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The primary aim of tissue engineering scaffolds is to mimic the in vivo environment and promote tissue
growth. In this quest, a number of strategies have been developed such as enhancing cell-material
interactions through modulation of scaffold physico—chemical parameters. However, more is required
for scaffolds to relate to the cell natural environment. Growth factors (GFs) secreted by cells and
extracellular matrix (ECM) are involved in both normal repair and abnormal remodeling. The direct use of
GFs on their own or when incorporated within scaffolds represent a number of challenges such as
release rate, stability and shelf-life. Small molecules have been proposed as promising alternatives to GFs
as they are able to minimize or overcome many shortcomings of GFs, in particular immune response
and instability. Despite the promise of small molecules in various TE applications, their direct use is
limited by nonspecific adverse effects on non-target tissues and organs. Hence, they have been

incorporated within scaffolds to localize their actions and control their release to target sites. However,
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Accepted 2nd June 2019 scanty rationale is available which links the chemical structure of these molecules with their mode of

action. We herewith review various small molecules either when used on their own or when

DOI: 10.1039/c9ra02765¢ incorporated within polymeric carriers/scaffolds for bone, cartilage, neural, adipose and skin tissue
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1 Introduction

During the tissue repair process, the ability to control and guide
cellular differentiation towards a given lineage and promotion
of tissue growth are crucial for optimal tissue healing. In this
regard, several techniques have been investigated including the
use of physical*® and biochemical cues.>” The physical and
chemical natures of scaffolds may significantly impact on
cellular differentiation.”® Scaffold characteristics such as
mechanical stiffness,”® surface topography> and chemical
functional groups® can be varied to give rise to specific tissue
lineages. A number of reviews have discussed these parameters
in details.”™ For instance, Hammerick et al. showed that stiff
materials lead to osteogenic differentiation while elastic envi-
ronments were conducive for myocyte (muscle cell) and neural
differentiation.”” Amino and hydroxyl chemical functionalities
on biomaterial surfaces favor osteogenesis®*” while acrylate
groups maintain the multi-potency of progenitors.*

Among biochemical strategies, the use of growth factors
(GFs) has received considerable clinical interest. GFs can up-
regulate or down-regulate cellular activities (adhesion, prolif-
eration and differentiation) by binding to cell surface receptors
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which in turn activates signaling pathways (Scheme 1). In the
mathematical game theory of cells, a fraction of cells
(producers) secrete GFs.'* The benefit of the GFs produced is
not restricted to the producer cells, as it can be exploited by all
other cells within the diffusion range of the GF, including non-
producer cells. GFs have been shown to be present during the
development and healing of various tissues and hence, their
incorporation and controlled release from scaffolds is a popular
technique considered to accelerate tissue repair. However,
despite successful in vitro results, only few studies have pro-
ceeded to clinical trials. Additional concerns of GFs include
their appropriate dosage, low half-life, instability, high cost,
and possible negative long term side effects.*

Recently, small molecules (<1000 Da) were found to be able
to activate particular signaling pathways that may for example
lead to osteoblastic growth and differentiation.® Unlike GFs,
these small molecules are easier to manufacture or are available
from bioresources, are less costly, and less prone to denatur-
ation. However, the dosage and route of administration remains
a critical factor in achieving the highest efficacy and to avoid
toxicity with these small molecules.” Resolving the multiple
actions of small molecules on signaling pathways is also an area
where more research has to be performed as they lack
specificity.

In this review, we will discuss the role of some common GFs
in tissue regeneration, the impact of small molecules in TE

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Mechanism of action of GFs.

scaffolds and finally match the action of small molecules with
specific growth factors in targeted tissue repair.

2 Growth factors in TE

GFs are critical polypeptide molecules that mediate cross talk
between cells and ECM. They exhibit short-range diffusion
through the ECM and act locally owing to their short half-lives
and slow diffusion. They deliver specific messages to
a distinct subpopulation of cells depending on: the identity of
the latter, ability of GFs to diffuse through the ECM, the target
cell number, type of receptors and the intracellular signal
transduction subsequent to factor binding.”” In addition, the
ultimate response of a target cell to a particular GF can also be
governed by external factors, including its ability to bind to
ECM, ECM degradation, GF concentration and cell target

Table 1 GFs and their functions in the tissue regeneration process*®

View Article Online

RSC Advances

(/Zal\growth and proliferation increases

* Accelerate rate of synthesis of proteins
and macromolecules

* Reduce rate of degradation

location.” Different GFs are involved in the regeneration of
various tissues (Table 1).

2.1 Main classes of growth factors in tissue repair

2.1.1 Fibroblast growth factors (FGFs). There are 22
members of the FGF family with molecular mass from 17 to 34
kDa and sharing of 13-71% amino acid identity.”® FGFs have
a high affinity for heparan sulfate proteoglycans and require
heparan sulfate to activate one of four cell-surface FGF recep-
tors via the RAS/MAP kinase signaling pathway.”* In adults,
FGFs are homeostatic factors and function in tissue repair and
response to injury. FGFs have various biological functions both
in vivo and in vitro, including roles in mitogenesis, cellular
migration, differentiation, angiogenesis, and wound healing. A
subset of the FGF family, expressed in adult tissues, is

GF Tissue treated

Primary function

Ang-1, angiopoietin
BMP-2
Epidermal GF

Bone, cartilage
Skin, nerve
Hepatocyte growth factor Bone, liver, muscle
Insulin-like growth factor (IGF)
nerve, skin
NGF, nerve growth factor Nerve, spine, brain
PDGF-AB (or -BB)

TGF-o transforming growth factor Brain, skin
TGF-B Bone, cartilage
VEGF Blood vessel

b-FGF, IGF-1, and nerve growth factor (NGF) Muscle

This journal is © The Royal Society of Chemistry 2019

Blood vessel, heart, muscle

Muscle, bone, cartilage, bone liver, lung, kidney,

Blood vessel, muscle, bone, cartilage, skin

Blood vessel maturation and stability
Differentiation and migration of osteoblasts
Regulation of epithelial and mesenchymal cell
growth, proliferation and differentiation
Proliferation, migration and differentiation of
mesenchymal stem cells

Cell proliferation and inhibition of cell
apoptosis

Survival and proliferation of neural cells
Embryonic development, proliferation,
migration, growth of endothelial cells
Proliferation of basal cells or neural cells
Proliferation and differentiation of bone-
forming cells, anti-proliferative factor for
epithelial cells

Migration, proliferation and survival of
endothelial cells

Stimulate myoblast proliferation and fusion
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important for neuronal signal transduction in the central and
peripheral nervous systems.

In Japan, human recombinant bFGF has been used clinically
for chronic skin ulcers since 2001.>> However, free-FGFs degrade
readily in vivo, leading to loss of biological activity and func-
tions.”® FGFs have been encapsulated/incorporated into scaf-
folds and have been used to regenerate damaged tissues,
including skin, blood vessel, muscle, adipose, tendon/ligament,
cartilage, bone, tooth, and nerve.”

2.1.2 Bone morphogenetic proteins (BMPs). BMPs belong
to the transforming growth factor B (TGF-B) superfamily.*
BMPs play an important role in maintaining adult tissue
homeostasis, such as the maintenance of joint integrity, and
vascular remodeling. They are also involved in postnatal carti-
lage and bone induction, maintenance and repair.>> Around 20
BMP family members have been identified and BMPs signal
through serine/threonine kinase receptors, composed of type I
and II subtypes. Although the term “BMP” implies that all
members induce bone formation, some BMPs may inhibit bone
formation. For instance, BMP3 is a negative regulator of bone
density, and BMP13 is a strong inhibitor of bone formation.>
The pharmacokinetics of BMP action and the biologic outcome
during wound repair is highly dependent on the dose admin-
istered and the release profile. Due to their osteogenic potential,
BMPs have been used in various therapeutic interventions such
as bone defects, non-union fractures, spinal fusion, osteopo-
rosis and root canal surgery.”

However, BMPs are expensive and their use especially in
spine fusion, may result in surgical site infection, wound
complication, ectopic bone formation, local bone resorption,
pseudoarthrosis, local edema and erythema, osteolysis, and
nerve injury.””**> Moreover, the application of rhBMP-2 led to
critical complications such as inflammatory vessel fibrosis and
scarring resulting in life-threatening vascular injury.>

Complication profile, likely related to the supra physiologic
dose of BMP-2 delivered in one formulation (>40 mg) has led to
safety concerns that now limits its clinical use.*® Reported
complications include early inflammatory reaction and osteol-
ysis, ectopic bone formation sometimes leading to compression
of neural elements and seroma formation.

2.1.3 Vascular epithelial growth factor (VEGF). VEGF
stimulates angiogenesis and also influences wound closure and
epidermal repair, granulation tissue formation and the quality
of repair. Activated fibroblasts, mast cells, keratinocytes and
macrophages express VEGF during injury.** VEGF functions by
binding to VEGF tyrosine kinase receptors (VEGFR) on cell
surface causing them to dimerize and become activated
through transphosphorylation. This initiates multiple signaling
pathways affecting cell proliferation, survival, migration, and
tissue permeability.>* The levels of active VEGF protein tend to
be abnormally low in individuals with chronic, non-healing
wounds like those commonly observed in diabetic patients.

Maintaining local concentration of VEGF is crucial for
angiogenic efficacy. It has been reported that in vitro and in vivo
mouse models showed sequential vessel regression within 2
weeks after VEGF delivery.*® Thus, ECM and recruitment of
mural cells are important to stabilize the nascent endothelial
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tubes and subsequently achieve capillary stability and durable
arteriogenesis.

2.1.4 Platelet derived growth factor (PDGF). PDGF is
a family of closely related 30 kDa proteins made up of disul-
phide bonded A and B polypeptides.”” PDGF is originally
derived from platelets, but it has also been isolated from
a variety of normal and neoplastic tissues, including bone
matrix and osteosarcoma cells.***° PDGFs have various impor-
tant functions namely mitogenesis (increase in the cell pop-
ulations of healing cells), angiogenesis (endothelial mitoses
into functioning capillaries), and macrophage activation
(debridement of the wound site and a second phase source of
growth factors for continued repair and bone regeneration).*
Furthermore, PDGF regulates skeletal growth and stimulates
bone resorption.*

Despite its beneficial roles in tissue development and repair
processes, PDGF may also cause adverse reactions, such as
malignancies and other conditions involving an excess of cell
proliferation such as atherosclerosis and various fibrotic
conditions like keloids.*>** Therefore, the local delivery of PDGF
is an important factor for its efficacy.

2.2 Exogenous GFs in scaffolds

Formulation of GFs, dose and route of administration are
important parameters for their clinical success.* The admin-
istration of supra physiological concentrations of GFs may lead
to severe side effects owing to the extremely high initial
concentration, and conversely may not allow sufficient levels of
the factors to be sensed by target tissue for the necessary time
frame owing to their rapid degradation and cleaving. For
example, VEGF has a biological half-life of less than 30 minutes
when infused intravenously, resulting in the need for massive
doses and multiple injections. However, the use of large quan-
tities of VEGF should be avoided because it could lead to cata-
strophic pathological vessel formation at non-target sites (e.g.
dormant tumors).

To improve unsatisfactory outcomes in classical delivery of
GFs, polymer matrices have been explored. Three main strate-
gies have been developed for the incorporation of GFs within
scaffolds namely via (i) chemical immobilization**** and (ii)
physical entrapment and (iii) physical encapsulation.***” In
addition, recent advances now allow the release of GFs on
demand by external/internal triggers enabling enhanced
control. Release profiles of the GFs vary depending on the
incorporation strategies.*®

Incorporation of GFs within scaffolds has led to promising
results. For instance, compared to the scaffold only, GF loaded
scaffolds led to significantly enhanced in vivo wound healing,*
and bone formation.”® In an effort to mimic the natural
microenvironment of tissue formation and repair, multiple GFs
are being loaded into scaffolds and their release are being
tailored such that the therapeutic agents are delivered at an
optimized ratio, each at a physiological dose and in a specific
spatiotemporal pattern.®*

However, release of GFs can have detrimental effects if the
delivery is not optimized properly. Indeed, as demonstrated by

This journal is © The Royal Society of Chemistry 2019
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Walpoth et al.,** incorporation of VEGF within a fibrin matrix
led to increased neo-intimal thickening during synthetic graft
healing as a result of anastomotic ingrowth of endothelial and
smooth muscle cells. Kawaguchi et al.>* conducted a random-
ized, placebo-controlled trial, investigating the direct applica-
tion of FGF2 in a gelatin hydrogel on traumatic tibial fractures
using low dose FGF (0.8 mg) or high dose FGF (2.4 mg) and
placebo. Radiographic bone union was significantly higher in
the FGF2 treated groups, with no significant difference between
the two FGF2 dosage groups. One study has reported on a suture
coated with PDLLA/VEGF used to heal meniscus tears in the
avascular zone in sheep. It showed that the local application of
VEGF via PDLLA-coated sutures did not promote meniscus
healing.**

Despite the promising potential of GFs, a major limitation
associated with their use involves immunogenicity which can
induce pleiotropic effects such as the development of a high
affinity B cell-mediated humoral response directed against the
GFs.” In addition, they have low half-life, are highly labile,
expensive, have to be used in high doses and are linked with
undesired side effects."

3 Small bioactive molecules for TE
and their use in scaffolds

Due to their unique advantages over GFs, small bioactive
molecules (<1000 Da) are an important alternative to GFs.***” In
particular, they are reproducibly synthesized through chemical
reactions or extracted from organisms including plants. In
addition, small molecules are unlikely to induce an immune
response in the host because of their small size.>® Unlike poly-
peptides, the bioactivity of small molecules does not depend on
their higher order structure.* Additionally, they are usually
uncharged and/or hydrophobic thereby facilitating their pene-
tration through the phospholipid bilayer cellular membrane.®

View Article Online
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They can diffuse easily across the cellular membrane due to
their small size. The use of small molecules vs. GFs significantly
reduces the manufacturing cost and the risk of cross-species
contamination.® Therefore, small molecules with therapeutic
potential represent the next generation of strategies for regen-
erative engineering. In this section, the influence of various
small molecules on the bone repair process, chondrogenic
differentiation, neuronal differentiation, adipogenic differenti-
ation, as well as angiogenesis will be detailed with specific focus
on the signaling pathways involved. Their use in scaffolds for
sustained and localized release will also be discussed.

3.1 Bone TE

Normal bone metabolism is a complex sequence of bone
formation (osteoblastogenesis) and bone resorption (osteo-
clastogenesis). The bone remodeling cycle involves osteoblasts
(cells that produce organic bone matrix and aid in mineraliza-
tion), osteoclasts (a unique cell type that dissolves bone mineral
and enzymatically degrades ECM proteins) and osteocytes
(osteoblast-derived post-mitotic cell within bone matrix that
acts as a mechanosensor).®* Hormones such as PTH, calcitonin,
growth hormones, sex hormones, thyroid hormones as well as
steroids including vitamin D and glucocorticosteroids regulate
bone metabolism by activation of signaling pathways (Fig. 1).
Dickkopf-1 (DKK-1) and sclerostin inhibit osteoblast differen-
tiation while insulin like GF (IFG-1) promotes the formation of
osteoblasts. PTH stimulates osteoblasts to secrete SRANKL
which in turn results in the activation of osteoclasts. OPG is
a competitive inhibitor of SRANKL and thus blocks the latter
from activating osteoclasts. High Ca** ion level in blood triggers
the release of calcitonin from the thyroid gland. Calcitonin
stimulates calcium salt deposit in bone. At low Ca®" ions in
blood, the thyroid gland releases PTH which stimulates

—>
PTH -
3 Osteocyte
DKK-1 High Ca?*
Sclerostin l
Y
‘ a . *1— Calcitonin
E Mature Active
osteoblastiy osteoclast
IGF-1 3 _.
s 7 PTH— |owca>
SRANKL

Fig.1 Summary of the complex cycle of bone growth and resorption orchestrated by the dynamic relationship between osteoclasts, osteoblasts

and an array of hormonal and regulatory influences.
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osteoclasts to degrade bone matrix to release calcium ions in
the blood.

GFs improve bone formation by acting on specific signaling
pathways involved in bone metabolism. Similarly, small mole-
cules capable of activating specific signaling pathways related to
bone formation may be useful for BTE applications. In the
following sections, we discuss the effects of various small
molecules on bone tissue regeneration when used either on
their own or in combination with scaffolds.

3.1.1 Improved osteoconduction, osteoinduction and
osteointegration

Bioceramics: hydroxyapatite, tricalcium phosphate, bisphosph-
onates, bioactive glass, akermanite. Bioceramics, an important
class of biomaterials have been found to be osteoconductive,
osteointegrative and to possess high compressive strength.®
Hydroxyapatite (HA) which is a central component of native bone
is well known for its high bioactivity and osteoconductive prop-
erties. The osteoinductivity of HA has been primarily attributed to
the interaction of biomaterials with the surface molecules of
osteo-progenitor cells, i.e., integrin superfamily® and focal adhe-
sion components.* These interactions in turn trigger cytoskeletal
rearrangement® and multiple intracellular signaling cascades. -
Tricalcium phosphate (B-TCP) is a bioceramic material which has
been widely used for hard tissue repair due to its bone-like
chemical composition as well as excellent biological properties,
including biocompatibility and osteoconductivity. A current clin-
ical challenge in the field of BTE is to achieve neo bone integration
with the native bone. In case of poor osteointegration,

a) Neobone® 12W

™

b) Cytrans® 12W

d) Neqbone® 12W (x100)e)

WEL Y

A)

Fig. 2

c) Cerasorb® 12W
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micromotions occur at the neo bone-native bone interface acti-
vating osteoclasts, which later leads to loosening and wear.**
Recent data have shown that bisphosphonate (BP) coating of bone
implants may be an interesting solution. BPs increase bone
density, which leads to a better bone integration.®*® Bioactive
glasses are amorphous in nature, have different families and each
family has a specific composition. They are considered to be
osteoconductive as well as osteoinductive.®® Recently akermanite
ceramics have also received much interest due to their bone like
apatite formation ability and good bioactivity.”

Following a comparative in vivo study of commercially
available HA (Neobone®), carbonated apatite (Cytrans®) and f-
TCP (Cerasorb®), it was found that carbonated apatite
(Cytrans®) performed better than TCP and HA. Indeed, larger
amount of bone was formed in the defects reconstructed with
Cytrans® (COz;Ap) and new bone formation in Cytrans®
(COzAp) reached more central areas of the defects compared to
those in Neobone® (HAp) and Cerasorb® (B-TCP) (Fig. 2).”* In
addition, highest inflammatory response and more granulation
tissue were noted in Neobone® (HAp) followed by Cerasorb® (B-
TCP) and Cytrans® (CO3Ap). In another study, the performance
of HA was compared with TCP and bioactive glass.”” It was
found that both HA and TCP significantly improved osteo-
genesis (amount of bone) compared to bioactive glass.” HA led
to highest number of blood vessels but the result was not
significantly different with TCP. However, no difference in bone
remodeling and remineralization was noted among the three
materials as confirmed from osteonectin staining. Moreover,

100
80 |
3
g
S 60 |
Qo
k3
S a0}
[*]
£
<
20 |
0 lfli @ 3]
4W 12w 4W 12w 4W 12w
Neobone® Cytrans®  Cerasorb®
(HAp) (CO:Ap)  (B-TCP)

(B)

(A) Histological findings of Neobone® (HAp), Cytrans® (COzAp), and Cerasorb® implanted into dog mandibular bone defect at 12 weeks

after implantation (Villanueva Goldner staining). Green area, dog mandibular bone defect at 12 weeks after implantation (Villanueva Goldner
staining). Green area, dog mandibular bone defect at 12 weeks after implantation (Villanueva Goldner staining)®. ®Green area, bone; red area,
osteoid. EB, existing bone; NB, new bone; O, osteoid; H, HAp (Neobone); C, COzAp bone; red area, osteoid. EB, existing bone; NB, new bone; O,
osteoid; H, Hap (Neobone); C, COzAp (Cytrans); T, B-TCP (Cerasorb) and (B) amount of new bone formed in bone defect area at 4 weeks and 12
weeks after implantation. Reproduced from ref. 70. This article is an open access article distributed under the terms and conditions of the
Creative Commons Attribution (CC BY) license.
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Table 2 Mechanism of action of bioceramics on the promotion of bone formation

Effect on bone formation/
Bioceramic Formula Pathway metabolism Ref.

Hydroxyapatite (HA) Cay (PO4)s(OH),

B-Tricalcium phosphate (- BMP

TCP)

Caz(PO,),

Bisphosphonate (BP) (PO(OH)y) RANK

Akermanite Ca,MgSi, 0,

Bioactive glass 4585 Bioglass®-45% silica

(Si0y), 24.5% calcium oxide
(Ca0), 24.5% sodium oxide
(Na,0), and 6%
phosphorous pentoxide
(P05)

akermanite possessed superior osteoinductive activity, bone
formation potential, and also stimulated angiogenesis and
inhibited osteoclastogenesis compared to B-TCP bioceramics.”

Table 2 summarizes the most common bioceramics used
and their effect on bone formation.

Bioceramics may be used as scaffold materials® or as addi-
tives to scaffolds. In clinic, bioceramic scaffolds should be able
to function for the remaining years of the patient's life. This is
dependent on the interface created with the living tissue since
loosening of the implants can occur due to interfacial

ERK/Sox9, BMP/Smad, Wnt,
MAPK, Notch

MAPK

MAPK

o Induces in vivo bone matrix 74-78
mineralization, and

enhances bone-implant
osteointegration

e Achieves superior bone

quality and prevents fibrous

healing of bone

e Full thickness bone 79
ingrowth and well
vascularized bone tissue

e Increase bone density,
which leads to a better bone
integration

e Improved bone mass,
trabecular architecture
promoted apoptosis of
osteoclasts thereby reducing
bone resorption

o Increased osteoblastic 85
activity as indicated by
higher osteoid secretion

e Good osteointegration

e Robust in vivo bone in
growth throughout the
porous scaffold while
maintaining bone-material
contact without ectopic bone
formation

80-84

86 and 87

movement leading to clinical failure (fracture of the implant or
the bone adjacent to the implant).®* In order to match the
mechanical properties and elastic constants of bone, bio-
ceramics are combined with polymers and metals.

As discussed earlier, HA is an excellent candidate for bone
repair and healing as it is the main mineral component of bone
with a Ca:P ratio of 1.67. It has been used as additive in
polymeric scaffolds to mimic the environment of cells involved
in bone regeneration in the form of particles or scaffold itself
(Table 3). Nano-HA is being used in prosthetic applications due

Table 3 Some reported HA-containing scaffolds and their bio-performance

Polymeric scaffold Bio performance Ref.
PLLA/nanohydroxyapatite nHAP particles Improved protein adsorption capacity 90
dispersed in the pore walls of the scaffolds
Collagen-hydroxyapatite scaffolds containing Enhanced osteogenesis as assessed by alkaline 91
PLGA microparticles loaded with PTHrP, an phosphatase production and osteocalcin and
osteogenic pentapeptide osteopontin gene expression in pre-osteoblastic

cells
Photo-crosslinkable poly(trimethylene Robust bone formation in rabbit calvarial defect 92
carbonate) (PTMC) resins containing 20 and model, amount of HA governed osteogenesis
40 wt% of HA nanoparticles mechanism
Electrospun polylactic acid and HA covered with In vivo test in the back of a rabbit for 30 days 93

polypyrrole with iodine (PPy-I) synthetized by
plasma polymerization

This journal is © The Royal Society of Chemistry 2019

High cell viability and integration using uniaxial
tensile testing
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to its similarity in size, crystallography and chemical composi-
tion with human hard tissue.

Statins. Since the discovery of the impact of statins on bone
formation in 1999, much research has been conducted on the
osteogenic properties of this family of compounds.® The oste-
ogenic potential of statins may be attributed to their ability to
activate the BMP-signaling pathway. When given orally, statins
are subjected to first-pass metabolism in the liver® and when
injected locally, they disperse quickly and have short half-
lives.”* Therefore, to optimize their efficacy, statins have been
incorporated into scaffolds.

Lovastatin, rosuvastatin, simvastatin (Fig. 3A-C) etc are a few
of the statins family which have been studied for bone regen-
eration. Lovastatin containing scaffolds was found to signifi-
cantly enhance osteogenic differentiation of osteoblastic cells in
vitro as shown by alkaline phosphatase (ALP) staining.”® In
addition, the bone defect was filled to a larger extent with the
use of lovastatin loaded polyurethane (PU) scaffolds compared
to the pure PU only. Incorporation of rosuvastatin into TCP
scaffolds resulted in higher bone volume and increased bone
mineral density after implantation in a critical sized tibial
defect in rabbits.’” In another study, simvastatin loaded PLGA
fibers promoted osteoblastic differentiation of BMSCs in vitro
and suppressed bone resorption in vivo.*® Addition of simvas-
tatin significantly increased the newly formed bone area® and
neovascularization'® compared to the unloaded controls.

Strontium and vanadium compounds. Strontium (Sr) has been
found to rebalance bone turnover by dually promoting bone
formation as well as bone resorption.’ More specifically, Sr in
the form of strontium ranelate for example led to enhanced in

(A)

(C)

HO

Fig. 3
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vitro pre-osteoblast cell proliferation and collagen synthesis. On
the other hand, it reduced osteoclast differentiation. Overall,
these effects led to increased in vivo bone mass and improved
microarchitecture, bone geometry and bone resistance.'® Stron-
tium ranelate also promoted mineralization of murine bone
marrow stromal cells (BMSCs) by increasing prostaglandin levels.
The rate of Sr released from a given biomaterial influences its
activity, since osteoblast-like cells use the strontium released
from the biomaterial to synthesize their mineralized ECM.'® Low
amounts of Sr (0.1%) was found to significantly stimulate in vitro
proliferation of pre-osteoblasts and endothelial cells, improve the
bone-bonding ability and oxidative balance stability in vivo.***

The trace element vanadium is present at low concentrations
(107® mol L") in practically all cells.’® It exists in various
oxidation states from —1 to +5 and at pharmaceutical doses,
vanadium m, v and v compounds display relevant biological
actions such as mimicking insulin and GFs. Vanadium
compounds affect bone turnover since they are mainly stored in
bone.' Recently, vanadium(iv)-ascorbic acid complex was
found to stimulate osteoblast differentiation and mineraliza-
tion in vitro, suggesting its osteogenic potential.'*® Furthermore,
collagen I production in osteoblasts was dependent on the dose
of the vanadium compound.**

3.1.2 Improved osteoblastogenesis and
osteoclastogenesis

Flavonoids. Plants are a major source of several structurally
important phytochemicals which may be classified into alka-
loids, carotenoids, organosulphurs, phenols and phytos-
terols."” Amongst phenolic compounds, flavonoids are the
largest and most studied compounds and may be found in

inhibition of

(A) Lovastatin, (B) rosuvastatin, (C) simvastatin and (D) general chemical backbone of flavonoids.
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fruits, vegetables, barks, roots, stems, flowers and grains
(Fig. 3D). Flavonoids display biological/
pharmacological properties such as anti-oxidant, anti-
angiogenic, anti-inflammatory and anti-viral properties which
may be beneficial for BTE scaffolds.'*® Most flavonoids promote
osteoblastogenesis which eventually leads to bone formation'®
while others prevent bone resorption and bone loss through
inhibition of osteoclastogenesis.'*® More specifically, flavonoids
improve osteogenesis by promoting mesenchymal stem cells
(MSCs) and pre-osteoblasts differentiation into osteoblasts
through MAPK signaling.""*** They also stimulate the expres-
sion of osteogenic transcription factors and markers through
signaling pathways including Wnt and MAPK
signaling."?

Icariin (Table 4), a bioactive flavonoid extracted from the
Chinese medicinal plant Herba Epimedii, has been shown to
promote osteoblasts differentiation, and inhibit osteoclast
differentiation.”**** In order to enhance repair of bone defects,

various

various

icariin was loaded into TCP disks. Addition of icariin did not
influence the attachment and morphology of osteoblast-like
cells but increased their proliferation, differentiation and in
vivo bone formation, thereby indicating its osteoinductive
property.**® Interestingly, icariin when incorporated within
a chitosan/HA construct led to favorable in vivo osteo-
conduction, osteoinduction and stimulated new bone tissue
formation at an early stage."” Icariin displayed a dose depen-
dent effect with a higher dose leading to more mineralized bone
nodules and higher levels of calcium deposition.*® Icariin also
inhibited the bone resorption activity of osteoclasts, suggesting
its potential to be used as an additive to strengthen bone.
Vascularization in BTE which is considered as a major chal-
lenge could possibly be overcome by addition of icariin. Indeed,
icariin promoted in vitro endothelial cell proliferation, migra-
tion, and tubulogenesis, as well as increased in vivo
angiogenesis."

The small polyphenolic molecule, resveratrol was recently
shown to be highly beneficial for bone development and
growth. In particular, in vitro studies demonstrated that in the
presence of resveratrol, both ALP and prolyl hydroxylase activ-
ities were increased in pre-osteoblastic cells*® while the devel-
opment of osteoclasts was inhibited. Resveratrol (Fig. 4A) could
also boost the osteogenic potential of adipose tissue derived
stem cells (ATMSCs).”»* Dosages as small as 0.1 pM were
conducive for stem cell renewal while dosages above 5 pM
inhibited cellular renewal.” All dosages were osteogenic, with
a dose dependent effect. Preliminary studies suggested that
a burst release system might be ideal for the delivery of
resveratrol.” The influence of resveratrol on in vivo bony
defects was studied for the first time by Li et al.'** Resveratrol-
loaded polycaprolactone (PCL) scaffolds showed significantly
higher bone formation (25% vs. 10%) with greater bone density
and higher immunostaining for mature bone markers
compared to the unloaded scaffolds.***

Kaempferol (Fig. 4B) when incorporated within a layer by
layer (LbL) matrix was shown to increase the mineralization of
BMCs in vitro, as evidenced from increased nodule formation.**
Moreover, in vivo implantation resulted in increased bone

This journal is © The Royal Society of Chemistry 2019
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stiffness after 1 month compared to the sham or LbL only
groups. In another study, surface modification of scaffolds with
catechin (Fig. 4C) not only improved cell adhesion and prolif-
eration (Fig. 5A) but also significantly increased in vitro (Fig. 5B)
and in vivo osteogenesis of hADSCs as a result of the intrinsic
biochemical properties of catechin, namely reactive oxygen
species (ROS) scavenging and high calcium binding affinity.">
Hesperetin (Table 4), a subgroup of flavanones could promote
osteogenic differentiation of human MSCs in vitro via activation
of the ERK and Smad signaling pathways. In vivo, a hesperetin/
gelatin scaffold led to complete fracture union without cortical
gap in contrast to the pure gelatin scaffold whereby minimal
bone growth was noted.”” Following studies revealing the
beneficial effects of naringin (Fig. 4D) on bone metabolism,
Chen et al.™® fabricated gelatin/TCP/naringin scaffolds and
evaluated their potential to repair bone defects. It was found
that naringin significantly enhanced the proliferation of oste-
oblasts and led to more bone formation in vivo. In line with this
study, the controlled release of naringin from electrospun PCL/
PEG-b-PCL improved osteoblast adhesion, proliferation, differ-
entiation, mineralization and suppressed osteoclast
formation."

Table 4 gives a summary of in vitro and in vivo effects of some
flavonoids on bone formation. However, few flavonoids have
been found to induce controversial effects in bone. For
instance, Kim et al reported that the flavonoid quercetin
increased osteogenic differentiation of human adipose tissue-
derived stromal cells (hADSC) by inhibiting their prolifera-
tion.”° In contrast, Notoya et al. demonstrated that quercetin
reduced the level of osteogenic differentiation markers such as
ALP and osteocalcin.® Similarly, the polyphenol, apigenin
(Fig. 4E) inhibited both osteoblastogenesis and osteoclasto-
genesis in MC3T3-E1 cells and OVX mice."**

Nevertheless, overall studies indicated that flavonoids may
be a potent additive for bone tissue growth and prevention of
bone loss.

Purmorphamine. Purmorphamine, (2,6,9-trisubstituted
purine) was found to induce osteogenesis in mouse mesen-
chymal progenitor cells**® and adipose tissue derived stem cells
(ATMSCs).**” In a comparative study between purmorphamine
and BMP-4, the small molecule was found to increase osteo-
genesis to an extent similar to BMP-4 by using a pathway
distinctly different from the latter. Both purmorphamine and
BMP-4 increased cellular proliferation and upregulation of
several cell cycle regulators. However, BMP-4 induced genes for
adipogenic and osteogenic differentiation while purmorph-
amine up-regulated osteogenic genes while simultaneously
lowering the adipogenic differentiation. This suggests the
ability of purmorphamine to induce osteogenic differentiation
selectively.*® The bioactivity of purmorphamine was tested for
the first time in vivo in 2013 whereby porous calcium phosphate
beads were used to deliver this small molecule.'*® Results
revealed significantly increased bone growth at the implant-site
of the beads soaked in purmorphamine vs. the control beads.
However, purmorphamine failed to induce any significant
difference in osteointegration suggesting that the latter might
be useful for enhancing bone regeneration where bone loss due
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Table 4 In vitro and in vivo effects of flavonoids on BTE
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Flavonoid Chemical structure Effects pathway involved Ref.
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Flavonoid Chemical structure

Signaling

Effects pathway involved Ref.

HO 0] -

Syringetin

Icariin

““OH
OH

to disease exists, and not for enhancing early stability of an
implant.**®

3.1.3 Simultaneous osteogenesis and angiogenesis.
Vascularization plays an important role in bone healing process
by ensuring the formation of blood vessels to transport nutri-
ents, oxygen, osteogenic factors and stem cells to the newly

forming bone. This process is controlled by various GFs (VEGF

A B
OH
HO 0
HO o O
0
H3C (0]
HO OH O
OH
OH
D

e Increased BMP-2 synthesis
e Induction of osteoblast maturation and Smad1/5/8 and

142
differentiation ERK1/2
e Increased bone mass
e Promoted bone cell proliferation
o Stimulated ALP activity and formation ERK, MAPK 143-145

of mineralized nodules
e Increased bone mineral density, bone
trabecular number and thickness

etc.) and cytokines.'* Due to the interdependent interplay of
osteogenesis and angiogenesis, recent efforts are being directed
towards the use of multi-growth factor delivery strategies for
bone regeneration.”***** However, due to limitations of GFs
already mentioned before, such approaches failed to provide
the complex signals present in the native environment. Several
small molecules have been reported to enhance both

OH
HO O RN OH
OH
OH
C
OH
OH
HO O
OH O
E

Fig. 4 Chemical structure of (A) resveratrol (B) kaempferol (C) catechin and (D) naringin (E) apigenin.
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Catechin

(A) Immunofluorescent staining of vinculin (green), F-actin (red), and DAPI (blue). Scale bar = 100 um. And (B) alizarin red staining for

evaluating calcium deposition of osteogenically differentiated hADSCs (scale bar = 200 um). Adapted with permission from ref. 126.

angiogenesis and osteogenesis and therefore could be used as
alternatives to multi-growth factor delivery strategies.

FTY720, an immuno-modulating drug derived from the
natural product myriocin enhanced neovascularization and
new bone formation in a rat model when delivered via PLGA
scaffolds. FTY720 synergistically activates S1P1 and S1P3
(i.e. action mechanism of FTY720) which are crucial for
microvascular growth and remodeling. However, local appli-
cation of the molecule is necessary to realize the full

18134 | RSC Aadv., 2019, 9, 18124-18146

therapeutic effect. Indeed, no significant difference in new
bone formation was noted between the FTY720-treated and
control animals when FTY720 was administered via subcuta-
neous injections.

Statins have also been shown to upregulate osteoblast
related genes and VEGF expressions in a time and concentra-
tion dependent manner.****** Further studies employing more
clinically relevant models also confirmed the dual osteogenic
and angiogenic properties of statins.'****

153
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3.2 Cartilage TE

Calcium silicate, a common additive for BTE was found to
improve chondrogenic differentiation in vitro and in vivo by
increasing the hydrophilicity of the resulting material and
improving cell-material interactions. In vivo regenerated carti-
lage using poly(hydroxybutyrate-co-valerate) (PHBV)/calcium
silicate displayed higher compressive modulus as a result of
amounts of collagen and glucosaminoglycan (GAG) produced by
chondrocytes.” Icariin which was found to improve BTE was
also shown to be effective for cartilage TE."*® Indeed, the latter
promoted ECM synthesis and the expressions of sox9, collagen

View Article Online

RSC Advances

type II (Col II) and aggrecan (AGG) genes of chondrocytes in
vitro. Incorporation of icariin within collagen hydrogel
enhanced the integration of the newly-formed cartilage. In vivo
cartilage reconstruction using collagen hydrogels after 4 weeks
demonstrated the limited formation of new cartilage with
a large section of the surface filled with fibrous connective
tissue. In contrast, a whole layer of new cartilage was formed
with the use of icariin loaded collagen hydrogels. Icariin has
also been chemically conjugated to hyaluronic acid/collagen
hydrogel.*** The slow release of icariin effectively maintained
the chondrocytes morphology and promoted the biosynthesis of
cartilage matrix. A layer of chondroid tissue could be observed

PHBV-BG

HE CO-li

Fig. 6 Full-thickness histological images of in vivo engineered cartilage. Scale bar = 100 um. Reproduced with permission from ref. 168. This is
an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use, distribution,
and reproduction in any medium, provided the original author and source are credited.
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Fig. 7 Chemical structure of (A) purmorphamine (B

on the surface of hyaluronic acid/collagen/icariin construct
while the scaffold without icariin showed cell clustering.
Thicker layer of cartilage was observed on hyaluronic acid/
collagen/icariin after 21 days. In the hyaluronic acid/collagen/
icariin group, cells residing within the lacunae retained chon-
drocytic morphology while some cells were spherical in the
hyaluronic acid/collagen group.

Curcumin (CUR), a polyphenol isolated from Curcuma longa
has been reported to possess strong anti-oxidant, anti-tumor,
anti-angiogenesis and anti-inflammatory properties.**> CUR
was shown to inhibit IL-1B-induced activation of NF-kB, acti-
vation of caspase-3 and cyclooxygenase-2 in MSCs and chon-
drocytes in both time and concentration dependent
manners.'**** This resulted in inhibition of proteoglycan
degradation, reduced chondrocyte apoptosis, enhanced
production of collagen type II, cartilage specific proteoglycans
(CSPGs), and Pil-integrin.'*® Hence, incorporation of CUR
within scaffolds allows establishing a microenvironment in
which the effects of pro-inflammatory cytokines are antago-
nized, thereby facilitating the regeneration of articular cartilage.
Indeed, major differences were noted following in vivo subcu-
taneous implantation of silk and silk/CUR scaffolds in mice
whereby the silk/CUR scaffolds led to the formation of
a uniform cartilaginous matrix.'®

Bioglass (BG), an important bioceramic for BTE was found to
be beneficial for cartilage TE.'* For instance, histological and
immuno-histochemical analysis of regenerated tissue following
implantation of PHBV and PHBV/bioglass (BG) scaffolds
demonstrated higher collagen, GAG contents. The regenerated
cartilage samples of PHBV and PHBV/BG groups differed

18136 | RSC Adv., 2019, 9, 18124-18146

) neurodazine/neurodazole (C) rolipram (D

) retinoic acid.

significantly in terms of thickness, side length, volume and wet
weight. In particular, thicker cartilage-like tissue layers were
noted in the PHBV/BG group at different time points (Fig. 6).
Blood vessel ingrowth and macrophage migration limit graft
stability of immature constructs in cartilage TE via fast in vivo
resorption. Therefore, anti-angiogenic therapies have been
proposed as an adjuvant for successful cartilage TE.'® A
hyaluronan/fibrin-based porous scaffold functionalized by
a monoclonal anti-VEGF antibody (bevacizumab) was used to
block VEGF. Scaffolds without bevacizumab had low in vivo
stability. In particular, 82% of scaffolds without bevacizumab
completely degraded after 6 weeks in vivo, most likely due to
newly formed matrix remodeling and resorption on host vessel
and monocyte invasion, which was already evident at 3 weeks
on implantation.'® Moreover, strontium ranelate strongly
stimulated proteoglycans production and human cartilage
matrix formation in vitro by a direct ionic effect without

H
-
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Fig. 8 Chemical structure of pyrintegrin.
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(A) Polycaprolactone (PCL) particles were melted and 3D-printed as cylinders, with top and side views and microscopic images without

and with cells seeded in microchannels. (B) Infusion of human adipose derived stem cells (hASCs) in collagen gel into PCL microchannels,
followed by implantation in the dorsum of athymic mice and retrieved in 4 weeks, with a representative sample shown. (C) Representative
histology images of in vivo retrieved samples stained for lipids by Oil-Red-O dye and nucleus by hematoxylin stain. (D) g RT-PCR analysis of
human PPARYy, of in vivo retrieved samples. Scale bar: 100 pm. Data are expressed as mean + SD *P < 0.05 (reproduced with permission from ref.
182). This work is licensed under a Creative Commons Attribution 4.0 International License.

stimulating the chondro-resorption processes.*® Additionally,
it also decreased chondrocyte apoptosis.”®

3.3 Neural TE

Neural stem cells (NSCs) often used to investigate neuronal
differentiation are pluripotent cells with the ability to differ-
entiate into three main neural cells namely neuron, astrocyte
and oligodendrocyte. So far, only few small molecules such as
retinoic acid, purmorphamine, rolipram have been investigated
as additives to improve neuronal TE (Fig. 7).

Retinoic acid (RA) is a small lipophilic metabolite of vitamin
A. Tan et al. showed that RA could promote the growth of
cellular dendrites and neuronal differentiation of neural stem
cells (NSCs), and eventually induced functional maturation of
differentiated neurons.” Purmorphamine is another small
molecule which induced motor neuron specification via acti-
vation of the sonic hedgehog (SHH) pathway.'”> The use of
purmorphamine not only achieved high efficiency of differen-
tiation of ventral spinal progenitors and motor neurons from
human embryonic stem cells and decreased the cost but it also
improved feasibility of large-scale production due to its stable
chemical nature and easy preparation procedure.”” Other
studies have studied the combined effect of RA and pur-
morphamine on neuronal differentiation. As reported by Binan
et al., the controlled release of these two biomolecules from
electrospun PLA/gelatin scaffold significantly increased cell
growth and neurite length which was 8-fold longer after 14 days
compared to the control."”® Rolipram, due to its anti-
inflammatory and cyclic adenosine monophosphate (cAMP)

This journal is © The Royal Society of Chemistry 2019

preserving properties has been found to promote the regener-
ation of new axons," aid in the preservation of myelinated
tissues,'”® attenuate acute oligodendrocyte death,”® reduce
reactive gliosis and subsequent glial scar formation,"”” and

Controlled
release

OCH,

Fig. 10 Schematic representation of the mechanism of action of CUR
on the promotion of angiogenesis.
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Fig. 11 Structure of curcumin in the keto—enol—enolate tautomeric forms.

significantly improve functional recovery after spinal cord
injuries. Zhu et al. loaded rolipram into electrospun PLLA/PLGA
mats and investigated their potential to bridge the hemisection
lesion in athymic rats."”® Rolipram containing scaffolds
increased axon growth, promoted angiogenesis and decreased
the population of astrocytes and chondroitin sulfate proteo-
glycans in the lesion. In addition, locomotor scale rating anal-
ysis showed that compared to scaffolds only and sham groups,
the scaffolds with rolipram significantly improved hind-limb
function after 3 weeks. Furthermore, Kim et al. recently re-
ported on two imidazole based small molecules namely neu-
rodazine (Nz) and neurodazole (Nzl) as promoters of
neurogenesis in pluripotent P19 cells.'”® They displayed similar
neurogenesis-inducing activities as RA with higher selectivity as
they could suppress astrocyte differentiation unlike RA.

3.4 Adipose TE

CUR which has been previously reported to enhance chondro-
genic differentiation was found to influence the adipogenic

differentiation of hMSCs.*®® When loaded into silk films, the
latter significantly inhibited the proliferation of hBMSCs while
promoting their adipogenic differentiation.

Pyrintegrin (Fig. 8) is a small molecule available commer-
cially which promotes human embryonic stem cell (hESC)
survival by >30-fold. It has been shown to be a potent promoter
of adipogenesis and thus may have therapeutic potential for
soft tissue reconstruction.'® Pyrintegrin treated adipose cells/
progenitors transplanted into mice, resulted in ectopic fat
pads formation with morphological and functional character-
istics of white adipose tissue.

Pyrintegrin-primed human ASCs seeded in 3D-bioprinted
PCL scaffolds resulted in adipose tissue formation that
expressed human PPARY, when transplanted into the dorsum
of athymic mice (Fig. 9). The scaffolds when implanted in the
inguinal fat pad of mice showed enhanced adipose tissue
formation, suggesting pyrintegrin ability to induce in situ adi-
pogenesis of endogenous cells."®

0 (0]
0
cl
. DMF, 60°C
N K + B N
0 o)
SC-3-149

Fig. 12 Synthesis of SC-3-149.
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Breast reconstruction following mastectomy can potentially
benefit from adipose tissue engineering where the use of scaf-
fold promoting adipose tissue volume, have been reported.*®*%*
In a pre-clinical animal study on minipigs, lipoaspirate was
injected in subglandular pockets pre-implanted medical grade
PCL scaffolds with interconnected large pore network. Adipose
tissue regeneration was observed in the animals with scaffold +
lipoaspirate and scaffold only. However, the lipoaspirate group
(39.67% =+ 2.04) had higher adipose tissue regeneration than
the empty control group (8.31% =+ 8.94)."* This study paves the
way for the loading of small molecules which can favor adipose
tissue growth.

3.5 Skin TE: angiogenesis

One of the most important parameters for successful skin TE is
good angiogenesis. A number of strategies have been explored
for the promotion of angiogenesis in skin TE such as the use of
nanoparticles loaded with different molecules.*®® Similar strat-
egies can be applied to scaffolds. For instance, polyvinyl
alcohol/carboxymethyl cellulose (PVA/CMC) scaffolds loaded
with graphene oxide nanoparticles significantly enhanced
angiogenesis and arteriogenesis in chick chorioallantoic
membrane model." CUR has been shown in a number of
studies to accelerate angiogenesis in wound healing.'®® Dextran
hydrogel containing curcumin-loaded poly(lactide)-block-poly(-
ethylene glycol) nanomicelles applied to a full thickness dermal
wound in BALB/c mice, accelerated angiogenesis, fibroblast
accumulation, and wound healing. Elongated blood vessels
aligned in parallel were observed in the nano-CUR dextran
hydrogel treatment compared to tortuous and disoriented
vessels were seen in the control and the blank hydrogel
groups.'® CUR enhanced the expression of TGF-betal and TGF-
beta tlIrc which improved angiogenesis.

CUR has been co-encapsulated with EGF in PLA-10R5-
nanoparticles and dispersed into the thermosensitive and

This journal is © The Royal Society of Chemistry 2019
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biocompatible PLA-10R5-PLA hydrogel. The wound healing
potential of this in situ gel-forming composite (EGF-Cur-NP/H)
was studied using a full-thickness incision rat model.**® The
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Fig. 14 Scheme showing the cholesterol lowering mechanism of
simvastatin.
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Table 5 Matching GFs and small molecules
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Growth factors  Actions Small molecule

Actions

Functional groups involved

Enhancing angiogenesis

Fibroblast GF e Protect cells (epithelial) from  Curcumin
(FGF) damaging effects e.g. radiation
and oxidative stress>**
VEGF o Stimulates the formation of SC-3-149
blood vessels
Agnuside
Enhancing bone formation
BMPs e Inducers of osteogenic and Hydroxyapatite
angiogenic activities during
bone and cartilage repair***
Icariin
Simvastatin
Lovastatin

EGF-Cur-NP/H showed excellent wound healing activity via
increasing granulation tissue formation, collagen deposition,
and angiogenesis compared with EGF-NP/H or Cur-NP/H
(Fig. 10). Curcumin could enhance the biosynthesis of TGF-B1
which in turn enhanced angiogenesis.

Electrospun CUR-loaded PCL/gum tragacanth (GT) (PCL/GT/
Cur) used for wound healing in diabetic rats resulted in inten-
sive angiogenesis and well-formed blood vessels with increased
micro vessel density. The presence of curcumin also favored the
remodeling phase as indicated by a decrease in the number of
blood vessels.™*

PLGA/cellulose nanocrystals composite nanofiber loaded
with polyethyleneimine-carboxymethylchitosan (CMCS), pDNA-
angiogenin and curcumin was shown to promote angiogenesis
in burn wound models in vivo."*> Angiogenin (ANG) is a stimu-
lator of angiogenesis in skin regeneration but with low stability.
Thus, polyethyleneimine-CMCS has been used to load pDNA-
ANG and form nanoparticles which are endocytose and stimu-
late ANG production by cells while CUR decreased inflamma-
tory factors IL-1p and IL-6.

However, theses additives have to be carefully chosen so as to
have the desired effect. CUR for instance is also known for its
anti-angiogenic effect inhibiting tumor progression.’*® Some
natural molecules such as epigallocatechin-3-gallate, a poly-
phenol component of green tea though it has antioxidant,
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e Enhancing TGF-B1 signaling

e Protects cells (fibroblasts and
keratinocytes) against
H,0,-induced damagez‘)3

e Stimulator of angiogenesis

¢ Inhibit vascular endothelial
cell death'”®

e Pro-angiogenic effects

e Enhance HUVEC proliferation,
tube formation, and migration*®’

e Improves bone regeneration via
its osteoconductive property

e Induced bone and
blood vessel

formation via its
osteoinductive property*°®
e Inhibits the formation
and activity

of osteoclasts

e Enol structure with the
intramolecular

hydrogen bond of curcumin

e Phenolic hydrogen plays an
important role in antioxidant
activity

e Conjugated ring structure
which possesses proton
accepting ability

e Hydroxyl groups and m bonds

e Ca®" and PO, ions released
enhances osteoinductivity

e Ca*>* ions bring together
different cell types required

for initiation of bone remodeling
e PO,*" plays a critical role in
bone matrix mineralization®*®

e Phenyl group is believed to

be responsible

for its osteogenic property>’”

e The 3-hydroxy-3-methyl-
glutaryl-coenzyme A (HMG-CoA)
reductase moiety is responsible

for prevention of bone resorption®”!

immunomodulatory, photoprotective and anti-inflammatory
properties, also has anti-angiogenic properties.***

4 New perspectives: matching native
GF functions with exogenous additives

The use of exogenous additives provide the main advantages of
stability and ease of fabrication compared to the direct use of
GFs. Indeed, the latter's use may be limited in certain scaffold-
based applications requiring thermal processing, sterilization,
or prolonged exposure to solvents. To be able to address these
drawbacks, it would be very interesting and challenging to be
able to match these additives with the corresponding growth
factors in terms of their actions on tissue regeneration with the
aim of switching GF with small molecules. This is only possible
through identification of the structural unit present on the
exogenous additive which makes it bioactive (Table 5). For
instance, extensive research on CUR has shown that the keto-
enol-enolate form of the heptadienone moiety plays a crucial
role in the anti-oxidant activities of curcumin (Fig. 11). In acidic
and neutral conditions the bis-keto form acts as a potent proton
donor while at pH > 8, the enolate form predominates and
curcumin acts as an electron donor. The presence of enolate in
solution is found to be important in the radical-scavenging
ability of curcumin.”® For instance, acidic environment is

This journal is © The Royal Society of Chemistry 2019
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known to promote angiogenesis in wounds and the use of
curcumin in acidic conditions mean that it acts as a proton
donor.”® Curcumin can interact with target proteins through
hydrophobic interactions, including pi-pi interactions, exten-
sive hydrogen bonding, metal chelation, and covalent
bonding."”

Another reported small molecule called SC-3-149 (Fig. 12),
a novel stimulator of angiogenesis, has been shown to inhibit
vascular endothelial cell death owing to serum deprivation and
high acidity (pH 6).*® SC-3-149 has intrinsic vasculoprotective
properties comparable to VEGF and is stable to UV irradiation
used for sterilization after incorporation into scaffolds. Analysis
of the chemical structure of SC-3-149 shows that its ability to
reduce the toxicity of locally released acidic degradation prod-
ucts from commonly used biomaterials in scaffolds, may be
linked to its proton accepting ability and fully conjugated
structure.

VEGFR2 has been shown to be able to interact via H-bonding
and hydrophobic interactions with agnuside (Fig. 13), a non-
toxic, natural small molecule extract of Vitex agnus-castus.**
Agnuside thus exerted pro-angiogenic effects on HUVEC
proliferation, tube formation, and migration as result of its
chemical structure with its numerous hydroxyl groups and =
bonds.

Simvastatin primarily used for the management of hyper-
cholesterolaemia, is a promising scaffold additive in bone
regeneration. Its chemical structure can be divided as (i) an
analogue of the enzyme substrate, 3-hydroxy-3-methyl-glutaryl-
coenzyme A (HMG-CoA) reductase that catalyzes the conver-
sion of HMG-CoA to mevalonate (ii) a complex hydrophobic ring
structure that is covalently linked to the substrate analogue and
(iii) side groups on the rings that define solubility properties
(Fig. 3C).” In its cholesterol lowering activity, it inhibits the
enzyme HMG-CoA reductase by binding to it thus suppressing
the synthesis of mevalonate (Fig. 14). Similarly in its bone
regeneration activity, the same chemical moiety suppresses the
synthesis of mevalonate and pyrophosphates, which in turn
inhibit the formation and activity of osteoclast.””*

5 Conclusions

The ultimate aim of small molecule addition to scaffolds is to
promote healing by acting on the appropriate molecular path-
ways depending on the target tissue. Numerous molecules are
being used and the trend is towards the use of natural mole-
cules or molecules present in the body. In that category, the
most successful ones are HA for bone regeneration and CUR for
reduced inflammation and promotion of angiogenesis.
However, there is a scarcity of data on the exact action of the
multitude of additives being applied to scaffolds. More research
is required into their mechanism of actions to better predict
outcome and guide their efficient use. One avenue which can be
explored to accelerate research in this area is the use of in silico
molecular docking to compare the activity of these small
molecules with GFs. The behavior of the latter when entrapped
within scaffolds can be studied and then matched with small
molecules susceptible to have similar actions.

This journal is © The Royal Society of Chemistry 2019
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Abbreviations

AGG: Aggrecan

ANG Angiogenin

ATMSCs Adipose tissue derived stem cells
BG Bioactive glass

BMPs Bone morphogenetic proteins
BMSCs Bone marrow stem cells

BP Bisphosphonate

BTE Bone tissue engineering

cAMP Cyclic adenosine monophosphate
CMC Carboxymethylchitosan

CSPGs Cartilage specific proteoglycans
CUR Curcumin

DKK-1 Dickkopf-1

ECM Extracellular matrix

FGF Fibroblast growth factor

GAG Glycosaminoglycans

GF Growth factor

GT Gum tragacanth

HA Hydroxyapatite

hADSC Human adipose tissue-derived stromal cells
hESC Human embryonic stem cell
hBMSCs Human bone marrow stem cells
hMSCs Human mesenchymal stem cells
NSCs Neural stem cells

Nz Neurodazine

Nzl Neurodazole

PCL Polyaprolactone

PHBV Poly(hydroxybutyrate-co-valerate)
PLA Poly(lactic acid)

PLGA Poly(lactide-co-glycolide)

PVA Poly(vinyl alcohol)

PU Polyurethane

RA Retinoic acid

ROS Reactive oxygen species

SHH Sonic hedgehog

TCP Tricalcium phosphate

TGF-B1 Transforming growth factor beta-1
TE Tissue engineering

VEGF Vascular endothelial growth factor
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