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ABSTRACT
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Scaffold research, PLGA has been widely studied to control small molecule drugs,
Tissue engineering proteins, and other macromolecules. This study aims to review the studies that

used PLGA scaffolding and its composites as a scaffold and drug delivery in
cartilage tissue engineering. It is concluded from the results that the PLGA
scaffold as a synthetic scaffold, when combined with natural scaffolds or
hybrids, strengthens its biological properties and performs its function better.
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Introduction

Cartilage is an avascular, aneurysmal, and
lymphatic-free connective tissue found in the
synovial joints, spine, ribs, outer ears, nose,
airways, and children’s and adolescents’
growth plates. There are three significant types
of cartilage found in humans: hyaline, fibrous,
and elastic. All three types have a low density
of cells (chondrocytes) [1] that synthesize and
secrete the significant components of the
extracellular matrix (ECM) [2]. Besides,
cartilage ECM comprises an inimitable family
of proteoglycans implicate within a highly
hydrated collagen fibrillary network to relocate
the biomechanical functions of stipulating
structural support and persistence to defor-
mation. Chondrocyte-mediated synthesis and
assembly of this matrix are aided, in turn, by the
synthesis of dozens of additional non-
collagenous proteins, proteoglycans, and
glycoprotein. The abundance, distribution, and
types of collagens and proteoglycans are
different in each of the three cartilage types,
increasing differences in appearance and
biomechanical properties [3]. The cartilage
tissue has an extremely high matrix/cell ratio:
2-3% of its mass consists of chondrocytes, and
it is the only residing cells in articular cartilage.
For the remaining, 65-80% consists of water,
12-21% of collagens being predominantly
collagen type 11 (Coll 1), 6-10% of
proteoglycans, and approximately 2-3.5% other
proteins. The arch-like orientation of Coll Il
fibrils, being almost horizontal in the
superficial zone and almost entirely vertical in

the deep zone, gives the articular cartilage its

anisotropic nature and transducer mechanical
forces throughout the entire tissue.
Additionally, the different zones do not contain
the same (ratio of) molecules, having different
(levels of) glycosaminoglycan and collagens.
Characteristics such as the calcification of the
cartilage near the subchondral bone and
lubricant production in the superficial zone are
different [3, 4]. Other collagens found in
articular cartilage include type Ill, type X, type
XI, type XI, I, and XIV [5].

Cartilage disease and repair

The most prevalent joint disease, osteoarthritis,
is characterized by pain and degenerative
lesions of the cartilage, subchondral bone,
and other joint tissues [6]. Some reasons are
causing osteoarthritis to remain incompletely
understood. It has become recognized over the
years that osteoarthritis is a multifactorial
disease. Aging in particular [7] and trauma [8]
are the main risk factors identified for the
development of osteoarthritis; however, other
factors such as genetic predisposition, obesity,
inflammation, gender, and hormones, or
metabolic syndrome contribute to osteoarthritis
development and lead to a more severe outcome
[9-11]. Joint damage often leads to joint
instability or intra-articular fractures that lead to
post-traumatic arthritis [12].

Over the past few years, revitalizing medical
strategies have been developed as an alternative
to traditional surgical procedures, with the
ambitious goal of creating new tissue, showing
the most similar features of native cartilage

[13]. Tissue composition is deeply connected
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with function. Thus, the ability to re-create
structure is believed to be essential for
regeneration. Regenerative medicine deals with
developing innovative therapies focused on the
repair, regeneration, and replacement of cells,
tissues, or organs to restore structure and
physiological functions compromised by
diseases, trauma, congenital disabilities, or
aging [14]. The regeneration of articular
cartilage tissue remains one of the main
challenges in the orthopedics field [15]. The
problem arises from its avascularity, limiting
progenitor cell infiltration and leading to the
repair process [16]. In the case of osteoporotic
lesions involving bone under cartilage cells, a
process of repair by undifferentiated mesenchymal
stem cells (MSCs) begins in the bone marrow.
However, the resulting tissue is fibrocartilage, a
poor alternative to the articular cartilage [17].
Besides, the injured joint's actively inflammatory
environment has a role in influencing the repair
potential [18]. The osteochondral grafting
regenerative approach may present problems
due to donor site morbidity and graft failure
in the autologous procedure or possible disease
transmission and short cell viability in the
allogenic one [17]. Recent development strategies
use various technologies as therapeutic solutions,
including cell therapy, tissue engineering, and
gene therapy [14].

Cartilage tissue engineering

Tissue engineering is the regeneration and
remodeling of tissue in-vivo to repair, replace,
maintain, or enhance organ function. It is also
helpful for engineering and growing functional
tissue substitute in-vitro for implantation in-

vivo, a biological substitute for damaged or

diseased tissues and organs [19, 20]. Successful
tissue engineering relies on multiple factors,
including obtaining appropriate cells for
implantation, directing the development of
those cells on a chondrogenic pathway using
growth factors or cytokines, supporting the
growing cells on a three-dimensional (3D)
matrix (optimally biocompatible), and having
that matrix remain in the cartilage defect at least
until healing is completed [19].

Key concerns are prevalent with each of the
elements mentioned above. First, it must be
ensured that the implanted cells are immune
privileged, or can provide immunosuppressive
agents to avoid rejection by the host immune
system. Various growth factors, such as the
bone morphogenic proteins, are associated with
both cartilage and bone development [21]. It is
essential to prevent a developmental cascade at
a cartilaginous stage, instead of implanting
cells progressing to the bone and creating
bone islands in the intra-articular joint. Most
synthetic polymer matrices tend to degrade with
significant acidic pH, which is detrimental
to newly implanted cells and other host
tissues. Therefore, biocompatible scaffolding is
optimally added [19].

Many cells are manipulated in vitro and
eventually implanted to eliminate cartilage
defects, including chondrocytes, bone marrow-
derived mesenchymal stem/stromal cells
(BMSC) adipose, synovial periosteum-derived
periosteum derived stem cells, and cells derived
from Wharton’s jelly [19]. To properly
manipulate these cells down the correct
pathway, “the right signals must be given at the
right place and at the right time”. Several
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growth factors are associated with cartilage
regeneration but are not limited to them, bone
morphogenetic protein 2, 4 and 7, growth and
differentiation factor-5 (GDF-5), insulin-like
growth factor-1 (IGF-1), and transforming growth
factor Beta (TGFp). These growth factors are
introduced in various ways, including viral
vectors, non-viral vectors, nuclear detachment,
and direct delivery to the cell environment [20].
The 3-D support structure is the final key to
cartilage regeneration.

Poly(lactic-co-glycolic) acid (PLGA) polymer
The most generally used biodegradable
synthetic polymers for 3-D scaffolds in tissue
engineering are saturated poly (a-hydroxy
esters), including poly (lactic acid) (PLA) and
poly (glycolic acid) (PGA), as well as PLGA
copolymers [22]. The chemical properties of
these polymers allow hydrolytic degradation
through de-esterification. Once degraded, the
monomer components of each polymer are
removed by natural pathways. PGA is
converted to metabolites or eliminated by other
mechanisms, and PLA can be cleared through
the tricarboxylic acid cycle. Due to these
properties, the US FDA has approved PLA and
PGA in biomedical products and devices such
as destructive sutures. [23, 24]. PGA is a
hydrophilic and highly crystalline polymer with
a relatively fast degradation rate. Although
structurally very similar to PGA, PLA exhibits
different chemical, physical, and mechanical
properties because of the presence of a pendant
methyl group on the alpha carbon. Generally,
the copolymer PLGA is preferred compared
with its constituent homopolymers for the

fabrication of bone and cartilage substitute

constructs, as PLGA offers superior control
compared with degradation properties by
varying the ratio between its monomers. PLGA,
for instance, has a wide range of degradation
rates, governed by the composition of chains,
both hydrophobic/hydrophilic balance and
Cristallinity [24, 25]. However, despite
biocompatibility, the clinical application of
PLGA for cartilage regeneration is impaired
by weak conductivity and demonstrates
the maximum mechanical properties for
administration as load-bearing applications
(Table 1). Hence, PLGA is mainly used in
combination with other materials such as
ceramics, bioactive glass or is opportunistically
modified to make PLGA more biomimetic and
increase cartilage regeneration [26]. PLGA is a
linear copolymer that can be prepared at
different ratios between its constituent
monomers, lactic and glycolic acid (Figure 1)
[27]. Depending on the ratio of lactide to
glycolide used for the polymerization, different
forms of PLGA can be obtained: these are
usually identified regarding the monomers’
ratio used (i.e., PLGA 50:50 identifies a
copolymer consisted of 50% lactic acid and
50% glycolic acid) [28].

Different synthesis mechanisms are used to
obtain PLGA, and the process parameters
influence strongly the physicochemical
characteristics of the end product. Among them,
the solution poly-condensation of lactic and
glycolic acid at temperatures above 120 °C
under water-removal conditions allows the
synthesis of PLGA with low molecular weight
(MW < 10 kDa) [29, 30]. Unlike pure PLA and
PGA show poor solubility’s, PLGA can be
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dissolved by a wide range of common solvents,
including chlorinated solvents, tetrahydrofuran,
acetone, or ethyl acetate [31, 32], and it can be
processed into any shape and size and can
encapsulate biomolecules of any size. The
physical properties of PLGA have been shown
to depend on various factors, including the
initial molecular weight of the monomers, the
LA: GA ratio, the time of exposure to water,
and the storage temperature [33]. Table 1 shows
the physicochemical properties and application
of different PLGA materials characterized by
different lactic: glycolic acid ratios [24].

PLGA degrades by hydrolysis of its ester
linkages, through bulk or heterogeneous

erosion, in aqueous environments. In details,

four steps can be described during its
degradation: (i) hydration: water penetrates the
amorphous region and disrupts the van der
Waals forces and hydrogen bonds, causing a
decrease in the glass transition temperature; (ii)
initial degradation: cleavage of covalent bonds,
with a decrease in the molecular weight; (iii)
constant degradation: carboxylic end groups
auto catalyze the degradation process, and mass
loss begins by massive cleavage of the
backbone covalent bonds, resulting in loss of
integrity; (iv) solubilization: the fragments are
further cleaved to molecules that are soluble in
the aqueous environment [34]. After the
degradation, lactic and glycolic acid are formed
as by-products.

Table 1. Properties of compounds and different percentages of polymers forming poly(lactic-co-glycolic)

acid scaffolding

Modulus  Elongation Crystallinity Degradation
Polymer Solvent i
(GPa) (%) (%) time (weeks)
Poly(L-lactide) 2.7 - Benzene, tetrahydrofuran, dioxane 37 12-18
Poly(D,L-lactide) - 3-10 Methanol, dimethylformamide Amorphous 11-15
Poly(D,L-lactide Ethyl acetate, chloroform, acetone,
. 2.0 3-10 Amorphous 5-6
coglycolide) 85/15 tetrahydrofuran
Poly(D,L-lactide- Ethyl acetate, chloroform, acetone,
. 2.0 3-10 . . Amorphous 4-5
coglycolide) 75/25 dimethylformamide, tetrahydrofuran
Poly(D,L-lactide- Ethyl acetate, chloroform, acetone,
. 2.0 3-10 . . Amorphous 1-2
coglycolide) 50/50 dimethylformamide, tetrahydrofuran
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Fig. 1. Hydrolysis of poly lactic-co-glycolic acid
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The degradation rates can be influenced by
different parameters: (i) the molecular weight:
increasing the molecular weight of
conventional PLGAs from 10-20 to 100 kDa,
degradation rates were reported to range from
several weeks to several months; (ii) the ratio of
lactic to glycolic acid: PLGA with a higher
content of lactic is less hydrophilic, absorb less
water and subsequently degrade more slowly,
as a consequence of the presence of methyl side
groups in PLA making it more hydrophobic
than PGA. An exception to this rule is the
copolymer 50:50, which exhibits the faster
degradation; (iii) stereochemistry: mixtures of
D and L lactic acid monomers are most
commonly used for PLGA fabrication, as the
rate of water penetration is higher in amorphous
D, L regions, leading to accelerated PLGA
degradation; and (iv) end-group function-
alization: polymers that are end-capped with
esters (as opposed to the free carboxylic acid)
demonstrate longer degradation half-lives [35,
36]. Moreover, the shape of the device strongly
affects PLGA degradation behavior depending
on the accessibility of water. Besides, acidic
surrounding media accelerate  PLGA
degradation due to autocatalysis [37]. For
biomedical applications, PLGA has been used
in various forms, such as porous scaffolds,
microspheres, and nanospheres described in
detail in the following paragraphs.

PLGA porous scaffolds

The scaffold is a 3-D construction where the
cells can attach properly and grow potentially
[38]. Different kinds of biomaterial are used

for constructing the scaffolds. The ideal

biomaterial should be biocompatible, non-
toxic, non-stimulatory of inflammatory cells,
non-immunogenic [39]. It should also have
some special appearance that supports the cell
to stick together, reproduce, differentiate into
characteristic phenotypes, such as mechanical
support for cartilage-engineered tissue, and
have pores that cause the release of nutrients
and waste products. Moreover, these materials
must be degradable and provide the
reconstruction as new cartilage forms and
remodel the principal structure. They must be
resistant to decadence at physiological pH and
body temperature [40, 41]. The perfect scaffold
for cartilage tissue engineering is the one
with  high  porosity and pore-to-pore
interconnectivity. High porosity provides
adequate space for in-vitro cell adhesion, with,
and restructuring of cells [41]. The
interconnected porous organization facilitate
migration, spread of physiological nutrients and
gasses to the cells, and discharge metabolic
waste and side-products from cells [42, 43].
Investigations of cartilage tissue engineering
have been primarily focused on two loadings:
straight confined or unconfined compression
and hydrostatic pressure. The direct dynamic
compression administered in chondrocyte-
seeded scaffolds usually generates enhanced
ECM production and proliferation and
improves the compressive characteristics of the
engineered tissue [44]. The scaffolds needed for
cartilage repair have been made using several
types of materials with both natural and
synthetic polymer bases in a variety of forms

[45]. Synthetic polymers are mainly favored
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because they are quite flexible in modifying
the physical, mechanical, and chemical
properties; consequently, the ultimate scaffold
can be simply processed into the desired form
and dimensions [22, 41]. A significant number
of synthetic polymers have formerly been
successfully incorporated into cartilage tissue
engineering. At present, a small number of
synthetic polymers are clinically evaluated for
their potential use in cartilage repair. The
principal disadvantage of the administration of
artificial polymers is that their cells mostly do
not maintain the chondrocyte phenotype and
create a low-quality ECM [46]. On the other
hand, natural polymers are cost-effective,
environment-friendly, highly biodegradable,
less toxic, and renewable, and take low
manufacturing and disposal costs. Besides, they
have essential control properties that greatly
determine the success of cartilage tissue
regeneration, including regeneration, biological
signaling, cell response degradation, and cell
adhesion [22].

Produce 3-D porous scaffolds

Solvent casting/particulate leaching

One way to create pores involves using a water-
soluble porogen, such as salt (NaCl) [47]. The
first step in this process is to dissolve the
polymer [Poly (I-lactic acid) (PLLA or
PLGA)] in chloroform or methylene chloride
and then cast it onto a petri dish filled with the
porogen. After evaporation of the solvent, the
polymer/salt composite is leached in water for
two days to remove the porogen. The amount of
salt can control the resulting scaffold’s porosity
added, while the pore size is dependent on the
size of the salt crystals [22]. With 70 weight

percent salt and above, the pores exhibited high
interconnectivity[48]. Foams fabricated in this
manner have been used extensively with
various cell types and have shown no adverse
effects on new tissue formation [22, 49].
However, due to concerns that the side of
the foam exposed to air had a different
morphology (rougher) than that exposed to the
petri dish, a modification of this technique has
been developed [50, 51]. In this instance, the
polymer composite components/compression
salt is formed cylindrically at the right high
melting point (PLLA) or glass transfer
temperature (PLGA). Afterward, the cylinder is
cut into thick discs before rinsing in water. It
permits more accurate control of the thickness
of the scaffold and enhances the uniformity of
the floor plane.

However, polymer thermal degradation during
the compression mold production stage can be
a concern. Using particle washing methods, the
researchers made pores of PLLA and PLGA
scaffolding with a maximum porosity of 87%
and porous wells using porous hydrocarbons as
well as pores with a diameter of more than 100
micrometers. After combining the porogen and
polymer (dissolved in methylene chloride or
chloroform) in the dough, the composite is
packaged in the Teflon form. The mold is
immersed in a hydrocarbon solvent (pentane or
hexane) to eliminate the wax without dissolving
the PLLA / PLGA. The residual foam dries for
a few days to extract any solvent. Using this
technique, thick samples (maximum 2.5 cm) are
created with intertwined pores. This method
also permits incorporating the particle phase to

the paste to enhance the stability or electrical
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conductivity of the definitive structure. With
any procedure of pouring solvents/washing
particles, organic solvents are used, which in
many cases does not prevent the addition of
drugs to scaffolding during fabrication.
Besides, the rinsing stage for water-soluble
porogen outstandingly enhances scaffold
provision time. However, in applications where
prefabricated cell polymer structures are
appropriate, promising results using a wide
range of cell types makes these scaffolds very
appealing [52].

Gas foaming

To eliminate the need for organic solvents
in the pore-making process, a new technique
involving gas as a porogen has been introduced.
The process begins with solid discs of PGA,
PLLA, or PLGA using compression molding
with a heated mold. The discs are placed in a
chamber and exposed to high-pressure CO? (5.5
MPa) for three days, at which time the pressure
is rapidly decreased to atmospheric pressure.
Porosities of up to 93% and pore sizes of up to
100 um can be obtained using this technique,
but the pores are largely unconnected,
especially on the surface of the scaffold [52].
While this fabrication method requires no
leaching step and uses no harsh chemical
solvents, the high temperatures involved in
the disc formation prohibit the incorporation
of cells or bioactive molecules, and the
unconnected pore structure makes cell seeding
and migration within the foam difficult [52, 53].
Researchers recently developed another
approach to using gas as a porogen. This
technique includes both gas foaming and

particulate leaching aspects [54]. Ammonium

bicarbonate is added to the polymer solution
in methylene chloride or chloroform. The
resulting mixture is very sticky and can be
formed by hand or with a mold. The solvent is
then evaporated, and the composite or vacuum
is dried or immersed in warm water. Drying the
vacuum causes the ammonium bicarbonate to
reach excellent condition, while immersion in
water leads to the simultaneous evolution of the
gas and the washing of the particles. The second
method is preferred because it does not cause
non-polar outer skin, as seen in dried vacuum
scaffolding. Using this method, a porosity of
90% and a 200-500 micrometers hole are
obtained [52].

Phase separation

Additional techniques proposed for the
fabrication of porous polymer scaffolds are
based on the concepts of phase separation rather
than an incorporation of a porogen. They
include emulsification/freeze-drying [55] and
liquid-liquid phase separation [56]. PLGA is
dissolved in methylene chloride, and then
distilled water is added to emulsify. The
polymer/water mixture is poured into the mold
and extinguished by placing it in liquid
nitrogen. After extinguishing, the scaffolds are
dried at -55° C and used to remove scattered
water and polymer solvents. Large porosity
scaffolds (up to 95%), but small pores [13-35
micrometers) are made using this technique
[52]. They depend on parameters such as the
ratio of the polymer solution to the water and
the viscosity of the emulsion because these
values affect the stability of the emulsion before
it is extinguished [55]. Therefore, with further

adjustment, it is possible that pore size could be
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increased. However, although this technique is the substitute for tissue regeneration and approved
advantageous as it does not require an extra by the Food and Drug Administration (FDA) of
washing/leaching step, using organic solvents the United State for certain clinical applications.
remains a concern for the inclusion of cells and However, PLGA does not present a favorable
bioactive molecules. This, combined with the surface for cell adhesion, proliferation, and
small pore sizes obtained, indicates that this differentiation because of the hydrophobic
fabrication method currently has limited surface properties and lack of specific cell-
usefulness in the field of tissue engineering recognizable signals [64]. To overcome this
[52]. Both PLLA and PLGA scaffolds have drawback, an alternative approach is to create a
been formulated using this technique [57, 58]. hybrid scaffold using a multifunctional biological
This section reviews the characteristics of the protein and PLGA. Because the hybrid scaffold
PLGA scaffold along with the growth factors can be used to create a biomimetic cellular
and the cells involved in cartilage tissue environment by balancing the structural and bio-
engineering (Table 2). functional elements, the advent of a biosynthetic
PLGA composite/hybrid scaffold hybrid scaffold signifies a major achievement in
PLGA, which belongs to one of the synthetic tissue engineering [22, 65].

scaffolds, has been widely investigated to serve as

Table 2. Overview of investigated PLGA scaffold in cartilage tissue engineering

lactide/ Fabrication

ffol - Model
Author Year Scaffolds glycolide PLGA Growth factor odel/ Outcome
type - Cells
ratio Scaffold
Uematsu K In-vivo/ Provided architectural support and cue
2005 PLGA Not stated SC/PL CM A to differentiate the MSCs to hyaline
[59] rabbit BMSCs -
cartilage
Chondrogenic ~ differentiation ~ of
Park J CM+ in-vitro- hADSCs in vitro without chondrogenic
[60] 2011 PLGA 75:25 SC/PL dexamethasone+ in-vivo/ factors.  Maintained  chondrogenic
TGF-p1 hADSCs differentiation  of hADSCs in
subcutaneous pockets of athymic mice
Formed thicker cartilage with a more
in-vitro- homogeneous  structure,  stronger
Zhang Y in-vivo/ mechanical property, and higher
[57] AR HES NBHEEIES (25 (o Porcine cartilage matrix, scaffolds showed better
chondrocytes cartilage formation in terms of size, wet
weight, and homogeneity in nude mice
;)r:)-\\llill\’]l:/ BM emerges as a preferential source of
Caminal M 2016  PLGA 50550 SC/PL cM chondrocytes, MSC _for novel cartilage resurfac!ng
[61] 75:25 therapies of osteochondral defects using
BMSCs and PLGA scaffolds
ADSCs '
Paduszvnski P in-vitro/ increase of the genes expression Coll 11
162] y 2016 PLGA 85:15 SC/PL CM + TGF-p3  Wharton’s and AGG, the chondrogenic capacity of
jelly MSCs WJ-MSCs
In-vivo/ PLGA and Icariin maintained the
Zhao CF . - - functional morphology of articular
63] 2019 PLGA 75:25 Not stated CM+ Icariin rabbit cartilage and inhibited the resorption of
chondrocytes

subchondral bone trabeculae
SC/PL= Solvent casting/ particle leaching; PS: Phase separation; CM= Chondrogenic medium; BMSCs= Bone

marrow stem cells; hADSCs= Human adipose-derived stem cells; ADSCs= Adipose-derived stem cells; TGFp=
Transforming growth factor Beta
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Table 3. Overview of investigated PLGA composite scaffold in cartilage tissue engineering.

Scaffolds Lactide/ Fabrication Growth Model
Author Year tvpe glycolide PLGA factor Outcome
yp ratio scaffold cells
. . In-vitro/ .
Yoo HS. PLGA/ 50:50 GF/ particle - Enhanced cellular attachment, an increase of the
[67] AL Hyaluronic acid  65:35 leaching et Eolie glycosaminoglycan and total collagen
’ chondrocytes
Wei Y low- in-vitro- Enhanced cellular viability, increase production
[68) 2009  PLGA/fibrin 50:50 temperature CM in-vivo/ of Coll Il and proteoglycans, promoted cartilage
deposition Rabbit ASCs regeneration
Xue D PG in-vivo/
[69] 2010 ?i?:ohydroxyapa Not stated PS CM Rat BMSCs Repair defect areas
. Increase of the cartilage-specific genes,
Wang W 2010 PLGAffibrin  75:25 GPL CM + TGF-  In-vivo/ differentiation of BMSCs to chondrocytes,
[70] Bl rabbit BMSCs .
osteochondral restoration
Zheng Q . traditional In-vitro/ Reinforced the fibrin scaffolds and maintained
[71] 20y i g freeze-dried b rat BMSCs their interspace improved cell proliferation
In-vitro/ Lo .
\[’;’S‘]”g w 2011  PLGAfibrin 75:25 GPL cM rabbit 22?:2:%'2'“9 phenotype, an increase of the GAG
Chondrocytes
In-vivo/ Increase of the cartilaginous extracellular
Dai W PLGAV/ collagen . : matrices such as Coll Il and AGG enhanced the
[73] AU SR Seirtt e T Production of GAGs into the subcutaneous sites
chondrocytes 3
of nude mice
CM-+poly
(ethylene
oxide)-b-
Li B poly(L- In-vivo/ Increase of cartilage age-specific genes, increase
[74] 2013  PLGA/fibrin 75:25 GPL lysine)/ rabbit BMSCs of the GAG secretion, restoration of the full-
TGF-B1 thickness cartilage defects
plasmid
DNA
complexes
Hong HJ PLGA/fibrin/ In—vi_v g Tracheal reconstruction, favorable mechanical
(75] A hyaluronan MEBSERE S e Iz and functional recover ’
Y Chondrocytes y
e CM+ L
Sharifian Z 2016 PLGA/ o 4852 SC/PL Avocado/ in-vitro/ Increasg of the SOX9, AGG, and Coll gene
[49] Hyaluronic acid hADSCs expression
Soybean
E;‘rﬁl'z‘/ z;rtlcular Cartilage  defects could be completely
Guo W g . In-vivo/ regenerated, MSC/scaffold constructs enhanced
2018  extracellular 70:30 PS CM A s 3 A
[58] e rabbit BMSCs  the structure-specific regeneration of hyaline
(ACECM) cartilage in a rabbit model
, In-vivo/ positive impact on the maintenance of cell
JES 2018 PLGA/duck’s Not stated SC/PL CM mice proliferation, increase of the glycosaminoglycan
[47] feet collagen -
chondrocytes accumulation
Ahma T PLGA/ . In-vitro/ rabbit An increase of the ECM secreion, promoted
[76] A atelocollagen B =IeiFL el chondrocytes better cartilaginous tissue formation
CM+ ASU can induce chondrogenesis in hADSCs in
Hashemibeni B Avocado/ In-vitro/ PLGA/ fibrin scaffold. Increase of unique
[22] 2019  PLGA/fibrin 48:52 SC/PL Soybean hADSCs markers of hyaline cartilage and reduce
MC+ TGF- hypertrophic and fibrosis markers compared to
B3 the growth factor of TGF-33
cM + Increase of the cartilaginous-specific gene
Gorji M PLGA/Fibrin . - In-vitro/ expression, a decrease of the Coll | gene
[77] A2 nanoparticles SRS =IeiFL !I.Cgr;'%; hADSCs expression, differentiation of hADSCs to

chondrocytes

SC/PL= Solvent casting/ particle leaching; GF: Gas foaming, PS= Phase separation; GPL= Gelatin porogen leaching; CM=
Chondrogenic medium; BMSCs= Bone marrow stem cells; hADSCs= Human adipose-derived stem cells; ADSCs= Adipose-
derived stem cells; TGFp= Transforming growth factor Beta
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The defects of natural and synthetic polymers
can be compensated by using composite
scaffolds made of two or more polymers and
functionalization of the polymers that provide
proper conditions for cartilage regeneration.
Composites create an amalgamation of
different features of various polymers to control
biodegradation, cell adhesion, proliferation,
and differentiation [43, 45, 66]. This section
reviews the specifications of composite/hybrid
scaffolds based on PLGA, along with growth
factors and cells in cartilage tissue engineering
(Table 3).

PLGA-based drug delivery devices

Drugs and proteins are the fastest growing class of
drugs used to control properties, reduce toxicity,
and reduce the risk associated with treatment.
However, the stability and delivery challenges
associated with these agents have limited the
number of marketed products. Maintaining an
adequate shelf-life of peptide and protein drugs
often requires solid-state formulation to limit
hydrolytic degradation reactions [78]. Prescribing
peptides and proteins may also require injectable
formulations to prevent gastrointestinal damage
and transient metabolism, while the short half-lives
of peptides and proteins may require injectable
formulations that reduce the dose frequency. To
avoid the inconvenient surgical insertion of large
implants,  injectable  biodegradable  and
biocompatible PLGA particles (microspheres,
microcapsules, nanocapsules, nanospheres) could
be employed for controlled-release dosage forms

[79]. Drugs formulated in such polymeric devices

are released either by diffusion through the
polymer barrier, or by erosion of the polymer
material, or by combining both diffusion and
erosion mechanisms. In addition to its
biocompatibility, drug compatibility, suitable
biodegradation  Kkinetics, and  mechanical
properties, PLGA can be easily processed and
fabricated in various forms and sizes [80]. There
are several techniques for making nanoparticles,
such as: solvent evaporation (single emulsion
process and double emulsion process) [81, 82],
phase separation [83], and spray drying [84].
Topical therapy through intra-articular injection is
a good strategy because osteoarthritis only affects
the joints. However, when small molecular drugs
enter the intra-articular space, they are easily and
quickly eliminated by blood and lymph vessels.
Many drugs were hydrophobic molecules and
were classified into category Il or IV using Bio-
Drug Classification System [85]. The crystal
suspension system is formed in the intra-articular
space and provides the risk of crystal deposition
and crystalline sinusitis. Therefore, a suitable drug
delivery system for these drugs was needed to
increase solubility and increase their retention time
in the joint cavity [86]. Biodegradable and
bioeliminable materials have been engineered
to prepare drug delivery systems for intra-
articular injection. It has a great diversity of
benefits, including but not limited to
enhancing the stability of encapsulated drugs,
decreasing toxicity, reducing adverse effects,
improving pharmacokinetics, and targeting
specific sites [87-89].
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Author

Tuncay M
[91]

Sibel B
[92]

Eijiro H
[93]

EijiroH

[94]
Fernandez-
Carballido A
[95]

Sun-Woong K
[96]

Haiguang Z
[97]

Nicoleta B
[98]

Zhang Z
[99]

Rajalakshmanan
E [100]

Amélie G
[101]

Zhipeng C
[102]

Niazvand F
[87]

Sun X
[103]

Year

2000

2001

2002

2002

2004

2005

2009

2009

2011

2012

2012

2014

2017

2018

Table 4. The micro and nanoscale particles applied for cartilage repair

Type
DDS

PLGA
MS

PLGA
MS/
albumin

PLGA
NS

PLGA
MS

PLGA
MS

PLGA
MS/fibrin

PLGA
MS

PLGA
MS

PLGA

PLGA
MS

PLGA
NP in
MS/
PVA

PLGA
NPs

PLGA
Ms/
collagen

lactide/

glycolide

ratio

50:50

50:50

50:50

50:50

50:50

50:50

85:15

75:25

Not stated

65:35

Not stated

50:50

50:50

75:25

Particle
diameter

5-10

10

265
26.5

300-490

39-69

30-80

70-100

1-10

7.47

51-85

10-30

12.38

100-200

27-55

Preparation
technique

None stated

Solvent evaporation

emulsion solvent
diffusion

emulsion solvent
diffusion

solvent evaporation

oil-water emulsion
and solvent
extraction—
evaporation

emulsion solvent
evaporation

Not stated

Solvent solid-in-oil-
in-water emulsion

Not stated

Double emulsion

Oil-water emulsion

Solvent solid-in-oil-
in-water emulsion

Double emulsion-
solvent evaporation

Drug

Diclofenac

Naproxen

Fluoresceinamine

Betamethasone

Ibuprofen,
Labrafil

None

NH2

Dexamethasone/
super
paramagnetic
iron oxide
nanoparticles

Lornoxicam

Parathyroid
hormone

Clonidine

Brucine

Curcumin

Ketogenic

Model/Cell

Rabbit
chondrocytes/
Ovalbumin/FCA-
induced arthritis
model

Rabbit
chondrocytes/
Ovalbumin/FCA-
induced arthritis
model

Rat-joint cavity

Rabbit antigen-
induced arthritic
model

In-vitro
Rabbit
chondrocytes/

mouse
subcutaneous

In-vitro/
Rabbit
Chondrocytes

Mouse
subcutaneous

Rabbit, Rat

Rat
papain-induced
OA

In-vitro

Rat

MIA-induced
OA rat

In-vitro/
Mouse BMSCs

Outcome

No significant difference was
found in the PLGA MS
group compared to the
control group

PLGA is promising for an
effective cure of mono-
articular arthritis in rabbits

PLGA nanospheres should
be more suitable for delivery
to inflamed synovial tissue
than microspheres; PLGA
particulate systems with
biocompatibility in the joint
can provide local-therapy
action in joint disease in a
different manner depending
on the size of the system
Prolonged pharmacological
efficacy in the joints of
arthritic rabbits.

Labrafil modulates the
release rate of donor-acceptor
substances such as ibuprofen.
An increase of the collagen
and GAG. This scaffold may
be useful to regenerate
cartilaginous tissue.

PLGA MS/fibrin can
improve the elastic modulus
of the scaffold while has no
side effect on the cell
proliferation and GAG
secretion.

Biocompatible, uptake of 1
and 10

um particles, prolonged
action of magnetic particles

PLGA MS is used to deliver
lornoxicam following intra-
articular administration for
enhancing targeting
efficiency.

Suppressing papain-induced
OA changes, improved GAG
and Col Il levels

Possible to incorporate small
hydrophilic drug in PLGA
PLGA NP in MS decreases
the burst releasse and
improves retention in vivo,
the feasibility of using NiMs
to slow down the burst
release, and increases the
retention of therapeutic
agents in articular joints.
Increasing the articular
cartilage of curcumin-treated
animals prevented the
structural changes of articular
cartilage osteoarthritis.
Promoting BMSCs
proliferation, cartilage tissue
regeneration, and integration
between the repaired and
surrounding cartilages
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siRNA p47phox that is
introduced with poly (D, L-

Human lactic-co-glycolic acid)
Shin HJ . Emulsification/solvent _. chondrocytes/  (PLGA) nanoparticles
[104] AU FROA 0kl o evaporation SRR A MIA-induced (p47phox si_NPs) can
OA rat alleviate chondrocyte cell
death by reducing ROS
production.
Shin HJ Emulsification/ cHhLiJnr;lgrr]oc es/ Decreasing mitochondrial
2020 PLGA  50:50 Not stated - p66shc-siRNA Irocyt dysfunction-induced cartilage
[105] solvent evaporation MIA-induced d
amage
OA rat
NPs designed to passively
I Bovine target cartilage by tuning
[ngiwn . 2020 ZII;;I;:’Q/ A 50:50 260-290 Oil-water emulsion gﬁ?g;gzm Collagenase physicochemical properties
OA model to improve the localization of

injectable therapeutics

PLGA= Poly (lactic-co-glycolic) acid; MP= Microparticle; MS= Microspheres; NP= Nanoparticles, NS= Nanospheres;
FCA= Ovalbumin/F’reund’s Complete Adjuvant P@96252

As a delivery carrier, PLGA is suitable for a of potentially positive and negative effects,

wide range of biomolecules and can control scaffolding, efficient and practical modifi-

substance release behaviors [90]. In this cations based on those insights, and many

section, several PLGA and interesting drugs considerations toward disparate clinical

have been tested as drug delivery systems applications.

(DDS) for cartilage repair and osteoarthritis PLGA polymers appear to be an excellent

therapy, and  their  advantages  and DDS for the controlled administration of

disadvantages will be discussed (Table 4). drugs, peptides, and proteins due to their

biocompatibility and biodegradability. In

Conclusions general, PLGA degradation and drug secretion

In this study, fictitious approaches, mechanical can be accelerated by greater hydrophobicity,

properties, laboratory degradation, and increased chemical interactions between

modification of PLGA scaffolding are hydrolyzed groups, lower crystallization, and

highlighted. These confidants are significant higher volume-to-device ratio. All these

for seed and cell adhesion. ECM secretion factors must be considered to regulate the

and regeneration of tissue. The in-vivo mechanism of drug destruction and secretion

characterization of PLGA scaffolds and for a given program. Besides, studies show

corresponding cell responses are still rather that PLGA can be easily formed in drug-

limited. In summary, much progress for PLGA carrying devices on all scales, for example, as

porous scaffolds, a specific physical form of nanospheres, as microspores, and even as

medical material, has been achieved in the implants with a size of millimeters. They can

latest decade and the development of block a wide range of drugs, peptides, or

regenerative medicine. Future research may proteins. Existing DDSs are being optimized

concentrate more on a fundamental study on and, new DDSs are still being developed. It

cell-material interaction, detailed evaluation appears that the ideal DDS for the remedy of
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intra-articular osteoarthritis has not yet been
found. However, many obstacles have been
considered in producing DDS care and
performance for the clinical utilization of
cartilage. Given the evolution of DDS and the
increase in the number of drugs that may be

released from DDS, more clinical trials are
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