the evolution of clinical therapeutic methods of meniscal reconstruction.

1. Introduction

The menisci are two semilunar fibrocartilage structures
located at the medial and lateral surface of the tibial pla-
teau, which play a vital role in stabilization, nourishment,
and force distribution of the knee joint [1]. Unfortunately,
menisci are commonly involved in acute knee injury and
osteoarthritis, resulting in substantial loss of meniscal tissue
and permanent alteration of the biomechanical and biolog-
ical environment of the knee joint [2]. Generally, meniscal
allografts are applied in clinical with acceptable long-term
follow-up results [3]. However, like all other allograft trans-
plantation treatments, meniscal allografts are limited to

tissue resources and the potential risk of mismatch, immu-
noreactivity, and disease transmission [4].

Several tissue engineering scaffolds have been devel-
oped with encouraging progress in avoiding meniscal
allografting-relevant complications [5]. However, the mis-
match of meniscal defect size and baseline articular carti-
lage still exists, leading to worsening articular cartilage
status and greater displacement during long-term follow-up
[6]. It has been reported that 1/3 mismatch of the meniscus
could result in a 65% increase in peak local contact stresses,
significantly deteriorating the degenerative changes of the
articular cartilage [7]. Thus, the patient-specific design meet-
ing individuals’ joint requirements has been a vital element to
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improve the biological and biomechanical performances of
tissue engineering meniscal scaffolds.

Bioprinting technology as a group of additive, bottom-
up, nature-like technologies has made it possible to spatially
pattern cells, bioactive factors, and biomaterials in the 3D
microenvironment [8-11]. Bioprinting meniscal-shaped
structures with stem cells or chondrocytes via microextru-
sion bioprinting technology as proof-of-concept tests have
been reported [12, 13]. However, there are few meniscal bio-
printing studies involving patient-specific design using major
cellular components of the native meniscus with proper
mechanically featured bioink until now.

Gelatin-alginate-based hydrogel has been widely applied
as a bioink source in microextrusion approaches [14, 15].
As a hydrolytic product of collagen, gelatin can provide a
favorite microenvironment enhancing cell attachment and
proliferation, while alginate presents the feature of instant
gelation via cross-linking by calcium ions (Ca**), enabling
acceptable mechanical performance for bioprinted products
[16]. Gelatin-alginate-based bioink systems present various
advantages including widely available and economical mate-
rial source, relatively simple producing process, and verified
cytocompatibility [17]. Moreover, the thermal reversible fea-
ture of the gelatin-alginate-based bioink system enables a rel-
atively simplified bioprinting process and device design [18].
However, during the microextrusion bioprinting process, the
gelatin-alginate based hydrogels are fragile and changeable
before further cross-linking, causing unstable mechanical
condition especially in fabricating complex structures like
the meniscus [19, 20].

Originating from the most abundant bioresource, wood
biomass, cellulose nanofiber (CNF) is representative in build-
ing components in nature and has attracted significant inter-

est as a potential biomaterial candidate [21]. In addition,
CNF provides acceptable mechanical properties, relatively
good rheological properties, and most importantly, cytocom-
patibility [22, 23]. However, to our knowledge, there has been
no report of adapting CNF to improve the printability of
alginate-gelatin-based bioink systems via hydrophobic inter-
actions and hydrogen bonding for individual-specific menis-
cus biofabrication.

In this study, CNF was mixed with gelatin-alginate
thermal-responsive bioinks to improve the printability. The
rheological and morphological properties of the bioinks were
characterized. While cell-laden meniscal prototype basing on
MRI data was bioprinted using our CNF-modified bioinks,
subsequently, the bioprinted prototypes underwent histolog-
ical and immunohistochemical assessments to verify biolog-
ical potentials as presented in Scheme 1. The current work
aims at carrying out the preliminary practice on bioprinting
implant prototype of patients’ specific-designed, cell-laden
products for potential meniscus transplantation.

2. Materials and Methods

2.1. Materials. The bioprinter (BioPrinter-1, BP-1) used in
the current study was developed by our research group.
Gelatin type B from bovine skin (G8061) and Na-alginate
(A9640) were purchased from Solarbio Inc. (China).
Wood-based cellulose nanofiber powder was purchased from
Guilin Qihong Technology Co. (China). High-glucose Dul-
becco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS, HyClone), penicillin/streptomycin, and other
reagents for cell preparation were all purchased from GE
Inc. (China). A live/dead staining kit (BB-4126) was pur-
chased from BestBio Inc. (China). An alamar blue assay kit
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TaBLE 1: Proportion of ingredients in the tested hydrogels.

Group Abbreviation  Gelatin Alginate CNF

1 HGA-CNF  20% (w/v) 1.25% (w/v) 0.25% (w/v)
2 HGA 20% (w/v) 1.25% (w/v) —
3 LGA-CNF 10% (w/v) 1.25% (w/v) 0.25% (w/v)
4 LGA 10% (w/v) 1.25% (w/v) —

(A7631) was purchased from Solarbio Inc. An immunohisto-
chemistry tool kit (SP-0023), rabbit monoclonal primary anti-
bodies for collagen type I (BS-10423R 1:400, 1mgmL™),
collagen type IT (BS-10589R, 1:100, 1 mL mL™), and collagen
type X (BS-0554R, 1:200, 1.4 mgmL") were purchased from
Bioss Inc. (China).

2.2. Preparation of Bioinks. CNF powder was diluted in
deionized water to a final concentration of 0.25 wt% through
stirring at 1000rpm for 30 min at room temperature to
acquire a homogenous solution. The solution was then
heated to 70°C, and the Na-alginate powder was added under
magnetic stirring for 30 min. Gelatin powder was added and
dissolved when the solution was cooled to approximately
50°C under magnetic stirring for another 30 min. NaOH
was used to adjust the pH of the solution to approximately
7.5. The hydrogel solution was then placed in a constant tem-
perature oscillator at 200 rpm and 37°C overnight to elimi-
nate bubbles and maintain a homogenous mixture. The
bioink was prepared on a clean bench, and all the compo-
nents and equipment were autoclaved and/or sterilized using
UV light. After the preparation was finished, the final hydro-
gel was heated to 100°C for 1 h and then sealed to keep it ster-
ile. The bioink was stored at 4°C and heated to 37°C for
30 min in a water bath before the bioprinting process. To ver-
ify the printability and biocompatibility of the bioinks, six
groups of hydrogels were prepared with varying concentra-
tions of gelatin and CNF. To simplify the narration, hydro-
gels containing higher and lower content of gelatin were
recorded as high-gelatin-containing alginate group (HGA)
and low-gelatin-containing alginate group (LGA), respec-
tively. The CNF-modified hydrogels were named as HGA-
CNF and LGA-CNF, respectively (Table 1).

2.3. Rheological Characterization. The rheological analysis
was performed using an MCR 702 rheometer (AtonParr,
Austria) using a 25 mm parallel plate. All 4 groups of cell-
free bioink samples were tested before and after cross-
linking. 0.1% (w/v) CaCl, solution was used as a cross-
linker. The cross-linking time was 1 min. The samples were
store at 37°C before the test and heated to the experimental
temperature for 5min before the rheological measurements.
Non-cross-linked hydrogels were characterized through
flow and temperature sweeps. The flow sweeps were con-
ducted to evaluate viscosity at a shear rate ranging from
0.1 to 100s™ at 25°C. To evaluate the thermal responsivity
of the hydrogels, the viscosity was measured at tempera-
tures ranging from 1°C to 40°C, at a fixed shear rate of
1s'. The cross-linked hydrogels were characterized
through oscillatory frequency sweeps between 0.1 and

10Hz in the linear viscoelastic region of the hydrogels at
37°C.

2.4. Cell Preparation. Primary rabbit fibrochondrocytes
(rFCs) were used in bioprinting the cell-laden meniscal pro-
totypes. The isolation and culture of rFCs have been
described by previous studies [24]. Briefly, sequential treat-
ment of finely diced meniscus (from 6-month-old rabbits)
using 0.5% hyaluronidase, 0.2% trypsin, and 0.2% collage-
nase was applied to obtain the cells. Then, the cells were fil-
tered through a fine nylon mesh to separate them from
undigested tissue and debris. The filtrate was washed several
times through gentle suspension in D-Hank’s solution and
underwent centrifugation at low speed (1000 x g) to form a
cell pellet. The cells were then cultured under conventional
conditions at 37°C in a humidified atmosphere of 5% CO,.
Once a sufficient cell quantity was achieved, usually after
the third or fourth passage, the cells were used for further
bioprinting process.

2.5. Design of Microextrusion Bioprinter. In the current study,
a microextrusion-based bioprinter (BP-1) was developed by
our group. The minimum mechanical travel distance is
+0.05mm for the XY-axes and +0.01 mm for the Z-axis.
The extrusion module was consisting of a precision piston
for extruding materials, a syringe heater for thinning printing
materials, and a standard medical syringe (10 mL) as a car-
tridge with 22G metal nozzles for depositing bioinks. The
whole printing system is enclosed by a clean bench with a
temperature-humidity control system. A UV light source
was also integrated for sterilization. In a typical print proce-
dure, the XY stage will translate the extruder at speeds rang-
ing from 1 mm/s to 10 mm/s to pattern the predetermined
2D cross-section on the printing substrate, and then the Z
stage elevates to repeat the process for the next layer. Special
methods were applied to ensure the sterilization of the whole
bioprinting system. Firstly, the whole bioprinter was installed
in a modified super clean bench which was divided into two
separate cabins by a plate. The mechanical structures of the
bioprinter were in the upper cabin where the bioprinting pro-
cess was carried out and the control system was installed in
the cabin below. All cables in the upper cabin were water-
proof. Secondly, before the bioprinting process, thorough
disinfection by alcohol spray and UV irradiation was carried
out in the upper cabin for 40 min. At last, the super clean
bench was kept closed the positive pressure during the bio-
printing process.

2.6. Printability Verification Process. The bioinks were heated
in a water bath at 37°C for 30 min and extracted into a stan-
dard sterile syringe with 22G (0.42 mm inner diameter) metal
needles. The samples were printed directly onto sterile Petri
dishes on the printing platform, which was cooled down to
4°C by the printing platform during the process. Square
blocks (15mm x 15mm x 2 mm) consisting of four perpen-
dicular layers with a 40% filling rate were 3D printed. Con-
sidering the nonlinear rheological performance of living
cells, the samples used for printability tests were cell-free to
reduce disturbance. The printing temperature range was
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TaBLE 2: MRI parameters for knee scanning.
FOV, mm Matrices TR, ms TE, ms Slice thickness,
mm
180 x 180 320 x 320 1500 32 0.8
Bandwidth, kHz Echo train NEX Scan time, mins
length
83.33 60 1 6.29

FOV: field of view; TR: repetition; TE: echo time; NEX: number of
excitations.

20°C-25°C. The best printing temperature was decided on
the base of the actual filamentation of each group under a
certain temperature. The platform temperature for all groups
was set to 4°C. The moving speed of the nozzle in XY-axes
was 3mm/s. All samples were cross-linked immediately
using 0.1% w/v CaCl, for 1 min and then washed twice using
Dulbecco’s phosphate-buffered saline (DPBS).

2.7. Patient’s Specific Design of Meniscal Prototype. To mimic
the native shape of the meniscus, a 3D model of the
medial meniscus was achieved based on MRI scans from
one healthy volunteer of the authors. MRI images were
acquired through the 3Tesla Discovery MR750 GEM Mag-
netic Resonance Imaging System (GE Healthcare, United
Kingdom) with a 16-element phased-array flexible coil. A
general supine position with a relaxed limb was used when
performing the scan. Sagittal 3D fast-spin-echo (FSE) with
high spatial, contrast resolution and no chem SAT was
applied for image achievement. MRI scan parameters for
the knee imaging are listed in Table 2.

The MRI data were saved as a sequence of Digital Imag-
ing and Communications in Medicine (DICOM) files and
processed via the Mimics software (Materialise 21, Belgium).
The threshold was set to 50-200 GV to identify meniscal tis-
sues from surrounding tissues. The model was then carefully
trimmed artificially by an experienced orthopedic surgeon to
reconstruct the morphology of the medial meniscus. After
that, an automatic adjustment was applied to fill the cavities
caused by signal noise and exported as an STL file. The STL
model was then converted to a motion program (G-code)
using an open-source software (Repetier-Host, Germany),
which describes the operation of the dispensing nozzles,
printing speed, nozzle heat, and other relative information.
A different open-source software (Printrun, by Kliment
Yanev) was applied to transfer the G-code files into the oper-
ating computer for bioprinting.

2.8. Bioprinting Process. After the printability verification
process, HGA-CNF was selected as the bioink used for fur-
ther bioprinting tests. Centrifuged rFCs were resuspended
with 5mL liquefied HGA-CNF directly. The cell number of
the resuspension solution was 5 x 10°. Slight oscillation of
the mixed bioink was performed for 10min at 37°C to
homogenize the solution. The cell-laden bioinks were
extracted into syringes with 22G (0.42 mm inner diameter)
metal needles. To eliminate the bubbles in the bioinks, all
syringes were settled in the incubator at 37°C for 20 min.
The bioprinting process was conducted with BP-1, and the
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structures were printed directly onto sterile Petri dishes on
the printing platform, which was cooled down to 4°C during
the process.Since it has been reported that cellular activities
would be compromised when encapsulated into solidly struc-
tured hydrogel scaffolds [25, 26]. To improve the nutrition
exchange inside the hydrogel-based scaffolds, all structures
were designed based on the lattice structure. The printing
temperature was 25°C. The platform temperature was set to
4°C. The 3D-reconstructed meniscus model with a 40% fill-
ing rate and rectilinear filling patterned was bioprinted. The
printing speed was 3 mm/s. All samples were cross-linked
immediately after bioprinting using 0.1% w/v CaCl, for
1 min. To simplify the process, cell-laden, square block sam-
ples were bioprinted for metabolic activity test. The bioprinted
samples were cultured in a petri dish (¢ = 55mm) and incu-
bated for 14 days. The medium was changed every 3 d.

2.9. Printability Evaluation and Characterization. The
printing quality was evaluated by imaging the cross-linked
cell-free samples using a x4 air objective with an SZX16
stereoscopic microscope (OLYMPUS, Japan), and bioinks
from all groups were used in this test. Briefly, cross-linked
cell-free structures with four layers were imaged to measure
the strand width and pore size using the Image] software.
The spreading ratio was calculated by dividing the strand
width by the inter diameter (22G, ~420 um) of the nozzle.
The printed structures were stained using trypan blue after
printing for better visualization. Scanning electron micros-
copy (SEM, Zeiss EVO 18, Cambridge, England) was
applied to further characterize the porosity and intercon-
nectivity of the bioprinted samples. The samples were
lyophilized and sputter-coated with gold to observe the
topography. Images (x25 and x1500) were taken using
SEM at an accelerating voltage of 3kV to evaluate the mor-
phology and microarchitectures. Three random images
were taken from each sample from every region. To better
visualize the rFCs encapsulated inside the structures, three
samples were first graded ethanol dehydrated and then
went through the same processes as other samples.

2.10. Cell Viability and Metabolic Activity. The cell viability of
cells in the bioprinted structures was qualitatively analyzed at
day 1, as well as 4, 7, and 14d of culture using a live/dead
staining kit in accordance with the manufacturer’s instruc-
tions. Briefly, the bioprinted structures were rinsed using
DPBS twice and incubated in 5 mL of live/dead solution (cal-
cein-AM and ethidium homodimer) at 4°C for 20 min. The
samples were examined using a fluorescence microscope
(Zeiss, Axio Imager 2, Germany). Five randomly selected
images obtained at x4 magnification were used to evaluate
the percentage of cell viability via Image]. The viability was
calculated as the average ratio of live cells to total cells. An
alamar blue assay kit was used to measure cell proliferation.
The metabolic activity of the encapsulated cells was analyzed
at 1, 4, 7, and 14d after bioprinting. The square block bio-
printed structures were incubated in 6-well plates for 7 h with
0.3mL of alamar blue solution for each 3mL of culture
media. Fluorescence intensity was measured at an excitation
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F1GURE 1: Rheological characterization of the cell-free hydrogels. (a) Viscosity at temperatures ranging from 5°C to 37°C at a shear rate of 157
(b) Non-cross-linked viscosity at bioprinting temperature from 20°C to 25°C at a shear rate of 1 s . (¢) Non-cross-linked viscosity at various

shear rates at 25°C. (d) Storage modulus after cross-linking at 37°C.

wavelength of 530 nm and an emission wavelength of 590 nm
(Varioskan Flash, Thermo Fisher, USA).

2.11. Histology and Immunohistochemistry. The prototypes
incubated for 14 d in the culture medium were fixed in paraf-
ormaldehyde/barium chloride overnight. The fixed samples
were then cryosectioned, embedded in paraffin wax, sec-
tioned at 5 um, and affixed to microscope slides. Hematoxy-
lin-eosin, picrosirius red, and alcian blue staining were
applied to assess calcium, collagen, and glycosaminoglycan
accumulation, respectively. Immunohistochemistry tech-
niques were applied to evaluate and identify collagen types
I, I, and X, as previously described [27]. Briefly, samples
were treated using peroxidase and chondroitinase ABC and
then incubated with fetal calf serum to reduce nonspecific

binding. Collagen type I, collagen type II, and collagen type
X rabbit monoclonal primary antibodies were applied for
1h at room temperature. The secondary antibody (anti-rab-
bit IgG biotin conjugate) was added for 1 h, followed by incu-
bation with an ABC reagent for 45 min. Finally, sections were
developed using DAB peroxidase for 5 min.

2.12. Statistical Analysis. Results are expressed as mean +

standard deviation. Statistical analyses were performed using
the SPSS v22.0 software (SPSS Inc., Chicago, IL, USA).

3. Results

The rheological behavior is considered as the major concern
to select the bioink candidate for further bioprinting tests. All
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FIGURE 2: Microextrusion-based bioprinter developed by our group.

four groups of prepared hydrogels with varying gelatin and
CNF content were tested (Figure 1). The samples showed a
significant decrease in viscosity as the temperature increased
during a temperature sweep (Figure 1(a)). Hydrogels con-
taining a higher concentration of gelatin (20% w/v) main-
tained higher viscosity among all the groups when the
temperature raised to 25°C, which is the minimum accept-
able printing temperature for the bioprinter. CNF-modified
hydrogels exhibit prior viscosities and lower decreasing rates
than their non-CNF-containing counterparts. At the desig-
nated bioprinting temperature window of 25°C to 30°C,
HGA-CNF exhibited more than a threefold increase in vis-
cosity compared with HGA (Figure 1(b)), indicating promi-
nent superiority in printability potential. A shear-thinning
behavior was observed among all the bioink candidates. As
CNF strengthened the viscosity, hydrogels modified with
CNF tended to maintain more solid-like behaviors than
non-CNF-containing hydrogels at the same shear rate
(Figure 1(c)). The frequency sweep also showed a similar ten-
dency, and hydrogels modified with CNF showed higher
storage modulus than pure gelatin with alginate when being
cross-linked by Ca®*, indicating priority in the mechanical
performance of CNF-modified samples (Figure 1(d)).
Printability is the vital access to maintain the fidelity of
the meniscal prototype. Cell-free square block samples and
rFCs cell-laden meniscal prototypes were printed using our
microextrusion-based bioprinter (Figure 2). The quality
assessments and characterization of the printed structures
are presented in Figure 3. To acquire better printing filamen-
tation, all the hydrogels were tested under a printing temper-
ature range from 20°C to 25°C, which was decided based on
the rheological results of the hydrogels (Figure 3(a)). HGA-
CNF and HGA showed the best filamentation under 25°C
while the highest acceptable printing temperature for LGA-
CNF and LGA was 20°C. The other printing parameters

remained the same for all hydrogels. Top-view images are
presented in Figure 3(b). The results showed that only
HGA-CNF and HGA formed 3D lattice structures with rela-
tively acceptable fidelity and integrity. Samples bioprinted
with LGA showed completely fused constructs during the
test. Thus, the measurement of the filament was not per-
formed for LGA. To analyze the bioprinted samples in more
detail, stereomicroscope images of the top layers were taken.
The strand width and pore size were measured (Figures 3(c)
and 3(d)). The spreading ratios of HGA-CNF, HGA, and
LGA-CNF were 0.88+0.08, 1.07 +0.03, and 1.03 +0.07,
respectively. The strands of the CNF-modified hydrogels
(HGA-CNF and LGA-CNF) were stretched at different
levels during the printing process, which led to a thinner
strand width than their non-CNF-containing counterparts.
The pore size measurement further confirmed this feature.
The presence of CNF resulted in a thinner strand width
and better lattice formation in the printed structures. Struc-
tural investigations of the printed structures of cell-laden
HGA-CNF via scanning electron microscopy (SEM) are
presented in Figure 3(e). Hierarchical porous structures of
micron order were observed, presenting a similar microen-
vironment to the morphological features of the extracellular
matrix (ECM). The sign of cellular component in the
bioink was more distinct after treating the samples with
graded ethanol dehydration. The bioink scaffold and rFCs
encapsulated inside were colored as green and fuchsia,
respectively, for better visualization. Homogeneous distri-
bution of rFCs within the hydrogel-based scaffolds was
observed, indicating the biocompatibility of our bioprinting
process. In summary, good printability of HGA-CNF was
demonstrated, and this was then selected as a bioink for
further bioprinting tests.

The anatomical features of the meniscus extracted from
the 2D MRI images were preserved and reshaped as 3D
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F1GuRre 3: Bioprinting quality assessment. (a) As the printing temperature raise, gelling properties from over extrusion (30°C) and poor gelling
(20°C) of the bioinks were observed. (b) Upper row: top-view images of the printed four-layer structures (trypan blue stained, cross-linked)
obtained using a stereoscopic microscope. (c) The spreading ratios of the non-cross-linked fourth layer strands were measured. (d) The pore
sizes of the non-cross-linked four-layer structures were measured. (e) SEM analysis of the printed structures. The bioink and rFCs are colored

green and fuchsia, respectively.

volumetric information and then bioprinted into a hydrogel-
based, cell-laden meniscal prototype (Figure 4). The selected
bioink (HGA-CNF) presented good printability and shape
fidelity during the printing process. The 3D-printed menis-
cus prototype was consisting of 19 layers, consuming approx-
imately 991.85 mm” volume of bioink. The actual size of the
printed meniscus prototype was approximately 48.3 x 40.5

x 8.28 mm before cross-linking, while the designed shape
of the 3D model reconstructed from MRI date was 45.42 x
41.13 x 8.81 mm, indicating highly consistency.

The viability and metabolic activity of rFCs in the printed
samples are presented in Figure 5. The results showed very
high viability after the bioprinting process in a live/dead
staining assay (Figure 5(a)). In detail, the average cell viability
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FI1GURE 4: 3D reconstruction from MRI images and 3D printing process of a patient’s specific medial meniscus. (a—c) MRI data gathered from
a healthy volunteer were processed to identify the structure of medial meniscus. (d) A 3D model was then reconstructed and converted to STL
file. (e) The STL model was imported into the slicing software to calculate the printing route and a G-code file was generated. (f) Bioink-based,
cell-free meniscal prototype was then 3D printed basing on the G-code file.

of the rFCs on day 1 was 94 +0.03%. However, the bio-
printed cells recovered from the printing shock within 4d
of culture (95+0.05%) and retained high performance
throughout the culture period. When it came to day 7, the
viability of the rFCs reached a peak of nearly 99% and then
dropped to 96 + 0.02% for the following 7 d of culture, dem-
onstrating the excellent biocompatibility of HGA-CNF
(Figure 5(b)). The alamar blue assay of the bioprinted rFCs
(Figure 5(c)) was in line with the viability results. The meta-
bolic activity of the printed cells was initially hampered by
the bioprinting process and then recovered to a significantly
high level at 4 d after bioprinting, indicating high cell prolif-
eration activity during the first few days. The metabolic activ-
ity decreased gradually between 4 and 7d of culture and
stabilized at day 14.

To ascertain the deposition of collagen and sGAG
in vitro, bioprinted samples encapsulating rFCs were histo-
logically stained after 14 d of incubation (Figure 6(a)). Picro-

sirius red and alcian blue staining was positive in the
intercellular space of rFCs encapsulated in the bioprinted
samples, indicating collagen and glycosaminoglycans accu-
mulation. HE staining of the bioprinted structures revealed
rFCs were homogeneously distributed in the bioink. Immu-
nohistochemical staining showed barely signs of collagen
type I and abundant accumulation of collagen types II and
X (Figure 6(b)).

4. Discussion

To meet the growing demand for meniscus tissue engineering,
both synthetically and naturally derived biomaterials have
been reported [28]. However, although it has been reported
that shape mismatch can lead to a negative influence on the
biomechanical performance of implanted meniscus [29, 30],
the morphological design of the meniscus and development
of relative fabrication approaches were unvalued to some
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FIGURE 5: Viability and metabolic activity of bioprinted samples. (a) Live/dead staining of rFCs immediately at 1, 4, 7, and 14 d of culturing
in vitro. Living cells are stained green and dead cells red. Scale bar 100 ym. (b) Quantitative statistics of the bioprinted samples at different
time points using Image]J. (c) Metabolic activity values of bioprinted rFCs using an alamar blue assay at different time points.

extent. To address this situation, the precise morphological
design was stressed in this study. A 3D-reconstructed model
was achieved from the patient’s MRI images, aiming at accu-
rately revealing the native shape parameters of the meniscus.
During the MRI scanning, modified parameters were applied
to acquire better accuracy. Generally, OAx fs PD, OSag fs PD,
and OCor fs PD models were used for a meniscal scan while
our scan was a combination of these three models with a
thinner slice thickness. The time consuming for a general
meniscal MRI scan was approximately 5.23 min while our
modified model was 6.29 min. The modified parameters were

prestored in the MRI device and could be readily switched
as needed. Neither additional equipment nor extra eco-
nomic cost was needed for the modified scan. Moreover,
with the assistance of the 3D reconstruction software like
Mimics, the meniscal model could also be achieved via mir-
roring the healthy side MRI data of the patient when the
major substance of injured meniscus has been damaged.
As for partial meniscal injure cases, a mirroring of the
healthy side MRI data could be used as a reference. The
injured area could be underlined via a matching between
the healthy and injured meniscus.
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Benefitting from a bottom-up style of manufacturing and
precise cell patterning, bioprinting is naturally suitable for bio-
fabricating tissue engineering scaffolds with complex struc-
tures. In this process, the balance between printability and
biocompatibility has been a major challenge since the early
development of bioinks. In this context, a microextrusion-
based bioprinting system was built by the current research
group to explore its potential of personalized-designed
meniscal reconstruction. Gelatin-alginate-based bioink was
adapted to achieve thermoresponsive and calcium ions
cross-linking gelling features [31]. However, the thermal cur-
ing of gelatin is unstable and reversible during bioprinting,
which commonly leads to inferior printability and fidelity
when fabricating complex structures. Thus, maintaining a
self-supporting hydrogel before ionic cross-linking is also
an attractive feature that would improve printability.

The rheological characterization of the prepared hydro-
gels further confirmed the influence of CNF. Hydrogels con-
taining CNF showed prior viscosity performance than their
non-CNF-containing counterparts at a wide range of tem-
peratures. This phenomenon could be attributed to the phys-
icochemical interaction between CNF, alginate, and gelatin.
It has been reported that hydroxyl surface groups exist in
CNF and alginate can interact through hydrogen formation
with carbonyl and amine groups in gelatin [32], improving
the gelling strengthen of the hydrogel. Moreover, the exis-

tence of CNF also significantly improved the shear-thin
behaviors of the hydrogels via the breakage of fiber networks
under shear force [33]. In addition, nanofibers of CNF
underwent shear-induced alignment from the nozzle, which
further enhanced the bioink flow [34], resulting in better
printability. The role of CNF in the bioink is a “booster” for
both the extrusion and curing process through enhancing
the shear-thinning behavior. During the extrusion process,
the extrusion flow through the nozzle was enhanced by
CNF via shear-induced fibril alignment, which results in a
smoother and more continuous flow out of the nozzle. When
the gelatin had undergone gelation, the CNF material present
resulted in relatively high stiffness and self-supporting fea-
tures through the formation of a self-aligned fibrous network
scaffold which served as a stift filler with favorable shear-
thinning properties [35]. To enhance the printability of
gelatin-alginate bioink, 0.25% w/v CNF was added in the cur-
rent study. The bioprinted meniscus prototype can maintain
shape fidelity without being instantly cross-linked.

Origin from natural resources, the biocompatibility of
gelation and alginate has been verified [36]. As for CNF,
although it is not degradable inside the human body, it has
been reported that owing to the small size and inertness of
CNF, the newly formed matrix simply surrounds the fibers
and integrates them into the tissue without any adverse side
effects [37]. The density value of CNF in this study is
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therefore decided based on the reported studies [32]. The
cytocompatibility of CNF-modified bioink, with a concentra-
tion of 0.25 mg/mL of CNF, was confirmed after the bioprint-
ing process and additional incubation for 14 d. Our results
showed that the bioprinted structures encapsulating rFCs
allowed acceptable cell viability. Moreover, a structural inves-
tigation through SEM confirmed a multiscale interconnected
porous morphology in the bioprinted structures, which could
provide a suitable 3D environment for cell attachment, pro-
liferation, and metabolism [38]. The metabolic activity that
showed the bioactivities of rFCs were tiny compromised
and quickly recovered after 4 days of incubation.

In this research, we used fibrochondrocytes to verify the
ability bioprinting meniscal relevant cellular components of
our system. Although applying stem cells in meniscal recon-
struction has been reported by some groups. However,
complex-staged-inducing methods were required for stem
cells in fibrocartilaginous differentiation, consuming a rela-
tively long period of cell culture which compromised the
clinical potential [39]. Thus, mature cells were preferred by
our group. Nevertheless, as the progress of coculturing stem
cells with other meniscal relevant cells such as fibrochondro-
cytes and chondrocytes in 3D environments are reported
recently [40, 41], further experiments on bioprinting mixed
cell groups to enhance the proliferation and differentiation
will be carried out by our group.

To further assess the ECM accumulation of fibrochon-
drocytes, sGAG and collagen types II and X were confirmed
by histological and immunohistochemical tests simulta-
neously. The results showed the ECM components were sim-
ilar to the native meniscus. This progress will pave the way
towards the reconstruction of the patient’s specific-designed,
bioactive meniscal substitution. Moreover, to the best of our
knowledge, this is the first time that primary fibrochondro-
cytes have survived through the bioprinting process and
maintained viability and biofunction during further in vitro
incubation. The bioprinted meniscal prototype would bring
more flexible, adaptable, and easily accessible methods in
meniscal repairment and reconstruction.

However, the current study still has some limitations.
Firstly, further biomechanical tests of cell-laden meniscal
prototypes are still needed to evaluate the in vitro mechanical
performance. Considering the inferior mechanical properties
of hydrogel-based bioinks, to further improve the mechanical
performance of the meniscal prototype, coprinting of ther-
moplastic polymer and bioink would be our further direction
[11]. Benefiting from the highly scalable of our bioprinter, the
modification would be easily accessed. Moreover, in vivo
implantation on animal models should be carried out further
to verify the tissue formation abilities of our bioprinted proto-
types. We predict that biofabrication of cell-laden meniscus
prototype with proper biomechanical features meeting the
clinical implantation demands would not be a barrier as the
advance of bioprinting and biomaterial approaches.

5. Conclusions

The CNF-modified gelatin-alginate bioink has achieved
encouraging results in mechanical performance and print-
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ability. Combining with MRI 3D reconstruction, the prelim-
inary attempt of applying modified bioink in bioprinting
individual-specific meniscus prototype is achieved with favor-
able biofunction. The application of bioprinting approaches
might minimize the mismatch between artificial meniscal
implants and native knee joint tissues, thereby permitting
the evolution of clinical therapeutic methods of meniscal
reconstruction.
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Graphene oxide (GO) usually serves as a reinforce phase in polymer because of its superior mechanical strength and high
specific surface area. In this work, GO was grafted with L-lactic acid monomer (denoted as GO@PLLA) to overcome the
aggregation in matrix and then incorporated into the poly-L-lactic acid (PLLA) scaffold fabricated by selective laser sintering.
In hybrid scaffold, GO@PLLA exhibited uniform dispersion in the matrix. Furthermore, mechanical interlock between
GO@PLLA and PLLA matrix formed and reinforced the interface bonding. On the other hand, the heterogeneous distributed
GO acted as effective nucleating agent and resultantly enhanced the crystallization. Results showed that the tensile and
compressive strength of scaffolds increased by 143.3% and 127.6%, respectively. Meanwhile, the scaffold exhibited an increased
degradation rate of 37.9%, which could be attributed to the abundant hydrophilic functional groups on GO. Moreover, the
scaffold exhibited favorable bioactivity and biocompatibility. Herein, the developed hybrid scaffold showed potential capacity

for bone tissue engineering.

1. Introduction

Poly-L-lactic acid (PLLA) has been receiving intensive
attention in tissue engineering due to its especially favorable
biocompatibility and degradability [1, 2]. However, its insuf-
ficient mechanical properties handicap its profound appli-
cation in bone tissue engineering [3-5]. Incorporating
reinforcement phases to obtain a composite material is a
feasible method to overcome this issue [6-8]. Nanofillers
such as graphene oxide [9, 10], carbon nanotubes [11,
12], diamond nanoparticles [13, 14], and magnesium oxide
nanoparticles [15-17] have been introduced into PLLA
matrix to improve the mechanical performance. Amongst
them, GO as a reinforcement phase was used to enhance
the polymer due to its unique mechanical strength, includ-
ing a strength of approximately 130 GPa and modulus of
approximately 1TPa [18]. In addition, the large specific

surface area of GO is also conducive to its mechanical rein-
forcing effect [19]. What is more, GO exhibits suitable bio-
logical properties due to its abundant functional groups on
the surface [20]. Nevertheless, the nanoreinforced effect of
GO in polymer matrix was severely weakened because of
its easy agglomeration in matrix [21, 22].

Surface modification is an effective strategy to promote
the dispersion of reinforcement phase in polymer [23-25].
Lactic acid monomer possesses carboxyl and hydroxyl dou-
ble functional groups, which could bond with the active func-
tional groups of GO. Thus, lactic acid monomer could be
grafted on GO, which then polymerized into PLLA chain
through liner condensation [26]. GO grafted with PLLA
(denoted as GO@PLLA) was expected to mix well with PLLA
matrix [27, 28]. More significantly, GO@PLLA can inter-
twine with polymer matrix, which may form the mechanical
interlock between matrix and GO@PLLA, thus effectively
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enhancing the interfacial bonding strength. For instance, Sun
and He [29] reported that GO grafted with poly (D-lactide)
(GO-g-PDLA) by the polymerization method. Subsequently,
PLLA/GO-g-PLDA nanocomposites were prepared and
enhanced the interfacial compatibility between GO-g-
PLDA and PLLA. Zhang et al. [30] proposed an approach
to graft GO with poly (ethylene glycol) and then fabricated
the composites nanofibrous scaffold via electrospinning
technique, which exhibited enhanced the tensile strength
and wettability.

Herein, GO@PLLA was prepared via in situ polyconden-
sation method. GO@PLLA was then incorporated into PLLA
to prepared hybrid scaffolds by selective laser sintering (SLS)
[31]. Comparing with traditional methods, such as fused
deposition modeling [32], electrospinning technique [33],
and foaming technique [34], SLS exhibits great advantages
including precise control of porous structure and personal-
ized customization of bone scaffold. Then, the microstruc-
ture, mechanical properties, and degradation properties
were evaluated. The enhancement mechanism was discussed
and clarified. Furthermore, cell adhesion and proliferation
were performed to verify the hybrid scaffolds as a potential
candidate for bone regeneration.

2. Materials and Methods

2.1. Materials. GO was purchased from Chinese Academy of
Sciences Chengdu organic chemistry Co. Ltd., China. PLLA
powder (2.0dL/g, M,,: 150 kDa) was provided by Shandong
Academy of Pharmaceutical Sciences Pilot Plant, China.
The L-lactic acid aqueous solution (90%, M,: 90.08 kDa)
was procured from Shanghai Aladdin Biochemical Technol-
ogy Co. Ltd.

2.2. Preparation of GO@PLLA. GO@PLLA was prepared by
in situ melt polycondensation in vacuum autoclave. The pro-
cess to prepare GO@PLLA was demonstrated in Figure 1. A
certain amount of GO (0.5 g) was added into the L-lactic acid
aqueous solution (100 mL). The mixed solution was magnet-
ically stirred 30 min under room temperature and then soni-
cated for 60 min to ensure GO homogeneously dispersed in
the solution, followed by the adding of zinc oxide (5 mg) into
the solution as the initiator. The polycondensation process
was executed in vacuum autoclave accompanied by magnetic
stirring and the reaction at 120°C for 12h. After the poly-
condensation was completed, the condensation product
was dissolved in excessive ethyl alcohol and centrifuged
under the speed of 3000r/min. Abovementioned process
was repeated until the unreacted substances were removed.
The final production was dried at 55°C under vacuum until
weight unchanged.

2.3. GO@PLLA Characterization. The variation of chemical
structure of GO@PLLA was obtained by X-ray photoelectron
spectrometer (XPS; Thermo ESCALAB 250XI, USA). The
thermal stability was evaluated by a thermal gravimetric ana-
lyzer (TGA, 209 F3 Tarsus Netzsch). Each sample was heated
from room temperature to 800°C at a rate of 10°C/min in
nitrogen environment. After keeping for 3 min to eliminate
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heat history, the samples were cooled to room temperature.
The weight loss was recorded. Fourier-transform infrared
(FTIR; Bruker Vertex 70 spectrometer) spectrometer was
employed to measure the functional groups of composites
within the range of 4000 to 400 cm™. Raman spectra of the
composites were acquired by a Raman microscope system
(LabRam HR Evolution, Horiba) equipped with a laser wave-
length of 532 nm and laser power of 20 mW. The dispersions
of GO and GO@PLLA in alcohol were observed via solubility
test. 0.5mg GO and GO@PLLA were, respectively, added
into 50 mL alcohol to prepare homogenous suspension with
stirring and ultrasonic. The suspension state was observed
immediately and static after 12 hours.

2.4. Preparation PLLA and Its Hybrid Scaffolds. PLLA,
PLLA/GO (1.0 wt.%), and PLLA/GO@PLLA (1.0 wt.%) com-
posite powders were prepared through a series of processes
involved dissolving, magnetic stirring, sonicating, centrifug-
ing, and vacuum drying. A self-designed 3D printing system
was used to prepare the scaffolds. The preparation procedure
was as follows: the scaffold model was imported into 3D
printing system after designing and then converted to STL
files. Consequently, the laser beam scanned the printing area
selectively layer by layer according to the scaffold model. The
3D printing was performed at a series of optimum parame-
ters: laser power 3.5 W, scanning speed 180 mm/s, scanning
interval of 0.1 mm, and powder-bed depth of 0.1 mm. The
scaffolds were obtained with approximately 600 ym pore size
and 450 ym strut size.

2.5. Microstructural Characterization. The crystallization of
PLLA, PLLA/GO, and PLLA/GO@PLLA scaffolds were
analyzed on a differential scanning calorimetry (DSC;
214Polyma, Netzsch) accompany with a 50 mL/min nitrogen
pumping. The composites (about 10 mg) were heated from
room temperature to 200°C at a heating rate of 10°C/min.
X-ray diffraction spectra of PLLA, PLLA/GO, and PLLA/-
GO@PLLA composites were acquired by an X-ray diffrac-
tometer (XRD; X’Pert PRO MPD). In detail, the specimen
of the scaffolds was cut to thin slices (10 x 20 x 15mm?)
and was scanned at the diffraction ranging from 10 to 80°
at a scanning speed of 2°/min. Fourier-transform infrared
(FTIR) spectra within a reflectance mode of 4000-400 cm™
were obtained to determine the surface properties of com-
posite scaffolds. Raman spectrometer was used to detect the
functional group of scaffolds with a wavelength of 532 nm
at the range from 400 and 2500 cm™.

The brittle fracture surface morphologies of PLLA and its
hybrid scaffolds were observed by scanning electron micro-
scope (SEM; Nova 450). The specimens were coated with
gold for 150 s using a high-vacuum sputter coater ion sputter
before SEM observation.

2.6. Mechanical Properties Evaluation. The universal testing
machine (WD-D1, LTD, China) was used to evaluate the
mechanical properties of PLLA and its hybrid scaffolds.
Tensile tests were performed at a speeding of 2 mm/min.
All tensile specimens were manufactured to dumbbell shapes
(13 x 5 x 2mm®). Compression tests were detected at a speed
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of 2mm/min according to GB/T1041-92 standard. Accord-
ingly, all compression specimens were printed to square
shapes with 5 mm. Three times testing were performed dur-
ing the measurement.

2.7. In Vitro Degradation Measurement. The degradation
behavior of PLLA and its hybrid scaffold was evaluated in
the phosphate-buffered saline (PBS) solution at room tem-
perature. The initial specimens of PLLA and its hybrid scaf-
folds were weighed by a balancing scale as the control
group. At 1, 2, 3, and 4 weeks, the specimens were taken
out and washed with distilled water to erase the residual.
After that, the specimens were dried in a vacuum oven at
55°C for 12h and the residual weight of specimens was
weighted. The residual weight fraction (D) was calculated
by the following:

Wi
O=— x100%, 1
W 6 (1)

where W, and W, are the initial weight and the residual
weight of specimens after incubation, respectively.

2.8. Cell Tests. MG-63 cells were used to perform the cell
culture experiments. In detail, the cells are maintained in
Dulbecco’s modified Eagle’s medium at 37°C in a CO, condi-
tion. The culture medium was charged every 2 days. Prior to
cell culture on the scaffolds, the scaffold samples (10 x 10 x
2mm?) were washed with PBS solution and sterilized with
ultraviolet light for 0.5h and then placed in 12-well plates.
After that, cell suspension at a density of 2 x 10° cells/mL
was seeded on the surface of the scaffolds. Meanwhile,
enough culture medium was added to each well of the plate.
The medium was changed each day during culture period.
After culturing for 1, 4, and 7 days, the samples were taken
out and rinsed thrice with PBS to remove residue and then
gradient dehydrated with ethanol. The dehydrated samples
were dried in a vacuum oven at 55°C for 24 h. Finally, the

cell-cultured samples were gold-coated for 2 min to observe
cell morphology via SEM.

Live/dead cell staining assay was executed to evaluate cell
spreading on the scaffold samples. After culturing for 1, 4,
and 7 days, the samples were washed gently with PBS and
immersed in 4% formaldehyde at 37°C for 20 min. The fixed
cells were stained with 2 yg/mL calcein acetoxymethyl ester
and 1pug/mL ethidium homodimer at 37°C for 20min,
respectively. Then, the stained cells were dehydrated gradu-
ally with ethanol and dried under vacuum. Finally, the scaf-
folds fixed with stained cells were imaged by fluorescence
microscope (Olympus, BX63).

Cell viability on PLLA and its hybrid scaffolds were eval-
uated through cell counting kit-8 assay (CCK-8). The MG-63
cell was cultured on the scaffolds for the desired time before
the CCK-8 experiment. After the culture medium was
removed, CCK-8 reagent was added into each plate. Cells
were further incubated at 37°C for another 4h. Finally, the
optical density (OD) value at 450 nm was recorded by a spec-
trophotometric microplate reader.

2.9. Statistical Analysis. All the experiment was performed
independently in triplicate to exhibit the difference between
the different groups. The data was represented as means +
standard deviation with the one-way ANOVA. Data with
*p <0.05 present significant difference.

3. Results and Discussion

3.1. Characteristic of GO and GO@PLLA. XPS was employed
to corroborate the changes of chemical functional groups for
GO@PLLA. The peeks of functional groups of GO were
exhibited in Figure 2(a). There were five peaks at 284.5eV,
285.3¢eV, 287.0eV, 288.2¢V, and 289.3eV, which were
assigned to the functional groups of C=C/C-C, C-OH, C-O,
C=0, and O-C=0, respectively [24]. The spectrum of
GO@PLLA was presented in Figure 2(b). There were six
peaks. The component of -OH of GO was reduced



4 Journal of Nanomaterials
GO@PLLA 100
80 +
3 3
s s 60
find 2
g 5 40
e E
20
T T T T T T T T T T T T T T T T T T T T T T 0 T T T T T
280 282 284 286 288 290 292 280 282 284 286 283 290 292 100 200 300 400 500 600
Binding energy (eV) Binding energy (eV) Temperature (°C)
— PLLA
— GO
—— GO@PLLA

(e

Transmittance
Relative intensity

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 1000

Wavenumbers (cm™)

—— PLLA GO
— GO —— GO@PLLA
— GO@PLLA

(d) (e)

T
1500 2000

Raman shift (cm™)

®

FIGURE 2: (a) XPS spectra of GO, (b) XPS spectra of GO@PLLA, (c) thermal degradation curves, (d) FTIR spectra, (e) Raman spectra of GO
and GO@PLLA, and (f) photos of GO and GO@PLLA dispersed in ethanol after 12 h.

significantly. Conversely, the components of C-H and O=C-
O of GO@PLLA were increased due to the grafted PLLA
chains. Furthermore, the intensity of C-OH peak exhibited
a relative decrease, while the intensity of C-H and O-C=0
enhanced in some degree.

The thermal stabilities of GO, PLLA, and GO@PLLA
were tested by TGA, as presented in Figure 2(c). For GO,
the weight loss at the range of 50 to 150°C was ascribed to
the evaporation of moisture content [35]. At the following
stage, the mass loss was mainly attributed to that the surface
functional groups decomposed into CO, CO,, and H,O [36].
As for GO@PLLA, the weight loss of GO@PLLA which
occurred at 50 to 160°C was caused by the evaporation of
water. Subsequently, the pyrolysis turned slow due to the suc-
cessfully grafted PLLA chain on graphene. In addition, it
could be seen that the PLLA chain grafted on GO was pyro-
lyzed completely before 400°C, which is consistent with the
obtained TGA curve.

Figure 2(d) exhibits the FTIR spectrum of PLLA, GO,
and GO@PLLA. For the spectra of GO, the characteristic
peaks located at 3430, 1728, and 1632 cm’™! corresponded to
the O-H, C=0, and C-O stretching vibrations, respectively
[37]. As for GO@PLLA, the peak intensity around 3430 cm’
" decreased significantly. It was believed that the esterifica-

tion reaction between functional groups of L-lactic acid and
GO resulted in the reduction of hydroxyl groups. At the same
time, the peak position of C=0O stretching vibrations was
gradually blue shifted from 1728 to 1750 cm™', which could
be ascribed to the increased ester groups caused by the graft
of PLLA chains on GO. In addition, some typical resonances
peaks of PLLA appeared at the spectrum of GO@PLLA.
Therefore, it was demonstrated that PLLA chains in situ
grafted on GO.

The conformational changes of GO@PLLA were assessed
by Raman spectroscopy, as exhibited in Figure 2(e). For the
Raman spectra of GO, the bands of D and G around 1342.1
and 1581.2cm™ corresponded to the vibration of sp2 and
sp3 bonded carbon atoms, respectively [38]. For GO@PLLA,
the peaks located at 1345.6 and 1591 cm™ indicated a blue
shift of 3.5 and 9.8cm™, respectively, which was closely
related with the reaction of PLLA chain and GO [39].

The sedimentation experiment was executed to test the
dispersity of GO and GO@PLLA in anhydrous ethanol, with
obtained images demonstrated in Figure 2(f). GO and
GO@PLLA powders formed uniform dispersion in anhy-
drous ethanol after magnetic stirring and ultrasonic. How-
ever, GO precipitated from the solution and a layer of
aggregation appeared after 12 h. As a comparison, GO@PLLA
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still presented uniform dispersion state in suspension. This
indicated that a strong interaction between organic solvent
and GO@PLLA improved the dispersion.

Based on above results, it was confirmed that the PLLA
chains in situ grafted on GO successfully. GO provided abun-
dant active sites for the grafted process due to its two-
dimensional nanosheet structure. Furthermore, GO served
as initiator accelerated the reaction between macromolecule
and surface-active groups. According to some literature, the
monomer grafted on the GO surface induced by initiation
or crystal during the initial step [36, 40]. Meanwhile, the
formed free polycondensations coupled with the functional
groups on GO. At last, GO was covered with PLLA chains
with the continuous polycondensation reaction.

3.2. PLLA and Nanohybrid Scaffolds Properties. The SLS sys-
tem and the as-prepared scaffold as shown in Figures 2(a)
and 2(b). The uniform dispersion of the nanofiller and good
interfacial compatibility between the nanofiller and the
matrix play a positive role for the composites. In this study,
dispersion of GO in matrix was observed via SEM, as shown
in Figures 3(c)-3(f). The neat PLLA scaffold exhibited
relatively smooth surface morphology, while PLLA hybrid
scaffolds showed rougher surface morphologies. As showed
in Figure 3(d), the aggregation of GO was observed and dis-
jointed with the matrix, which might be attributed to the
poor interfacial compatibility. For the PLLA/GO@PLLA
scaffold, the well-distributed GO@PLLA firmly embedded
in matrix, which exhibited enhanced interfacial bonding with
PLLA matrix, as shown in Figure 3(e).

The FTIR spectrum of PLLA and hybrid scaffolds is pre-
sented Figure 4(a). The peak at 1753 cm! was shifted to high
wavenumber, indicating slightly interaction due to the inter-
molecular and intramolecular hydrogen bonding between
GO and the PLLA matrix. In addition, the shift of the peak
was more significant for PLLA/GO@PLLA as compared to
PLLA/GO. Raman spectroscopy was used to diagnose the
chemical structure, as shown in Figure 4(b). The prominent
peaks of the PLLA scaffold at 1769, 1453, and 873 cm™' were
observed, which assigned to C=O stretching, -CH3 asym-
metric deformation mode, and the C-COO stretching,
respectively. In PLLA hybrid scaffolds, the peak located at
1596 and 1345 cm™ represented an intense tangential mode
and a disorder induced mode of GO. For the PLLA/GO
scaffold, the peaks of C=0 stretching and -CH3 asymmet-
ric deformation mode shifted to 1772 and 1455cm’,
respectively. It might be ascribed to that strong hydrogen
interaction between PLLA and GO [41]. Furthermore, the
upper shift was observed in the PLLA/GO@PLLA scaffold,
which was caused by the stronger interaction between PLLA
and GO@PLLA.

DSC was employed to evaluate the crystallization behav-
ior of PLLA and its nanohybrids under nonisothermal condi-
tion. The second heating range from 30 to 200°C at the
heating rate of 10°C was displayed in Figure 4(c). The melting
temperature (T,,) of PLLA, PLLA/GO, and PLLA/-
GO@PLLA scaffolds was about 176.7, 178.5, and 180.1°C,
respectively. Obviously, after incorporating the nanofiller,
the location of endothermic peak was slightly shifted. It

might be attributed to mobility of the PLLA chains was
restrained due to the effective combination between PLLA
and GO [42]. Moreover, the thermal stability of PLLA/-
GO@PLLA was higher than PLLA/GO, which might be
ascribed to uniform dispersion of GO@PLLA and interfacial
bonding with PLLA matrix [43].

The influence of adding GO@PLLA on the crystalline
structure of PLLA composites was analyzed by XRD, as pre-
sented in Figure 4(d). For the PLLA scaffold, two peaks typ-
ically located at 16.3° and 18.6" exhibited the crystallization
in o form [44]. After incorporating the nanofiller into the
PLLA scaffold, two peaks at 15.0 and 22.4° were observed,
which belong to (001, 210) reflection peaks of GO, respec-
tively. Interestingly, it could be observed that the diffraction
peaks of the PLLA hybrid scaffold blue shifted with incorpo-
ration of GO and GO@PLLA [45]. Meanwhile, the intensity
of characteristic peak at 16.8° increased for PLLA/-
GO@PLLA, which indicated an improved crystallinity due
to stronger bonding between GO@PLLA and PLLA matrix.

3.3. Mechanical Properties. Bone scaffolds should possess
suitable mechanical properties to withstand stress conduc-
tion in bone defect so as to provide support for the new bone
growth [46, 47]. In this study, the tensile and compressive
experiments were conducted to evaluate the mechanical
strength of PLLA and its hybrid scaffolds. The stress-strain
curves and tensile properties of the scaffolds are presented
in Figure 5(a). For the PLLA/GO scaffolds, the tensile
strength increased from 8 to 16 MPa, and the tensile modulus
increased from 100 to 120 MPa, respectively. As for PLLA/-
GO@PLLA, the tensile strength and tensile modulus
improved to 19 MPa and 170 MPa, respectively. For the com-
pression tests, the compressive strength of the PLLA/GO
scaffold improved from 6 to 8 MPa and the compression
modulus increased to 80 MPa. More obviously, the compres-
sive strength and modulus of the PLLA/GO@PLLA scaffold
turther improved to 16 MPa and 190 MPa, respectively.

The mechanical properties of the PLLA/GO@PLLA scaf-
fold are affected by many factors. Firstly, the grafted PLLA
chains promoted homogenous dispersion of GO in the
PLLA/GO@PLLA scaffold. Furthermore, GO@PLLA inter-
twined with PLLA matrix to form mechanical interlock,
which promoted the better interfacial bonding. As a result,
it suppressed the crack extension during tensile process
through transferring the interior stress to GO sheets [48,
49], which could effectively bear the external force. In addi-
tion, the crystallinity of the PLLA scaffold has been improved
after adding the GO@PLLA. Base on the above, significant
improvement of mechanical properties was acquired. In the
PLLA/GO scaffold, the GO tended to aggregate in PLLA
matrix due to its higher specific surface energy, which might
be the main reason for the undesirable enhancement.

3.4. In Vitro Degradation Behavior. The in vitro degradation
property of PLLA and its hybrid scaffolds were evaluated.
Figure 6(a) exhibits residual weight fraction of the scaffold
during immersion test. The mass loss of PLLA reached
7.95% after 4-week immersion. Compared with the PLLA
scaffold, the hybrid scaffolds exhibit obviously promoted
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FIGURE 3: (a) The schematic diagram of SLS and (b) as-prepared scaffold. The brittle surface morphologies of (c) PLLA, (d) PLLA/GO, and

(e) PLLA/GO@PLLA scaffolds. (f) Magnified image of (e).

degradation rate. The mass loss of PLLA/GO and PLLA/-
GO@PLLA scaffolds was 9.80% and 10.97%, respectively.
The result indicated that GO expedited the degradation of
the PLLA scaffold. The pH values of the residual PBS solution
soaked with scaffolds were detected, with results shown in
Figure 6(b). Corresponding to the initial PBS solution, the
pH value decreased from 7.4 to 7.2, 7.12, and 7.1, respec-
tively, for PLLA, PLLA/GO, and PLLA/GO@PLLA scaffolds.

The surface morphologies of the immersed scaffolds were
observed via SEM to further characterize the degradation
behavior. Figures 6(c)-6(e) show the surface morphologies
of PLLA and its hybrid scaffolds after immersion for 4 weeks.

The PLLA scaffold exhibited the relatively smooth surface
with some tiny holes. The PLLA/GO scaffold shown rela-
tively coarse surface. Some cracks concentrated in a relatively
concentrated area, which may due to the aggregation of GO.
Comparing with the PLLA/GO scaffold, the PLLA/-
GO@PLLA scaffold shown a relatively uniform corrosion
morphology, and the erosion was much more serious. The
in vitro degradation of scaffolds was accelerated after adding
GO, which might be explained by the hydrophilicity of
hybrid scaffolds [50]. The addition of GO improved the
hydrophilicity of PLLA scaffold, thereby the surface wettabil-
ity of scaffold becomes better. Furthermore, uniformly
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dispersed GO and PLLA formed more two-phase interfaces
in the scaffold, which provided more degrade sites and solu-
tion exchange channels for the PBS solution. It benefits the
influx of the aqueous media into scaffolds [51, 52].

3.5. Cytocompatibility. The SEM images of cells adhesion on
different PLLA scaffolds after 1, 4, and 7 days were present in
Figure 7. It could be seen that the cells fixed and spread on
the scaffolds with culture time increasing. After culturing
for 4 days, more cells and extracellular matrix exhibited typ-
ical morphologies and covered the surface of hybrid scaffolds.
With the culturing time increased to 7 days, the cells on the
PLLA/GO@PLLA scaffolds appeared mature and plumper
shape [53]. It was indicated that incorporating GO@PLLA
into scaffolds benefited cell adhesion and spreading.

Live and dead staining experiment was performed to
further evaluate the biocompatibility of the PLLA and its
hybrid scaffolds. The fluorescence images were presented in
Figure 8. Almost no dead cells were observed in all scaffolds.
Compared to PLLA and PLLA/GO scaffolds, more live cells
were found in the PLLA/GO@PLLA scaffolds during the
same period. It was indicated that the incorporation of
GO@PLLA exhibited beneficial factor for cell growth. The
CCK-8 assay was performed to quantitatively investigate
the osteoblasts proliferation on the scaffolds, the results were
present Figure 8(b). Obviously, the OD values increased
gradually with culture period increasing for all scaffolds,
and the addition of GO promoted cells proliferation. Nota-
bly, the OD values of the PLLA/GO@PLLA scaffold have
significant difference in comparison to the PLLA scaffold

PLLA PLLA/GO PLLA/GO@PLLA

1 day

4 days

7 days

FI1GURE 7: SEM micrographs of MG63 cells on PLLA and its hybrid
scaffolds after 1, 4, and 7 days of culture.

throughout culture period, which showed higher cell viabil-
ity. It was indicated that GO have intrinsic biocompatibility.
Moreover, good dispersion in matrix after GO grafted with
the PLLA chains, which may provide a suitable microenvi-
ronment for cells proliferation [54, 55].
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4. Conclusions

In this study, GO@PLLA was prepared through in situ
polycondensation. PLLA and its hybrid scaffolds were
successfully fabricated via SLS. GO@PLLA could uniformly
dispersed in PLLA matrix. Moreover, stronger interface
bonding was formed between GO@PLLA and PLLA matrix.
As a result, the mechanical properties of the PLLA/-
GO@PLLA scaffold were significantly enhanced. Meanwhile,
the weight loss tests indicated that GO enhanced the degra-
dation rate of the PLLA scaffold. The cytocompatibility
experiments showed that the PLLA/GO-p-PLLA scaffold
exhibited favorable biological performance. Therefore, the
PLLA/GO@PLLA scaffold was a potential substitute for bone
tissue engineering.
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