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Porous nano-scaffolds provide for better opportunities to restore, maintain, and improve
functions of damaged tissues and organs by facilitating tissue regeneration. Various
nanohybrids composed of mesoporous silica nanoparticles (MSNs) are being widely
explored for tissue engineering. Since biological activity is enhanced by several orders
of magnitude in multicomponent scaffolds, remarkable progress has been observed in this
field, which has aimed to develop the controlled synthesis of multifunctional MSNs with
tuneable pore size, efficient delivering capacity of bioactive factors, as well as enhanced
biocompatibility and biodegradability. In this review, we aim to provide a broad survey of
the synthesis of multifunctional MSN based nanostructures with exotic shapes and sizes.
Further, their promise as a novel nanomedicine is also elaborated with respect to their role
in bone tissue engineering. Also, recent progress in surface modification and
functionalization with various polymers like poly (L-lactic acid)/poly (ε-caprolactone),
polylysine-modified polyethylenimine, poly (lactic-co-glycolic acid), and poly (citrate-
siloxane) and biological polymers like alginate, chitosan, and gelatine are also covered.
Several attempts for conjugating drugs like dexamethasone and β–estradiol, antibiotics like
vancomycin and levofloxaci, and imaging agents like fluorescein isothiocyanate and
gadolinium, on the surface modified MSNs are also covered. Finally, the scope of
developing orthopaedic implants and potential trends in 3D bioprinting applications of
MSNs are also discussed. Hence, MSNs based nanomaterials may serve as improved
candidate biotemplates or scaffolds for numerous bone tissue engineering, drug delivery
and imaging applications deserving our full attention now.

Keywords: porous nanostructures, nanohybrids, polymers, multifunctional scaffolds, drug delivery, bioimaging, 3D
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INTRODUCTION

The recent past has witnessed a tremendous advancement in the area of orthopaedic surgery and
development of bone implants considering the growing number of cases of traumatic injury, tumors,
deformity, degeneration and an age related ailments. The limitations of the traditional synthetic
porous scaffolds which are often made out of metals, polymers, ceramics or even composite
biomaterials, include incompatibility with native tissue structure and properties of bone tissues.
This leads to poor integration of the synthetic scaffolds with cells and surrounding host tissue,
thereby resulting in unsatisfactory surgical outcomes due to poor corrosion and wear, mechanical
mismatch, unamiable surface environments, and other unfavorable properties (Wu et al., 2014).
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Among various tissues, bone is the most notable due to its role
in the support of other tissues, locomotion, hematopoiesis,
protection, calcium and phosphate balance and also structural
integrity (Florencio-Silva et al., 2015). It is estimated that the
cumulative annual cost for the treatment of almost 15 million
patients in the United States with bone disorders, 1.6 million
traumatic fractures, and 2 million osteoporosis associated bone
defects is about $45 billion (O’Keefe and Mao, 2011). Depending
upon the severity of the damage and absence of a full proof
healing strategy, bone grafting has increased tremendously as an
alternative therapeutic strategy chosen by approximately
1.6 million patients in the United States alone annually
incurring costs of around $2.5 billion (Amini et al., 2012; Bao
et al., 2013).

Conventional therapy for fixing bone defects has various
limitations, such as a shortage of grafts and donors; surgical
procedure associated bleeding, pain, morbidity, and post surgical
infections; and a failure in osseointegration and graft rejection
have been emphasized as the immediate need to develop
complementary and alternative therapies for bone injuries
(Yaszemski et al., 1996; Finkemeier, 2002; Dimitriou et al.,
2011; Mishra et al., 2016).

In view of this background, nanotechnology driven bone tissue
engineering approaches have gained global attention over the past
decade for developing cost effective, durable, and biocompatible
implants or scaffolds (Hickey et al., 2015). The main objectives
of orthopaedic surgery include the reconstruction of
musculoskeletal tissue that can be achieved by i) prosthetic or
fixation device and ii) tissue engineered bone scaffolds. Hence,
choosing the ideal biomaterial with enhanced porosity, better
tensile strength and longer shelf life has attracted wide attention
in nanotechnological research. Materials such as bioactive glasses,
carbon nanostructures, and hydroxyapatite nanoparticles are
widely-proposed hard materials for the repair and
regeneration of bone related wounds and “delicate” structures
in the body. These materials are advantageous as they can
improve cell proliferation and differentiation, enhance
angiogenesis, and can possess antibacterial/anti- inflammatory
activities (Kargozar et al., 2020).

Mesoporous silica nanoparticles (MSNs) with high porosity
provide an ambient microenvironment for cell adherence,
proliferation and differentiation (Perez et al., 2017). Similarly,
associating MSNs with metallic materials, e.g., 316L stainless
steel, titanium alloys and cobalt chromium alloys, can enhance
the load-bearing capacity of prostheses. Functionalization of
scaffolds with ligands like bone morphogenetic proteins
(BMPs) and drugs like dexamethasone (DEX) help in
osteoinduction and differentiation of osteoprogenitor cells,
particularly mesenchymal stem cells (MSCs) (Dragonas et al.,
2019).

In this review, advances in the fabrication of novel
mesoporous silica based nanomaterials for bone repair is
discussed in detail. Furthermore, the role and mechanism of
biomaterials in ensuring rapid healing, efficient vascularization,
proper osseointegration and blood supply are also elaborated.
These biomaterial based implants with longer shelf lives and
reasonable costs may help to ensure a tissue regenerative

microenvironment resembling the natural extracellular matrix
(ECM) of bone itself.

OSTEOGENESIS

Bone tissue is derived from MSCs which exhibit promising
abilities like self repair, regrowth and remodelling. For the
most part, MSCs with intrinsic self-renewal properties remain
in an “undifferentiated” state unless stimulated. Although MSCs
are mostly isolated from bone marrow, alternate sources can be
peripheral blood, gingiva tissue, adipose tissue, skeletal muscle,
tendons, neonatal umbilical cord blood and specific parts of the
placenta. MSCs positively express CD105 (SH3), CD90, and
CD73 (SH2) while negatively express CD34, CD45, CD14 or
CD11b, CD79α, or CD19 and HLA-DR. Multipotent MSCs can
further differentiate into osteoblasts, chondrocytes, and
adipocytes upon the right stimulation (Dominici et al., 2006).

Various induction factors are required to promote the
differentiation of MSCs into osteocytes. Certain supplements,
when added to the basal medium, can induce osteogenesis.
Similarly, hydrostatic pressure, mechanical stress and a pulsed
electromagnetic field (PEMF) can also facilitate osteogenic
differentiation (Hess et al., 2010; Jansen et al., 2010; Yourek
et al., 2010). It is interesting to note that the supplementation of
dexamethasone in the basal medium can remarkably stimulate
in vitro osteogenesis which is attributed to the up-regulated
expression of the runt-related transcription factor 2 (Runx2),
Osterix (Osx), and bone morphogenetic proteins (BMPs)
(Igarashi et al., 2004). Similarly, ascorbic acid and
β-glycerophosphate enhance the secretion of type I collagen
which is a hallmark of osteogenesis (Gupta et al., 2007).

Various factors mediate the osteogenic pathway at different
steps as seen in Figure 1. The most notable marker, Runx2,
controls the initial steps where osteogenic differentiation of MSCs
is activated either by transforming growth factor-beta 1 (TGF β1)
or bone morphogenetic protein 2 (BMP2) pathways (Lee et al.,
2000; Lee et al., 2003). Runx2 also plays a vital role in inhibiting
MSCs to differentiate into an adipogenic lineage thus promoting
the commitment of MSCs specifically to the osteogenic lineage
along with both BMP2 and distal-less homeobox 5 (Dlx5)
(Enomoto et al., 2004; Gaur et al., 2005). Runx2 independent
Osx expression is mediated by BMP2 and preosteoblasts are
formed that can further express Runx2, D1x5, msh homeobox
homologue 2 (Msx2), P2Y4 and P2Y14 (Harada and Rodan,
2003). A low expression of osteoblast specific markers like
alkaline phosphatase (ALP), type I collagen (collagen I), and
osteopontin (OPN) may be observed at this stage. The formation
of immature osteoblasts from preosteoblasts is facilitated by
β-catenin, Runx2, and Osx (Komori, 2006). Spindle shaped
immature osteoblasts express bone matrix proteins such as
bone sialoprotein and OPN (Komori, 2006). Osx mediates the
terminal maturation of osteoblasts with the induction of
osteocalcin (OC) expression while the maturation of
osteoblasts is inhibited by Runx2 (Liu et al., 2001; Nakashima
et al., 2002). Upon complete differentiation into osteoblasts,
mature cells exhibit a mineralized matrix, cuboidal shape, well
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developed Golgi bodies and rough endoplasmic reticulum. The
enhanced expression of P2X5, ALP, collagen I and OC is observed
in mature osteoblasts (Pavlin et al., 2000; Pavlin et al., 2001).

Numerous porous biomaterials are constantly being fabricated
and functionalized with bioactive ligands in order to promote the
osteogenic differentiation of MSCs as listed in Table 1. Thus,
porous nanomaterials can be an attractive alternative to existing
solid metallic implants which can not only mimic the tissue micro
environment but also would provide suitable mechanical strength
and durability. Based on their chemistry, size, and geometry,
mesoporous silica based nanoparticles are the most preferred
nanostructures that can be used for enhancing bone repair and
regeneration.

MESOPOROUS SILICA NANOPARTICLES

Although nanotechnology has made tremendous progress in the
domain of healthcare over the past decades, there is a continual
need to combine novel nanostructures with scaffolds that can
mimic the tissue micro-environment and natural extracellular
matrix. Such an approach is a prerequisite to develop
nanomaterial based tissue engineering strategies and stem cell
therapies for tissue regeneration (Padmanabhan and Kyriakides,
2015). The unique properties of mesoporous silica nanoparticles
(MSNs), like high specific surface area, tunable morphology and
pore size, multi-functionalizability, and enhanced
biocompatibility have made them ideal nanomaterials for bone
tissue engineering (Croissant et al., 2018). Functionalized MSNs
can respond effectively to a plethora of stimuli like temperature,
pH, light, redox potential and enzymes that make them the most
suitable nanocarriers for targeted drug delivery and triggered

release (Rahikkala et al., 2018). Several contrast agents can be
conjugated on/in the MSNs for effective bioimaging that help in
monitoring their biodistribution, accumulation and organ
specific targeting (Henstock et al., 2015; Chen et al., 2019).

Zhou et al. (2015) reported the fabrication of fluorescein
isothiocyanate (FITC)-labeled MSNs after surface modification
and expression of amine groups by a treatment with 3-
aminopropyltriethoxysilane (APTES) as shown in Figure 2.
Further, the BMP-2 peptides (79.8%) were functionalized by
a covalent interaction between −COOH and −NH2 groups
resulting in cross-linking. Although the hydrodynamic
diameter of the bare MSNs was 265 nm with a polydispersity
index (PDI) of 0.196, after peptide functionalization, the MSN-
pep exhibited a smaller hydrodynamic diameter of 255 nm and a
narrower PDI of 0.172. This indicated a better dispersion and
stability of MSN-pep that might have been attributed to the
peptide grafting. Enhanced cellular uptake of MSN-pep in a
time dependent manner was evident in bone mesenchymal stem
cells (BMSCs) when treated from 24 to 48 h. ALP activity of the
cells treated with DEX conjugated BMP-2 peptide
functionalized MSNs (DEX@MSNs-pep) was maximal on the
14th day. Similarly, high calcium deposition in the cells was
confirmed upon treatment with DEX@MSNs-pep. Also,
expression of RUNX2 and OCN was enhanced due to
treatment with the multifunctionalized nanocomposite.
Figure 2E depicts ectopic bone formation after 3 weeks
indicating the osteogenic capacity of MSNs-pep and DEX@
MSNs-pep. Upon implantation of the nanocomposites, the
post-operation CT images confirmed the calcified deposits in
the MSNs-pep and DEX@MSNs-pep treatment groups. Bone
mineralization was also facilitated by the DEX@MSNs-pep
compared to the MSNs-pep only.

FIGURE 1 | Schematic representation for the differentiation of mesenchymal stem cells (MSCs) into osteoblasts. Runx2 mediated commitment of MSCs to an
osteogenic lineage followed by the initial formation of preosteoblasts that express runt-related transcription factor 2 (Runx2), distal-less homeobox 5 (Dlx5), and msh
homeobox homologue 2 (Msx2). Preosteoblasts further differentiate into immature osteoblasts which in turn enhance expression of bone morphogenetic protein 2
(BMP2), Osterix (Osx), β-catenin, bone matrix proteins, bone sialoprotein, and osteopontin (OPN) and develop into mature osteoblasts. Mature osteoblasts with a
mineralized cellular matrix express osteocalcin (OC), alkaline phosphatase (ALP), and type I collagen (collagen I).
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TABLE 1 | The application of MSNs as scaffolds for bone tissue engineering.

Nanomaterial Functionalized
ligands/drugs

Size (nm) Examined cell
line

Advantages Disadvantages Refs

Mesoporous silica
nanoparticles (MSNs)

Fluorescein isothiocyanate
(FITC), bonemorphogenetic
protein-2 (BMP-2),
dexamethasone (DEX)

255 Bone mesenchymal
stem cells

Better dispersion, high
osteoinductive effect

Unknown biodistribution
and excretion profile

Zhou et al.
(2015)

Collagen (col) with bioactive
glass nanocarriers (BGn)

FGF18 — Rat bone
mesenchymal stem
cells

Sustained release of
functionalized biomolecule

Targeting and resistance to
biofouling is absent

Mahapatra
et al. (2016)

Polycaprolactone shelled with
mesoporous silica (PCL@MS)

Cytochrome c, doxorubicin,
gentamycin sulphate, and
fluorescein isothiocyanate

422 ± 97 Rat bone marrow
mesenchymal stem
cells

Superior nanomechanical
surface property and
sustained release

Shelf life and stability is
unknown

Singh et al.
(2015)

Poly (L-lactic acid)/poly
(ε-caprolactone) (PLLA/PCL)
nanofibrous MSNs scaffold

Dexamethasone 318.8 Rat bone marrow
mesenchymal stem
cells

In-vivo bone healing and
high collagen formation

Toxicity and
biomagnification of MSN in
the tissue is unclear

Qiu et al.
(2016)

Titanium (Ti) substrate
supported MSNs with
multilayered hybrid chitosan/
gelatin (CHI/Gel) pair

β–estradiol 180 ± 22 Osteoblasts
isolated from
neonatal rat calvaria

enhanced osteoblast
proliferation and tissue
regeneration

Resistance to microbial
infections is unclear

Hu et al.
(2010)

Chitosan-functionalized
MSNs

Bone morphogenetic
protein-2,
dexamethasone

130 Rat bone marrow
mesenchymal stem
cells

Dual delivery of drug and
BMP-2

Optimization and release
study should be performed

Gan et al.
(2015)

Polylysine-modified
polyethylenimine (PEI-PLL)
and arginine-glycine-
aspartate (RGD)
functionalized MSNs

Dexamethasone, bone
morphogenetic protein-2
pDNA

<200 Bone mesenchymal
stem cells

Dual drug and DNA delivery Functionalized DNA might not
be stable for longer duration

Zhou et al.
(2019)

True bone ceramics (TBC)
combined with hollow MSNs
(TBC/HMSN/P28)

Chitosan — MC3T3-E1 cells Sustained release
property, excellent
biocompatibility, and
strong bone conduction
and regeneration ability.

Healing time may take long
due to absence of
functionalized precursors
or osteoinductive drugs

Cui et al.
(2018)

Alginate/chitosan (ALG/CHI),
poly-L-lactide (PLLA), poly (lactic-
co-glycolic acid) (PLGA)-
conjugated MSNs

Sphingosine-1-
phosphate, BMP-2

119.82 ±
8.80

Rat bone marrow
mesenchymal stem
cells

Simultaneous osteogenic
and angiogenic activities

Long term side effects and
biocompatibility is
unknown

Zhang et al.
(2018)

Poly (L-lactide) (PLLA)
oligomer based novel
biodegradable polyester
modified MSNs

— 200–350 MC3T3-E1 cells Promotion of cell viability,
proliferation and tissue
repair

Unknown
pharmacokinetics and
pharmaco-dynamics

Wang et al.
(2019)

Gadolinium (Gd) labelled
defect-related
luminescent MSN

Dexamethasone 100 Bone mesenchymal
stem cells

Simultaneous bioimaging
and drug delivery

Unknown adverse
reactions

Ren et al.
(2017)

Silica nanoparticles (SNs)
reinforced with poly (citrate-
siloxane) hybrid elastomers
(PCS-SN)

— 500 MC3T3-E1 Simultaneous bioimaging
and bone tissue
regeneration

Shelf life and biodistribution
pattern is not known

Li et al.
(2018)

MSNs in gelatin matrix Vancomycin 209.8 Rat bone marrow
mesenchymal stem
cells

Dual antimicrobial and
osteogenic activities

Functionalization of single
antibiotic might not be able to
inhibit multidrug resistant
pathogens

Zhou et al.
(2018)

Mesoporous silica
microspheres/
nanohydroxyapatite/poly-
urethane composite scaffold

Levofloxacin — Chronic osteomyelitis
animal model using
New Zealand White
rabbits

Dual treatment for
pathogenic infection and
osteomyelitis

Durability and
biocompatibility should be
investigated

Wang et al.
(2017)

Calcium phosphate cement
(CPC)-based mesoporous
silica scaffolds

Recombinant human
bone morphogenic
protein-2 (rhBMP-2)

— Human bone
marrow stromal cells

Simultaneous promotion of
both promote both
vascularization and
osteogenesis

The 3D bioprinting
technique can be
expensive and time
consuming

Li et al.
(2017)

Frontiers in Materials | www.frontiersin.org June 2021 | Volume 8 | Article 6923094

Ghosh and Webster Porous Biomaterials for Tissue Engineering

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


A critical factor controlling the biological response to MSNs is
their morphology, particularly, the shape and size that also
determines the extent of cellular uptake. MSNs of smaller
dimensions (50 nm) were reported to show better uptake
when fluorescence-labeled MSNs of a controlled size in the
range of 30–280 nm were incubated with HeLa cells (Lu et al.,
2009). However, Vallhov et al. (2007) reported that larger

MSNs showed selectively more uptake by the phagocytic cells
compared to smaller ones. In view of this background, the
appropriate tuneable size of MSNs seems to be a prerequisite
for the better performance of MSNs in immune escape and
cellular uptake.

Likewise, the shape of MSNs also plays a critical role in cell
adhesion, cell uptake, biodistribution and clearance (Huang et al.,

FIGURE 2 | (A) Schematic illustration for the preparation of DEX@MSNs-pep; TEM images of (B) MSNs (inset is the enlarged image) and (C) MSNs-pep; and (D)
size distribution of MSNs and MSNs-pep. (E) CT images of rats implanted with different implants for 3 weeks. Images of (left) plain CT scanning, (upper right) three-
dimensional CT reconstruction, and (bottom right) transverse section for each MSNs, MSNs-pep, and DEX@MSNs-pep. Reprinted with permission from Zhou et al.
(2015). Copyright © 2015 American Chemical Society.
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2010; Huang et al., 2011). Larger MSNs (with aspect ratios AR �
4) were internalized in A375 human melanoma cells.
Interestingly, short-rod MSNs were more rapidly cleared than
long-rod MSNs. Therefore, the above findings indicated that
optimizing the size and shape of MSNs is of great importance
before incorporating them into scaffolds for bone tissue
regeneration.

POLYMER FUNCTIONALIZED
MESOPOROUS SILICA
NANOCOMPOSITES
Numerous polymers have been functionalized on the surface of
MSNs to provide biomatrices for the efficient anchorage of stem
cells, promotion of cellular growth, migration, and lineage
differentiation. Hydrogels made out of biopolymers like gelatine,
collagen, chitosan, etc., can encapsulate cells and provide a 3D
environment that largely mimics the native tissue extracellular
matrix (ECM). MSNs can be incorporated into such polymers to
fabricate novel osteogenic scaffolds that can be directly delivered to
the damaged tissue space with minimal invasiveness.

Mahapatra et al. (2016) designed a stem cell delivering gel
matrix made of collagen (Col) with bioactive glass nanocarriers

(BGn) that was co-functionalized with an osteogenic signaling
molecule, fibroblast growth factor 18 (FGF18), within the
mesopore structure. The Col/BGn hydrogel exhibited
remarkable enhanced osteogenic differentiation of
mesenchymal stem cells (MSCs) that was attributed to the
release of ions. Figure 3 illustrates the mesopores within the
BGn that is advantageous for effective loading of FGF18 at large
quantities. Similarly, the nanoarchitecture also helped in the
sustained release of FGF18 from the BGn-Col gel matrix with
almost a zero-order kinetics, over 4 weeks. The release of FGF18
enhanced MSC alkaline phosphatase activity and upregulated
bone related gene expression along with bone matrix formation
(osteopontin, bone sialoprotein, and osteocalcin production).
Hence, this FGF18-BGn/Col gel can be a promising osteo-
promoting scaffold for bone tissue engineering.

Similarly, in another study, Singh et al. (2015) fabricated a
novel nanofibrous hybrid scaffold of polycaprolactone shelled
with mesoporous silica (PCL@MS) as shown in Figure 4. This
nanocomposite possessed dual advantages where the silica shell
served as an active biointerface and the 3D nanoscale fibrous
structure acted as a cell-stimulating matrix. Together they
enhanced bone regeneration. Upon coating the electrospun
PCL nanofibers with MS, surface wettability and ionic
reactions improved significantly resulting in the substantial

FIGURE 3 | Characteristics of BGn and BGn/Col gel. (A) TEM images of BGn at different magnifications with characteristics summarized. (B,C) SEM images of
freeze-dried gels at different magnifications: (B) Col and (C) BGn/Col. Reprinted with permission from Mahapatra et al. (2016). Copyright © 2016, American Chemical
Society.
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formation of bone-like mineral apatite in body-simulated
medium. The hybrid nanofibers exhibited superior mechanical
properties, such as tensile strength and elastic modulus. The
excellent nanomechanical surface properties of the nanomaterial
favored hard tissue repair where rat MSCs had better attachment,
growth, and proliferation. Interestingly, the nanohybrid
stimulated the ALP and Col I genes to their highest level at
the 14th day, while the expression of OPN and OCN genes were
the highest on day 21, indicating time-dependent gene
expression. Further, the high loading capacity of cytochrome c
(cyt C), doxorubicin (DOX), gentamycin sulphate (GS), and
fluorescein isothiocyanate (FITC) on the surface of PCL@MS
nanofibers showed their promising role as theranostic agents. A
sustained release was observed for all four biomolecules from the
nanocomposite surface supporting its prolonged activity.

Qiu et al. (2016) reported aminated mesoporous silica
nanoparticles (MSNs-NH2) as efficient microcarriers for
dexamethasone (DEX). Initially, a thermally induced phase
separation (TIPS) technique was employed for the synthesis of
poly (L-lactic acid)/poly (ε-caprolactone) (PLLA/PCL)
nanofibrous scaffold onto which the DEX-loaded MSNs-NH2

nanoparticles (DEX@MSNs-NH2) were deposited by
electrophoretic deposition (EPD) as illustrated in Figure 5A.
About 8.09% DEX was loaded onto the DEX@MSNs-NH2. The
shape of the MSNs-NH2 was mostly elliptical and uniform with a
size of 318.8 nm while the pore diameter of the scaffold was
approximately 15.66 μm. The DEX@MSNs-NH2 particles were
localized on the surface and within the pores of the scaffolds after
deposition. Although a rapid DEX release from the scaffolds was

evident in the beginning, it gradually slowed, and a sustained
release was achieved with time. The DEX@MSNs-NH2/PLLA/
PCL facilitated an increase in cell numbers of primary rat bone
marrow mesenchymal stem cells (BMSCs) from 3 to 14 days
indicating their role in maintaining cell viability and promoting
cell division. Interestingly, BMSCs not only grew and
differentiated efficiently, but also collagen production, matrix
mineralization and osteocalcin expression was enhanced when
grown on the DEX@ MSNs-NH2/PLLA/PCL scaffolds.

Further, the DEX@MSNs-NH2/PLLA/PCL scaffolds
facilitated calvarial defect healing in Sprague−Dawley (SD) rats
as represented in Figure 5B. Substantial bone healing was evident
at 24 h as confirmed in 3D micro-CT imaging which might be
attributed to the DEX release. In view of this background, MSNs
based multifunctionalized nanoscaffolds can be considered as
ideal candidates for the delivery of osteogenic agents to induce
BMSCs differentiation and commitment to an osteogenic lineage.

Hu et al. (2010) reported that titanium (Ti) substrates
supported MSN embedded in multilayered hybrid chitosan/
gelatin (Chi/Gel) pairs. This composite served as a
nanoreservoir-type drug delivery system that could regulate
the growth of both osteoblasts and osteoclasts which is crucial
for the maintenance of bone homeostasis. A layer-by-layer (LbL)
assembly technique was employed to facilitate the electrostatic
interactions of polyanions and polycations for fabricating the
nanocomposite. Further, β –estradiol (E2) was used as a standard
drug for loading since it is well known for its therapeutic
applications for the amelioration of osteoporosis. Initially, the
MSNs were used as nanoreservoirs for the loading of β–estradiol

FIGURE 4 | Morphology and other characteristics of PCL@MS hybrid nanofibers: (A−D,G,H) SEM and (E,F) TEM images of the samples. (A) PCL used as a
template (422 ± 97 nm in size); (B) after one coating cycle, PCL@MS induced a homogeneous coverage of the silica layer on the surface; (C) morphology stretching
showing the inner PCL (arrow) and outer silica layer; (D) when the coating cycle was exceeded (twice), some precipitates of the silica nanoparticles appeared (dotted
arrows); (E) TEM image clearly showing the silica layer forming uniformly on the surface (indicated as “shell”); (F) nanofiber stretching revealing the inner PCL (arrow)
and the outer silica layer; (G,H) SEM image of the thermally treated PCL@MS, with complete removal of the inner PCL core (indicated as “core”), revealing a hollow MS
structure. Reprinted with permission from Singh et al. (2015). Copyright © 2015 American Chemical Society.
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which were further coated with polyelectrolyte multilayers (PEM)
of gelatin/chitosan (E2-MSN@PEM). Additionally, the E2-
MSN@PEM nanoparticles were also embedded in between the
Gel/Chi pair layers. The MSNs were spherical with an average
diameter of 133 ± 16 nm. In the drug loaded composites, 7% of β
–estradiol was loaded onto the MSNs. After coating with layers of
(Chi/Gel)2/Chi, the particle size of the E2-MSN@PEM
nanoparticles increased to 180 ± 22 nm. Each layer was 4.7 nm
thick. The effect of the nanocomposites was checked on
osteoblasts isolated from neonatal rat calvaria employing a
sequential collagenase digestion method. Superior
cytocompatibility of the nanocomposite with an induction of
strong mineralization after 16 days in osteoblasts confirmed their
potential as promising agents in bone tissue engineering and bone
regeneration with simultaneous drug delivery.

In another study, polymeric chitosan was used to develop
MSN based nanocomposites with an enhanced osteoinductive
effect. Dexamethasone (DEX) at a suitable dosage can enhance
bone morphogenetic protein-2 (BMP-2) mediated osteoblast
differentiation and accelerate bone regeneration. To strengthen
this synergistic osteoinductive effect, a pH-responsive chitosan-
functionalized mesoporous silica nanoparticle (chi-MSN)
ensemble was fabricated for the dual-delivery of BMP-2 and
DEX. Initially, a CTAB-templated sol-gel method was employed
to synthesize MSNs 130 nm in diameter that were further reacted
with glycidoxypropyltrimethoxysilane (GPTMS) for cross-
linking chitosan. DEX was functionalized by encapsulation in
the mesopores while the larger BMP-2 was localized within the
chitosan coating. Rapidly released BMP-2 (over 80%) from the
chi-MSNs was efficiently endocytosed while the lower pH values

FIGURE 5 | (A) Schematic illustration for the fabrication of DEX@MSNs-NH2/PLLA/PCL composite scaffolds; (B) Micro-CT evaluation of SD rat calvarial bone
defects. Images of plain micro-CT scanning at 4, 8, 12, and 24 W (left) and 3D micro-CT reconstruction after 24 W (right) of implantation of the blank and the PLLA/PCL
and DEX@MSNs-NH2/PLLA/PCL scaffolds. Reprinted with permission from Qiu et al. (2016). Copyright © 2016 American Chemical Society.
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within the cell, facilitated the controlled release of DEX. Superior
osteoblast differentiation and bone regeneration upon treatment
with this dual hybrid nanocomposite was attributed to the
synergistic action of BMP-2 and DEX outside and inside the
cell (Gan et al., 2015).

Zhou et al. (2019) reported the synthesis of polymer
functionalized MSNs for the dual delivery of genes and drugs.
Initially, polylysine-modified polyethylenimine (PEI-PLL)
copolymers were synthesized with PEI of varying molecular
weights. The PEI-PLL-25k (a copolymer synthesized using
25 kDa PEI) exhibited superior in vitro transfection efficiency
and low cytotoxicity. Further, MSNs were surface functionalized
with a PEI-PLL-25k copolymer and arginine-glycine-aspartate
(RGD) peptide to facilitate the surface adsorption of plasmid
DNA and loading of an osteogenic drug dexamethasone (DEX) in
the mesopores as illustrated in Figure 6. The MSNs-NH2 were
mostly spherical with highly ordered mesoporous structures.
RGD functionalization on the surface of the MSNs helped
enhance cytocompatibility. The co-polymer based dual delivery
system exhibited rapid release of plasmid DNA (pDNA).
However, a sustained release of DEX was also observed. Bone
mesenchymal stem cells (BMSCs) transfected with a vector
bearing bone morphogenetic protein-2 (BMP-2) pDNA
significantly increased expression of the BMP-2 protein. The
novel dual-factor delivery system with DEX and the BMP-2
gene enhanced the osteogenic differentiation of BMSCs which
was attributed to the upregulation of alkaline phosphatase (ALP)
activity, expression of osteo-related genes, and calcium
deposition as shown in Figure 7.

In another study, a nanocomposite was fabricated by Cui et al.
(2018) in order to ensure the controlled release of a novel BMP-2-
related peptide (designated P28) from chitosan (CHI)
functionalized true bone ceramics (TBC) which was combined
with an enlarged pore hollow mesoporous silica nanoparticle
(HMSNs) composite scaffold (TBC/HMSN/P28). Figure 8
schematically illustrates the synthesis strategy for the TBC/
HMSN/P28 scaffold where initially TBC was reacted with
700 μL of a HMSN/P28 solution followed by vacuum drying
for 30 min twice and then was kept at 4°C for 24 h before freeze-
drying. A slow and sustained release of P28 from the
nanocomposite scaffold was confirmed which helped in the
superior proliferation and osteogenic differentiation of
MC3T3-E1 cells. After four kinds of scaffolds were implanted
into a rabbit radius critical bone defect for 6 and 12 weeks, the
radiographic and histological examination indicated that this
osteogenic delivery system, TBC/HMSN/P28 scaffolds,
effectively induced bone regeneration in vivo. Therefore, the
TBC/HMSN/P28 scaffold can promote the proliferation and
osteogenic differentiation of MC3T3-E1 cells in vitro and new
bone tissue generation in vivo. This study provides a promising
scaffold for bone tissue engineering and regenerative medicine
which should be further studied.

Improper vascularization may lead to non-unions in bones.
Hence, it is crucial to develop biomaterials that can facilitate
coordination between angiogenesis and osteogenesis. Zhang et al.
(2018) fabricated a novel angiogenic carrier by loading
sphingosine-1-phosphate (S1P) into mesoporous silica
nanoparticles (MSNs). The microcarriers were then integrated

FIGURE 6 | (A) Reaction scheme for the synthesis of PEI-PLL copolymers. (B) Schematic illustration for the preparation of PEI-PLL and RGD-conjugated MSNs-
based nanocarrier and codelivery of pDNA and drug into cells. Reprinted with permission from Zhou et al. (2019). Copyright © 2019 American Chemical Society.

Frontiers in Materials | www.frontiersin.org June 2021 | Volume 8 | Article 6923099

Ghosh and Webster Porous Biomaterials for Tissue Engineering

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


into porous nanofibrous poly-L-lactide (PLLA) scaffolds as
shown in Figure 9. Further, poly (lactic-co-glycolic acid)
(PLGA) microspheres were used for encapsulating the BMP-2
to develop osteogenic microcarriers, that were subsequently
embedded into the MSNs/PLLA scaffolds.

Morphologically, the MSNs were spherical with a diameter of
108.05 ± 11.58 nm while functionalization with alginate/chitosan
(ALG/CHI) increased the diameter to 119.82 ± 8.80 nm as seen in
Figure 10. The PLGA microspheres synthesized by a double
emulsion technique shown in Figure 9B were also spherical with
an average diameter of 2.84 ± 0.99 mm. Further, the acMSNs/
PLLA scaffold was fabricated using a sugar-leaching technique as
demonstrated in Figure 9C. Rational variation in the size of the
sugar sphere was used to control the pore diameter of the
acMSNs/PLLA scaffold. The superior porosity of the material
was attributed to the interconnected macropores and regular pore
channels. Interestingly, a nanofibrous structure was seen inside
the pore walls. PLGA microspheres were uniformly integrated
with the acMSNs/PLLA scaffold.

Osteogenic activity was enhanced in BMSCs when grown on
dual-bioactive factor containing scaffolds, namely BMP-2@
PLGA/acMSNs/PLLA (G2) and BMP-2@PLGA/S1P@acMSNs/

PLLA scaffolds (G3) for up to 7 days. The biocompatible scaffolds
with BMP-2 facilitated the proliferation, spreading of the BMSCs
and osteoinduction which was also associated with the significant
enhancement of ALP activity and calcium nodule formation.
Additionally, the dual-factor (BMP-2 and S1P) loaded scaffold
(G3) induced remarkably high ectopic bone formation than the
BMP-2 loaded scaffold (G2) within 8 weeks. A notable amount of
mineralization with a bone shell formation surrounding the bone
marrow cavity was observed upon treatment with (G3)
confirming the superior osteogenic potential of the dual
bioactive factor loaded porous nanofibrous scaffolds.

Wang et al. (2019) reported the synthesis of poly (L-lactide)
(PLLA) oligomer based novel biodegradable polyester modified
MSNs for bone tissue repair. Initially, a PLLA-TMC-GA
terpolymer (PLTG) was synthesized by ring-opening
polymerization at 130°C for 72 h using L-lactide (LLA)/
trimethylene carbonate (TMC)/glycolide (GA) at a ratio of 90:5:5
in the presence of Sn (Oct)2 as a catalyst. Modifiedmesoporous silica
(MCM41) was synthesized which was further used for the
fabrication of the PLTG/PLLA-MCM41 composite films
employing solution casting. The resulting MCM41 particles were
mostly spherical with sizes ranging from 200 to 350 nm. The PLLA

FIGURE 7 | Evaluation of the mineralization in BMSCs after incubation with different samples for 21 days (A)Digital photos of alizarin red S staining. (B)Quantitative
analysis of mineralized matrix. (C) Schematic illustration of the osteogenic differentiation of BMSCs induced by the MSNs-based BMP-2 gene and DEX codelivery
system. *p < 0.05 and **p < 0.01 against the control group. Reprinted with permission from Zhou et al. (2019). Copyright © 2019 American Chemical Society.
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modified MCM41 particles were greater in size with a tendency to
agglomerate. They exhibited highly ordered hexagonal arrays and
streak structural features with 3 nm pore sizes indicating their
mesoporous nature. The nanocomposites supported cell viability
and the proliferation of MC3T3-E1 cells and, hence, should be
further studied for bone repair tissue engineering applications.

MESOPOROUS SILICA NANOPARTICLES
BASED BIOIMAGING OF BONE TISSUES

Although regenerative medicine is very promising where stem
cell transplantation is employed to repair and regenerate along
with drug delivery, there is a lacuna in monitoring the drug

release at the site of injury. Hence, contrast agents can be
functionalized onto the MSNs surface in order to have dual
modalities like bioimaging and drug delivery.

Ren et al. (2017) developed a gadolinium (Gd) labelled defect-
related luminescent MSN for bone marrow homing and
enhanced osteogenic differentiation. This nanocomposite also
aimed to achieve traceable drug delivery. Firstly, MSNs-COOH
suspended in dimethyl sulfoxide (DMSO) were reacted with
alendronates ALN for 24 h resulting in MSNs-ALN. Gd was
conjugated to this to obtain MSN-ALN-Gd and MSNs-
COOH-Gd. The monodispersed MSNs exhibited a walnut
kernel morphology 100 nm in diameter with a mesoporous
structure which is ideal for surface modification and drug
loading. A sustained release of DEX was seen when loaded

FIGURE 8 | (A) Illustration showing the synthetic procedure of the TBC/HMSN/P28 composite material. (B) TEM images of the HMSNs synthesized through
varying molar ratios of decane/CTAB: a) 0.0, b) 0.5, c) 1.0, d) 2.0, and e) 4.0. Reprinted with permission from Cui et al. (2018). Copyright © 2017 American Chemical
Society.
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into nanocarriers while effective monitoring of drug release was
attributed to the unique defect-related luminescent property. The
nanocarriers with superior biocompatibility were taken up by
BMSCs by an energy-dependent macropinocytosis pathway.
After internalization, the MSN-ALN-Gd nanocomposites were
distributed in the lysosomes.

ALN modification resulted in the enhanced accumulation of
MSN-ALN-Gd in bone confirming their promise for targeted drug
delivery to bone tissues. The MSN-ALN-Gd further showed high
relaxivity due to the covalently bonding of Gd3+ to the interior pore
or surface of theMSNs. Further, the dose dependent internalization
of MSN-ALN-Gd was confirmed by the phantom images of
BMSCs indicating its promising advantage towards both T1 and
T2-weighted imaging. Drug release studies showed that the DEX@
MSN-ALN-Gd system released 30% DEX over 24 h owing to an
initial burst release. However, later a highly sustainable release was
observed until 22 days. Enhanced ALP activity and calcium
deposition in BMSCs upon treatment with the conjugates
showed their significance in promoting bone tissue differentiation.

In another study, Li et al. (2018) fabricated biodegradable,
photoluminescent and osteoinductive silica nanoparticles (SNs)
reinforced with poly (citrate-siloxane) hybrid elastomers (PCS-
SN). The composite was synthesized in two steps. The poly
(citrate-siloxane) (PCS) was synthesized employing a one-pot
thermal polymerization process using citric acid (CA), 1,8-
octanediol (OD), and (3-aminopropyl) triethoxysilane (AS)
with mol ratios of 1.0:1.0:0.2 at 140°C for 60 min. In the
next step, the PCS-SN hybrid elastomers were fabricated by

a direct hybridization of a PCS solution and silica-based sols,
followed by further thermal crosslinking. PCS-SN hybrids
showed a significantly rough surface with many spherical
nanoparticles (500 nm size) in the PCS matrix. The density
of spherical nanoparticles was directly proportional to the
concentration of silica sol in the composite. PCS-SN
showed an elongation at break of 60–80%. The tensile
strength of PCS-SN hybrid elastomers ranged from 4.73 ±
0.24 to 9.37 ± 0.42 MPa. The increased tensile strength was
attributed to the increased silica incorporation. The Young’s
modulus of the PCS-SN hybrid elastomer was in the range of
8.06 ± 0.34 to19.18 ± 0.78 MPa. Monodispersed spherical SNs
were homogeneously dispersed in the PCS polymeric matrix.
The elastomeric films exhibited a bright blue fluorescence
under an excitation wavelength of 365 nm. Supplementation
with SN resulted in an increase of the photoluminescent
intensity at 425 nm. This property was used for long term
fluorescent imaging performance in vivo. The biocompatible
PCS-SN hybrid elastomers significantly facilitated the
attachment and proliferation of an osteoblast cell line
(MC3T3-E1).

ANTIBIOTIC FUNCTIONALIZED
MESOPOROUS SILICA NANOPARTICLE

Post-operative infection is one of the critical problems that
challenges the recovery and healing of bone injuries. Hence,

FIGURE 9 | Schematic presentation of the process to fabricate the bioactive factor loaded composite scaffold. (A) Schematic illustration of the preparation of S1P@
(ALG/CHI)2-MSNs; (B) the PLGA microspheres and BSA@PLGA microspheres; and (C) schematic illustration of the fabrication of the porous nanofibrous scaffold and
the microstructure of the bioactive factor loaded composite scaffold. Reprinted with permission from Zhang et al. (2018). Copyright © The Royal Society of
Chemistry 2018.
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drug delivery using nanocomposites is one of the most
powerful strategies that can induce osteogenesis as well as
resist pathogenic infections at the site of injury. Zhou et al.
(2018) fabricated a composite scaffold comprised of
vancomycin (Van) loaded mesoporous silica nanoparticles
(Van@MSNs) and a gelatin matrix. Initially, gelatin and Van@
MSNs were mixed into a homogeneous solution which was then
introduced into amold and converted into a gel by keeping it at 4°C
for 1 h. The resulting composites were highly porous with efficient
compressibility which was attributed to the MSNs. The sustained
release of Van from the nanocomposite resulted in superior
inhibition of Staphylococcus aureus while it showed no adverse
effects on the proliferation and differentiation of bone
mesenchymal stem cells (BMSCs).

In addition, Wang et al. (2017) designed a levofloxacin loaded
mesoporous silica microsphere/nanohydroxyapatite/polyurethane
composite scaffold with promising therapeutic potential for
chronic osteomyelitis with bone defects. Firstly, the scaffold was
synthesized by reacting iron oxide (Fe3O4 in oleic acid) with
cetyltrimethylammonium bromide (CTAB), sodium hydroxide
(NaOH), ethyl acetate, and tetraethyl orthosilicate (TEOS) at
70°C for 3 h. Eventually the antibiotic, levofloxacin, was loaded
onto theMSN via electrostatic attraction. Nanohydroxyapatite was
further supplemented in the presence of polyethylene glycol

(PEG400) as a surface dispersant. In the next step, polyurethane
was incorporated into the above scaffold by in situ polymerization
and a simultaneous foaming process. In this process, the reaction of
the scaffolds with castor oil, isophorone diisocyanate, 1,4-
butanediol, chitosan, and acetic acid resulted in the final
product denoted as levofloxacin @ mesoporous silica
nanoparticle/nano-hydroxyapatite/polyurethane (Lev@MSNs/
n-HA/PU) as illustrated in Figures 10A–D. Morphologically,
the scaffolds were porous and numerous micropores could
be visualized on the walls of the macropores within the
scaffolds that either contained 1 or 5 mg levofloxacin as
seen in Figures 10E–G. A chronic osteomyelitis animal
model using New Zealand White rabbits exhibited bone
tissue swelling, decreased bone density, significant bone
destruction, sequestrum formation, obscure boundaries,
osteolytic lesions, and cortical thinning in the untreated
group. On the other hand, complete bone cementation was
observed when treated with the implants composed of 1 mg
Lev@PMMA group and the 5 mg Lev@PMMA group as
confirmed by X-ray images shown in Figure 11. The
antibiotic loaded scaffolds significantly enhanced the
formation of new bone trabeculae. Hence, such novel
biomaterials may be used as a bacterial infection resistant
implant material for bone tissue regeneration and healing.

FIGURE 10 | The shape and internal structure of new synthetic composite scaffolds. The n-HA/PU composite porous scaffolds were manufactured using the situ
foaming method. (A) The size of the material was 10 mm × 6 mm × 6 mm; (B) HA/PU scaffolds were combined with MSNs, which contained different concentrations of
levofloxacin; (C) PMMA cement which contained 1 or 5 mg levofloxacin was used as a positive control group; (D) Levofloxacin was successfully loadedwithmesoporous
silica nanoparticle via electrostatic attraction; (E) Scanning electron micrographs of the n-HA/PU scaffold; (F) 1 mg Lev@MSNs/n-HA/PU; and (G) 5 mg Lev@
MSNs/n-HA/PU. SEM micrographs of the n-HA/PU scaffold which has many pores (E). It can be observed from the micrographs that there are many MSNs located on
the walls of the macropores, which contain either 1 mg (F) or 5 mg (G) levofloxacin in each material. Reprinted from Wang et al. (2017). (Open access).
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MESOPOROUS SILICA NANOPARTICLES
BASED 3-DIMENSIONAL PRINTING

An important aspect of bone tissue engineering is to achieve
osteogenic differentiation and osseointegration at the site of
operation or implantation. Li et al. (2017) fabricated unique
calcium phosphate cement (CPC)-based scaffolds combining
the properties of mesoporous silica (MS) with recombinant
human bone morphogenic protein-2 (rhBMP-2) that could
effectively promote both vascularization and osteogenesis.
Initially, CPC was mixed with 10 wt% MS to form a MS/CPC
printing powder that was further mixed with a 10 wt% poly
(vinyl) alcohol aqueous solution which acted as a binder. A
3D bioprinter was used to fabricate scaffolds with dimensions
of φ 10 × 2 mm3 and 3 × 4 × 15 mm3 as seen in Figures 12A–D.

rhBMP-2 was further loaded onto the porous scaffolds by
adding it drop-wise and letting it fully absorb for 4 h. The
resulting scaffolds with pseudoplastic flow behavior were
mesoporous with a narrow pore size distribution centred at
6.8 nm. MS/CPC/rhBMP-2 scaffolds enhanced the ALP-
positive area and bone nodule formation upon treatment for 7
and 14 days confirming the osteogenic differentiation of
hBMSCs. Moreover, a superior promotion of vascularization
in rabbit femoral defects was observed after 4 weeks of
implantation when the scaffolds were embedded in
polymethylmethacrylate (PMMA) as seen in Figures 12E–G.
Numerous blood vessels (red and yellow) were also visible
inside the macropores of the MS/CPC/rhBMP-2 scaffolds
(green) as illustrated in Figures 12H–M. Interestingly, the 3D
printed scaffolds promoted excellent circumferential cortical

regeneration where the newly formed bone gradually grew
around and inside the scaffolds. After 12 weeks of
implantation, the bone defects were re-bridged, providing an
indication of effective repair and integration. Hence, these novel
MS based scaffolds can modulate the tissue microenvironment
for the promotion of osteogenic differentiation and
vascularization possibly ensuring rapid recovery in the post-
surgical phase.

FUTURE PERSPECTIVES

Although MSNs seem to be one of the most attractive
nanomaterials for designing scaffolds for bone tissue
regeneration, several key factors are needed to be considered
in order to obtain a desired healing effect. The size and shape of
the MSNs can be controlled by optimizing the reaction
parameters such as pH, surfactant, silica precursor, and
temperature. Altering the amount of an alkaline catalyst
triethanolamine (TEA) during synthesis can fabricate MSNs
with a controlled size in the range from 25 to 105 nm (Pan
et al., 2012).

Moreover, the statistical Taguchi method can be employed for
a systematic investigation into the reaction conditions in order to
achieve uniform monodispersed MSNs. Parameters like pH,
reaction time and TEOS content have a 57, 29, and 13%
influence, respectively, on the size of resultant MSNs (Chiang
et al., 2011). The rational use of surfactants, like CTAB and Brij-
56, can direct the structure and shape evolution of the MSNs
while propanetriol can be used as a cosolvent in aqueous solutions

FIGURE 11 | The process of material implantation. (A) The cutting area was selected on the right side of proximal tibial; (B) Sequestrum, inflammatory tissue and
purulence was debrided by using povidone iodine and normal saline; (C) After debridement, the size of the bone defects was 10 mm × 6 mm; (D) The new composite
scaffolds was implanted in the bone defects; (E) Performance by X-ray imaging in each group at 3, 6, and 12 weeks, bone tissue swelling, decreased bone density,
significant bone destruction, sequestrum formation, obscure boundary, osteolytic lesions, and cortical thinning were observed in the blank control group. No
obvious osteomyelitis symptoms were observed in the 5 mg Lev@MSNs/n-HA/PU group. Reprinted from Wang et al. (2017). (Open access).
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(He et al., 2009). Careful control of CTAB and ammonia
concentration can be used to modify the length and width of
rod shaped MSNs during synthesis employing the Stober method
(Huang et al., 2010; Hao et al., 2012). Intrinsic doping with
photosensitizers, such as chlorin e6 (Ce6), can also modulate the
morphological features of the MSNs where the gradual transition
of spheres to rods takes place (Yang et al., 2015).

The biomedical applications of MSNs area also dependent on
its pore size. Infiltration of cells, cell adherence, cell proliferation,
angiogenesis, neo-vasculature formation and the development of
a tissue microenvironment is facilitated when using scaffolds with
an optimal pore size.

Under alkaline conditions, CTAB can serve as a pore template
resulting in 2–3 nm pore sizes in MSNs. Likewise, pore expanding
agents like alkanes/ethanol, may enhance pore dimensions (Kao
and Mou, 2013). Modification of an emulsion system can
synthesize dendrimer-like MSNs with center-radial pore
channels (Nandiyanto et al., 2009; Du and He, 2010; Zhang
et al., 2010) while a microwave-assisted hydrothermal method

can generate MSNs with a fibrous morphology (KCC-1) in
microemulsion systems (Polshettiwar et al., 2010).

Like all other nanomaterials, the therapeutic property ofMSNs
is also dependent on surface chemistry. Drug release,
biocompatibility, targeting, cell adherence, cell differentiation
and osteogenesis can all be controlled by rationally tuning the
surface properties of the MSNs incorporated within the scaffolds
(Zhao et al., 2015). The high density of surface silanol groups also
enables for easy functionalization with a group of diverse ligands
on MSNs (Zhao et al., 2011). MCSs can be effectively targeted by
conjugating hyaluronic acid (HA) onto the surface of MSNs
(Huang et al., 2013). Similarly, arginine-glycine-aspartic acid
(RGD) peptide-modification of MSNs may remarkably enhance
cell adhesion on an alginate hydrogel compared to a MSNs-NH2-
incorporated hydrogel (Kehr et al., 2013). Therefore, rational
surface functionalization of MSNs is critical to achieve desired
therapeutic properties of such scaffolds for tissue engineering.

Another important aspect that should be addressed before the
MSNs based nanoscaffolds can be introduced for medical use is

FIGURE 12 | Microstructure and morphology of the MS/CPC scaffolds. (A,B) Digital camera photographs of MS/CPC scaffolds for in vitro (A) and in vivo (B)
experiments. Scanning electron micrographs of CPC and MS/CPC (C) ×150, (D) ×10 K; Effect of MS and rhBMP-2 release on vascularization. The (E–G) digital camera
photographs of PMMA-embedded blocks from longitudinal sections and 3D reconstructed μ CT images of blood vessels from (H–J) the side view and (K–M) the top
view of CPC, MS/CPC, and MS/CPC/rhBMP-2 scaffolds after 4 weeks of implantation. White arrow: newly formed blood vessels.
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their biodegradability. The MSNs should be excreted from the
organisms once their specific mission is accomplished. MSNs
degradation can be achieved via three major steps. Firstly, the
siloxane framework is hydrated in the aqueous media, while in
the next step, the siloxanes are gradually hydrolyzed into silanols.
Eventually, the nucleophilic attack of OH− leads to the leaching
of silicic acid (Yamada et al., 2012). Hence, the surface area largely
influences the rate of degradation. Spherical MSNs which degrade
faster than rod shaped MSNs, can be incorporated while
fabricating scaffolds or implants to ensure safety and removal
after recovery (Hao et al., 2012). Other parameters, such as pore
size, condensation degree, and surface functionalization of MSNs,
also influence the extent and time required for degradation.
Hence, more studies in simulated body fluids and even in vivo
evaluation should be carried out to better understand the safety
and shelf life of these scaffolds.

CONCLUSION

As this review has shown, MSNs provide an attractive solution for
bone tissue regeneration due to their proven application in
diverse types of scaffolds and implants. Their well studied
properties like biodistribution, accumulation and excretion,
make them suitable candidates for tissue engineering, drug
delivery, and also bioimaging. The ease of surface
functionalization of ligands and loading of bioactive compounds
in the mesopores enable them to be used for both osteoinduction
and differentiation. Several polymers like poly (L-lactic acid)/poly
(ε-caprolactone), polylysine-modified polyethylenimine, poly
(lactic-co-glycolic acid), and poly (citrate-siloxane) hybrid

elastomers are widely used as linkers to functionalize fluorescent
agents like FITC, peptides like BMP-2 and rhBMP-2, and drugs
like DEX and β–estradiol (E2). Biogenic polymers like chitosan,
gelatine and alginate are also used for surface modification for
effective conjugation of oligonucleotides, calcium phosphate
cement (CPC), nanohydroxyapatite, antibiotics (vancomycin
and levofloxacin) and contrast agents (gadolinium). In view of
the background, multifunctionalized MSNs can be considered as
the next generation of theranostic agents that can simultaneously
induce bone tissue regeneration, promote osseointegration, resist
post-surgical pathogenic infections, and monitor the sustained
release of drugs. Hence, MSN based scaffolds and implants can
revolutionize medical science although pharmacokinetic,
pharmacodynamic and toxicity profiles and should be
thoroughly studied and established before entering healthcare.
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