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Abstract

The delivery of biologics is an important component in the treatment of osteoarthritis and the
functional restoration of articular cartilage. Numerous factors have been implicated in the cartilage
repair process, but the uncontrolled delivery of these factors may not only reduce their full
reparative potential and can also cause unwanted morphological effects. It is therefore imperative
to consider the type of biologic to be delivered, the method of delivery, and the temporal as well
as spatial presentation of the biologic to achieve the desired effect in cartilage repair. Additionally,
the delivery of a single factor may not be sufficient in guiding neo-tissue formation, motivating
recent research towards the delivery of multiple factors. This review will discuss the roles of
various biologics involved in cartilage repair and the different methods of delivery for appropriate
healing responses. A number of spatiotemporal strategies will then be emphasized for the
controlled delivery of single and multiple bioactive factors in both in vitro and in vivo cartilage
tissue engineering applications.
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1. Introduction

The avascular and relatively acellular nature of articular cartilage complicates its natural
capacity for regeneration upon damage. While numerous clinical therapies, such as
microfracture, autologous chondrocyte implantation, and osteochondral grafts, have been
developed for the treatment of cartilage injuries, they have been hampered by inferior
cartilage repair and significant donor site morbidity [1]. Indeed, given the extensive
literature presently highlighting the shortcomings of current clinical techniques for the
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management of chondral and osteochondral injuries, it is clear that the field of cartilage
repair remains an area in critical need of innovative alternative therapies [2-4]. In light of
the disadvantages hindering the efficacy of currently available cartilage treatment options,
the discipline of tissue engineering provides promising alternatives. Particularly, the area of
osteochondral tissue engineering leverages the controlled combination of carefully
engineered scaffolds, progenitor cells, and biochemical cues for replacing or restoring lost
articular cartilage and subchondral bone function. While the selection of an optimal cell type
and appropriate scaffold is necessary to reconstruct specific tissues with a particular
configuration and function, successful regeneration is greatly influenced by the cellular
microenvironment in which cells and tissues grow [5]. Inspired by physiological events that
occur during fetal development and long bone formation [6-8], the concept of growing
articular cartilage has led to the integration of a wide variety of soluble cues in an effort to
mimic natural signaling cascades in the wound healing environment.

In cartilage tissue repair, the goal of eliciting the desired phenotypic responses from host
and/or co-delivered progenitor cells remains. Yet, techniques for the delivery of soluble cues
and other biologics for the treatment of cartilage and osteochondral defects have evolved
over the years from simple bolus injections into the defect to more sophisticated and
controlled multi-functional delivery systems. These engineered strategies, which permit
localized drug delivery with controlled release kinetics, utilize delivery platforms that
typically leverage at least one of several main delivery schemes developed for controlled
release. The simplest approach involves the direct intra-articular injection of growth factors
or palliative agents into the synovial space. While such injections represent an attractive and
relevant option due to the lack of surgery, the frequencies of injections required and the
supra-physiological dosages employed often complicate therapeutic efficacy. Additionally,
the recapitulation of natural signaling cascades for proper healing and regeneration of
damaged tissues would be near impossible with single injections [4, 8-11]. Nevertheless, the
motivation to recapture the complexity of endogenous healing cascades into simplified and
controlled forms has driven the evolution of materials-based delivery systems towards a
range of modalities involving drug release from microspheres, bulk scaffolds, or a
combination of both. Although the type of modality employed for drug delivery can
determine the mechanism of release, the method of agent incorporation also offers a
significant form of modulation for controlled release. Conventional strategies for the
incorporation of signaling molecules into engineered delivery systems typically involve
either the physical entrapment or the chemical immobilization of factors into or onto a
polymer matrix. Recent reviews by Mehta et al. and Santo et al. provide excellent
summaries of modern controlled release strategies utilizing such means for bone and
orthopedic therapies [12, 13]. By carefully combining the physical entrapment of bioactive
agents with the chemical conjugation of other bioactive factors, innovative and smart
delivery systems can be engineered to sustain the release of single or multiple biologics in a
spatiotemporally controlled fashion for effective cartilage therapy.

This review begins with an overview of the different bioactive factors that have been
utilized in delivery and controlled release strategies for cartilage repair. The aim is to first
briefly enable an understanding of the different biological approaches available for both in
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vitro and in vivo cartilage repair applications. The following sections will discuss the
methods of delivery and assess the current state of recent controlled release strategies
developed for cartilage tissue engineering and cartilage repair. Special emphasis will be
placed on combining materials-driven and biologically-driven strategies for cartilage repair
in order to provide an outlook for future developments that are aware of the needs for both.

2. Cartilage Regenerative Factors

The homeostasis and repair of articular cartilage is regulated by a number of growth factors,
differentiation factors, systemic factors, and other biologics. The ultimate response from a
specific biologic depends on its identity, and so a critical component in designing a
controlled delivery system is the selection of an appropriate factor.

2.1 Growth Factors

Growth factors are a group of soluble signaling molecules that can stimulate cellular
division, growth, and differentiation through specific binding of transmembrane receptors on
target cells [14]. Among the biologics involved in cartilage repair, growth factors remain the
most extensively studied due to their powerful proliferative, proanabolic, and/or
anticatabolic properties [15]. These include select members of the transforming growth
factor-p (TGF-B) superfamily, fibroblast growth factor (FGF) family, and insulin-like
growth factor-1 (IGF-1). Another major growth factor, platelet-derived growth factor
(PDGF), plays a role in the wound healing of cartilage defects, but the direct effect of PDGF
delivered to a cartilage defect has yet to be investigated [16]. It is most often used within
platelet-rich plasma (PRP), which will be discussed in a later section.

2.1.1 Transforming Growth Factor-p Superfamily—The TGF-f superfamily includes
over 30 structurally related members and serves an important role in regulating
embryogenesis as well as adult homeostasis [17]. Among the TGF-f superfamily, the most
heavily investigated growth factors for cartilage repair include prototypic members TGF-31,
2, and 3 and bone morphogenetic proteins (BMP) 2, 4, and 7. Growth differentiation factors
(GDFs), particularly GDF-5, have shown chondrogenic potential in vitro, but their ability to
promote in vivo cartilage repair has yet to be evaluated [18-21].

2.1.1.1 Transforming Growth Factor-fs: TGF-B1, 2, and 3 are considered to be potent
stimulators of chondrogenesis, inducing Sox9 expression and increasing cartilaginous
extracellular matrix (ECM) production in bone marrow-derived mesenchymal stem cells
(MSCs) as well as stimulating synthetic activity in chondrocytes [8, 15, 22]. In animal
models, TGF-Bs are highly expressed during MSC condensation in the growth plate of long
bones [8] and are also implicated in the early stages of cartilage repair [6]. As a result, TGF-
{3 isoforms, particularly TGF-B1 and 3 have been used in a number of promising in vivo
studies exploring the ability of TGF-Bs to promote the repair of cartilage defects [23]. In a
rabbit full-thickness cartilage defect model, poly(lactic-co-glycolic acid) (PLGA)/fibrin gel
scaffolds loaded with MSCs and TGF-B1 resulted in better cartilage restoration than PLGA/
fibrin gel scaffolds loaded with MSCs alone [24]. Additionally, TGF-B1 in calcium alginate
beads improved osteochondral tissue repair after 12 weeks compared to alginate scaffolds
alone [25]. However, the effects of TGF-B1 on cartilage repair in vivo are not always
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consistent [26]. Guo et al. demonstrated that blank oligo(poly(ethylene glycol) fumarate)
(OPF)-based scaffolds in a rabbit osteochondral defect model resulted in cartilage repair that
was equal to or improved relative to OPF scaffolds with MSCs or OPF scaffolds with MSCs
and TGF-B1 [27]. Intra-articular injections of TGF-B have also caused synovial fibrosis and
endochondral ossification [28, 29]. Several reasons for the observed negative effects of
TGF-p delivery have been suggested, including the supra-physiological levels of growth
factor employed as well as the relatively non-specific effects of TGF- on MSC
differentiation [27]. As a result, it is important to consider the dosage and presentation of
TGF-Bs when delivered in vivo, understanding that TGF-s are multifunctional and induce
gene responses in different cell types for proliferation and ECM synthesis [30].

2.1.1.2 Bone Morphogenetic Proteins: Similar chondrogenic effects of TGF-3 have also
been observed for several BMP molecules, likely due to the extensive crosstalk between
TGF-B and BMP signaling pathways [31]. Different BMPs, particularly BMP-2, 4, 6, 7, and
9, have been shown to stimulate chondrogenic differentiation of MSCs and/or adipose-
derived stem cells (ASCs) either individually or with a TGF- prototypic member [32]. In a
comparison between TGF-p1 and BMP-2 delivery from PLGA microspheres in alginate gel,
both groups resulted in greater histological scores for osteochondral repair compared to
blank scaffolds at 12 and 24 weeks in a rabbit patellar groove defect [33]. BMPs also play a
role throughout the MSC chondrogenic differentiation process, from MSC condensation to
proliferation, differentiation, maturation, and calcification. In particular, BMP-2 is expressed
throughout the entire chondrogenic process, from proliferation to calcification [8], and
hence, a long-term delivery of BMP-2 can be beneficial and has been shown to result in a
higher quality repair of cartilage as opposed to short-term delivery [34]. Different BMPs
also have different effects on osteochondral repair. In a study delivering BMP-2 or BMP-4
in alginate gels to a rabbit femoral condyle defect, delivering BMP-2 alone resulted in better
subchondral bone restoration while BMP-4 alone gave better cartilage tissue repair [35].
BMP-7 has also shown efficacy in vivo: BMP-7 delivered from a collagen sponge in
conjunction with microfracture led to thicker repair cartilage, superior matrix and superior
cell distribution compared to a collagen sponge plus microfracture alone in a rabbit chondral
defect [36]. With the ability to induce both cartilage and bone formation, BMPs, particularly
BMP-2, are attractive growth factors for the regeneration of the osteochondral tissue unit.

2.1.2 IGF-1—Within articular cartilage, IGF-1 is the main anabolic growth factor and plays
a key role in cartilage homeostasis, balancing proteoglycan synthesis and breakdown by
chondrocytes [16]. IGF-1 can decrease catabolic responses as well as increase proliferation
and cartilaginous ECM production in MSCs and chondrocytes in vitro [15, 37]. In vivo,
IGF-1 has demonstrated the ability to improve filling of chondral defects [38], improve
quality of cartilage repair [39, 40], and decrease the postoperative inflammatory response
[41]. IGF-1 has also demonstrated an additive effect when combined with other growth
factors such as TGF-f1, BMP-2, and BMP-7 [37, 42, 43]. However, achieving similar
synergistic results when delivering IGF-1 with other growth factors in vivo is an area of
much interest. IGF-1 delivered from gelatin microparticles (MPs) in an OPF-based scaffold
resulted in higher quality cartilage repair compared to OPF composites alone in a rabbit
medial femoral condyle defect at 12 weeks. But the benefits of IGF-1 were not maintained
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when co-delivered with TGF-p1 [26]. Similarly, the single delivery of IGF-1 from OPF
composites showed an improvement in cartilage morphology over blank scaffolds alone, but
the dual delivery of IGF-1 with TGF-$3 did not have a synergistic effect [44]. Further study
on combining IGF-1 with other growth factors as well as the appropriate presentation of
IGF-1 in a multiple growth factor delivery strategy in vivo is needed.

2.1.3 FGF-2—L.ike IGF-1, the FGF family also plays an important role in the homeostasis
of cartilage. In particular, FGF-2, or basic FGF (bFGF), has a potent mitogenic effect on
MSCs and chondrocytes [45]. In addition, treatment with FGF-2 increased both the
proliferative and chondrogenic potential of MSCs in vitro [37, 46, 47]. In vivo, the delivery
of FGF-2 has been shown to improve both cartilage repair as well as the underlying
subchondral bone [48, 49]. However, FGF-2 may have contraindications: FGF-2 induced
chondrocyte proliferation in a cartilage explant, but resulted in chondrocyte clonal cluster
formation, which is a histopathological feature of osteoarthritis (OA) [50]. Additionally,
evidence suggests that FGF-2 may antagonize proteoglycan synthesis and upregulate matrix
metalloproteinases (MMPs) [15]. Proper delivery and presentation of FGF-2 may help
mitigate potential contraindicatory effects on cartilage repair.

2.2 Anti-Angiogenic Factors

Full-thickness lesions that perforate the subchondral bone and bone-marrow spaces may
trigger the onset of angiogenic and osteogenic processes in the cartilage layer, leading to
conditions unfavorable for chondrogenesis. As a result, there has been interest in introducing
anti-angiogenic factors to inhibit blood vessel growth and restore cartilage tissue to its
natural state of avascularity [51]. This class of factors includes endostatin [52-54], suramin
[55, 56], Flt-1 [57, 58], and bevacizumab [59]. While these factors demonstrate the ability to
block vascularization and inhibit the activity of vascular endothelial growth factors
(VEGFs), a clear benefit of this approach in a cartilage defect model remains to be seen.

2.3 Systemic Factors and Notable Pharmaceuticals

The therapeutic role of anti-inflammatory cytokines, chemokines, hormones, and other drugs
have also been considered in the repair of cartilage. These biologics do not serve the primary
role as a mitogenic or anabolic factor, but mediate the wound healing response through other
mechanisms. Stromal cell-derived factor-1 (SDF-1) is a key chemokine in cell trafficking
and homing of CD34"* stem cells, particularly MSCs [60], and has the potential to enhance
cartilage repair through increased MSC migration to the site of a cartilage defect without the
need for additional cell transplantation [61, 62]. In the parathyroid hormone (PTH) family,
peptide segments of PTH have been shown to inhibit the progression of OA and advance the
repair of shallow chondral defects [63, 64]; and PTH-related proteins (PTHrP) are
synthesized by chondrocytes and can suppress induction of hypertrophy [65, 66]. However,
the timing of PTH or PTHrP administration to cartilage defects remains an important
parameter in affecting treatment outcome. Inhibitory factors on necrosis, apoptosis, MMPs,
and aggrecanases have also shown potential in the treatment of cartilage defects [67-70].
Other notable systemic factors and pharmaceuticals are listed in Table 1.
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3. Biologic Delivery Methods

Almost as important as the selection of an appropriate biologic is choosing a suitable
delivery mechanism to enable an appropriately controlled release and elicit the intended
response. The proper delivery of the biologic can affect the dosage as well as the release rate
and ultimately determine whether or not a therapeutically effective pharmacokinetic release
profile was achieved.

3.1 Injection Delivery

The delivery of a biologic through an intra-articular injection or systemic injection is
perhaps the simplest method for minimally invasive administration. The ability to treat not
only the articulating cartilage but also the entire joint is a relevant delivery strategy,
particularly for the management of pain and degenerative processes in OA. Intra-articular
injection of a chondroprotective agent, high-molecular-weight crosslinked hyaluronic acid
(HA), was seen to improve joint lubrication and retard the progression of OA in a rabbit
anterior cruciate ligament transection model over lower molecular weight HA or a saline
solution [71]. The benefit and potential of intra-articular modalities for the presentation of
chondroprotective agents has also been demonstrated in other studies [71-76]. In addition to
palliative treatments, anti-inflammatory agents have also been delivered through intra-
articular means to treat OA inflammation [77-79]. By treating the synovial fluid and lining
in addition to articular cartilage, the expression of major pro-inflammatory cytokines such as
interleukin (IL)-1 and tumor necrosis factor-a (TNF-a) can be addressed and reduced [80—
86]. However, the delivery of chondrogenic growth factors such as TGF-$ and IGF-1 in an
injection manner can effect unwanted changes in the host tissue due to uncontrolled
presentation of these bioactive factors [87-91]. Growth factors have a short half-life in vivo
and can result in rapid clearance when delivered systemically, hindering their potent
mitogenic and/or anabolic effects [92-94]. Additionally, a bolus injection of growth factors
gives supra-physiological doses, potentially resulting in pathological and non-specific
effects, and an absence of a physiologically effective release profile.

3.2 Bulk Phase Delivery

Although the direct injection of bioactive agents has been used with some success for the
treatment of OA, the rapid clearance of such drugs from the synovial capsule generally
hinders therapeutic efficacy. Incorporation of biologics within a biomaterial carrier can
address this issue by delivering the biologic in a concentrated and controlled fashion. Three-
dimensional matrices and porous scaffolds are the most common delivery vehicles,
particularly for growth factors. By using a drug-delivering scaffold, focal chondral or
osteochondral defects can be treated by releasing the factors to the surrounding tissue or
promoting cell infiltration into scaffold. Many different techniques have been developed to
regulate the release kinetics of soluble factors as well as retain the molecular bioactivity.

One of the most common approaches for bulk phase delivery is a simple dispersion of the
biologic within the matrix. The release of the bioactive factor is then dependent on the
interaction between the factor and the matrix, either mediated by encapsulation [24, 48, 95],
electrostatic interactions [36, 39, 49, 96-98], immobilization/tethering [99-101], or ECM
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affinity [102-104]. Biologics encapsulated or entrapped within bulk matrices often have a
large burst release, which can be tuned by scaffold crosslinking density and pore size.
However, particular natural materials have innate physical properties that can control the
release of growth factors. Yang et al. delivered BMP-2 from fibrin gels and heparin-
conjugated fibrin gels in a full-thickness trochlear groove defect in rabbits combined with
microfracture [34]. An electrostatic interaction with heparin resulted in a sustained release of
BMP-2 (82% over 13 days) compared to a burst release of BMP-2 from normal fibrin gels
(88% in first 3 days). This long-term delivery of BMP-2 resulted in greater filling of
cartilage as well as a higher quality of cartilage repair as opposed to short-term delivery
[34].

While many growth factors can adsorb onto scaffolds made of natural polymers through
electrostatic interactions, hydrogen bonding, and/or van der Waals forces, non-covalent
binding methods may not enable a long-term sustained delivery. Fan and colleagues
achieved stable localization of growth factors by crosslinking TGF-$3 onto PLGA/gelatin/
chondroitin sulfate/HA scaffolds through a condensation reaction between the carboxyl
group of the hybrid scaffold and amine group of TGF-B3 [99]. Results indicated that the
cumulative release of TGF-B3 was reduced to 29.5% over 28 days and that TGF-33-
immobilized scaffolds could induce similar levels of chondrogenic differentiation of seeded
MSCs and in vivo cartilage repair compared to non-immobilized scaffolds cultured in
medium with TGF-p3. However, caution should be taken when tethering factors to
monolithic scaffolds. Kopesky and colleagues demonstrated that adsorption of TGF-B1 onto
self-assembling peptide hydrogels stimulated chondrogenesis of seeded MSCs in vitro
whereas biotin-streptavidin tethered TGF-f1 hydrogels did not [105]. The authors suggested
that the biotin-streptavidin affinity may exceed the strength of some covalent bonds and that
tethering TGF-B1 may have prevented internalization of the receptor-ligand complex [100,
101].

The release of growth factors can also be controlled through their innate affinity to certain
ECM epitopes [102]. The use of an alginate-sulfate scaffold enhanced TGF-1 attachment to
the scaffold via heparin-like affinity interactions and resulted in a more sustained release of
TGF-B1 over 7 days as opposed to a >90% burst release from regular alginate scaffolds after
1 day [103]. Implantation of similar scaffolds with affinity bound TGF-$1 and BMP-4
demonstrated the ability to induce endogenous regeneration of the osteochondral unit [104].

3.3 Microparticle and Nanoparticle Delivery

Another method of delivery is releasing the selected biologic from micro- or nano-sized
carriers. MPs and nanoparticles (NPs) are attractive drug delivery vehicles due to their small
dimension, high surface area to volume ratio, high drug loading efficiency, and the ability to
quickly respond to environmental stimuli such as temperature, pH, magnetic fields, or
ultrasounds [8, 106, 107]. While MPs have been investigated for several decades, NPs as
delivery vehicles for cartilage repair have been gaining interest [108-112]. NPs can be
endocytosed by cells, allowing for the accumulation of NP-encapsulated drugs, and their
exceptionally high surface area to volume ratio enhances their affinity to therapeutic drugs
and external stimuli [113]. However, a high surface area to volume ratio may also reduce the
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stability of the nano-sized delivery vehicle, and the tendency for certain NPs to aggregate
into microscale particles may mitigate the advantages of a NP system [113].

MPs have traditionally been used as a delivery vehicle, either by dispersing the MPs in a
continuous phase or using the MPs as building blocks without a surrounding matrix to form
macroscopic scaffolds [8]. In particular, introducing MPs in a bulk scaffold, particularly
hydrogels, adds a level of complexity and allows greater control over the growth factor
release profile, spatial delivery, and leads to greater stability and bioactivity of encapsulated
proteins [114, 115].

Similar to bulk phase delivery, biologics can also be incorporated in MPs and NPs through
entrapment, ionic interactions, or a combination of both. Ultimately, the subsequent release
depends on the composition of the carrier as well as the factor incorporation method. One
popular material for the construction of MPs is synthetic PLGA due to its tunable
degradation into lactic and glycolic acid [116], its ease of fabrication, and its established
safety in other FDA-approved applications [117]. Several research groups have employed
PLGA MPs for the delivery of anabolic growth factors to stimulate chondrogenesis/cartilage
repair either in a hydrogel [115, 118-120] or as a building block to make PLGA MP plugs
[121-123]. By dispersing growth factor-delivering PLGA MPs in a hydrogel, near zero-
order release kinetics of TGF-p1 and BMP-2 were observed in vivo [118, 120]. However,
despite the appeal of PLGA microcarriers for controlled drug release, the use of such
hydrophobic materials can adversely affect the bioactivity of encapsulated factors [108,
124]. Growth factor delivery particulates have also been fabricated with other synthetic
polymers, including heparin-poly(L-lysine) NPs loaded with TGF-f3 [110], Pluronic F68/
heparin NPs for TGF-B2 immobilization [125], and poly(N-isopropylacrylamide) NPs for
TGF-B1 release [111]. Yet, different carrier matrices may be better suited for different
biologics. Wang et al. demonstrated that PLGA MPs were better for releasing IGF-1 while
silk MPs were more efficient in delivering BMP-2 [126].

Many natural polymers, notably gelatin [107, 127-136], alginate [137], HA [137-140],
chondroitin sulfate [109], and silk [126], have been used to create growth factor delivering
MPs. Gelatin is a natural polymer derived from collagen, and by subjecting collagen
precursors to either alkaline or acidic processing during the production of gelatin, basic or
acidic gelatin with different isoelectric points can be obtained [127, 134]. Resultant gelatin
carrier matrices can then achieve either a net negative or positive charge at physiological pH
depending on the isoelectric point, allowing for the ionic complexation of various growth
factors during drug loading. Acidic gelatin MPs, which can be complexed with positively
charged growth factors, were previously used for the controlled delivery of TGF-p1 [131,
133], TGF-B3 [129], IGF-1 [132], and BMP-2 [134] for cartilage and bone tissue
engineering applications. However, since natural materials like gelatin and alginate are not
native to articular cartilage, new ventures are exploring the use of more chondromimetic
carriers with the aim of leveraging potential synergistic effects between growth factors and
orthotopically relevant materials.

Ansboro and colleagues recently described a layer-by-layer approach for the fabrication of
hollow HA microspheres as carriers of TGF-p3 [140]. In their work, the authors reported
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that the delivery of TGF-B3 from HA microspheres to human MSC pellets enhanced the
expression of chondrogenic genes (type Il collagen and aggrecan) while inhibiting the
expression of hypertrophic markers (type X collagen) in vitro. Lim and colleagues reported
the development of nanoscale and microscale particles using chondroitin sulfate, a
negatively charged glycosaminoglycan (GAG) found in articular cartilage [109], where they
were able to show the controlled release of TGF-B1 from these particles. An interesting
study by Bajpayee and colleagues modeled the effect of NP charge and size on particle
uptake and binding in articular cartilage [141]. Using Avidin, a highly glycosylated protein
with a high positive charge and a diameter of ~7 nm, as a model protein for the development
of NPs as drug carriers, the authors demonstrated that while particles less than 10 nm in
diameter were able to penetrate through the full-thickness of bovine cartilage explants,
particles that were 15 nm in diameter were confined only to the superficial cartilage layer.
Of note, the presence of a positive fixed charge density facilitated the rapid uptake of Avidin
via electrostatic partitioning within 24 hrs when compared to neutrally charged NeutrAvidin
and enhanced Avidin retention time to over 15 days [141]. Such results indicate that charge
properties can be leveraged in innovative nanoparticle designs for the rapid uptake and
retention of nanocarriers throughout the entire cartilage layer. Within the context of anti-
inflammatory strategies for cartilage repair, the use MP carriers as the controlled delivery
vehicles for small anti-inflammatory agents is also a subject of great interest [86, 108, 142—
144].

4. Strategies for Controlling Delivery of Biologics

The plethora of studies on single growth factor delivery to induce chondrogenesis and/or
facilitate neo-cartilage growth have been indispensible in showing the complexity of the
cartilage wound healing environment. The current research on biologics for cartilage repair
sees a trend towards multiple growth factor delivery to mimic the numerous signaling
cascades involved. Yet the lack of an overwhelming improvement for multiple growth factor
delivery over single growth factor delivery exemplifies the need to modulate the temporal
expression and spatial distribution of biologics for not only cartilage regeneration, but for
the repair of the osteochondral unit as a whole. The following sections will discuss the
recent progress in the delivery of multiple biologics and spatiotemporally controlled delivery
strategies for cartilage repair applications, and will highlight several advanced options for
the design of biologic delivery platforms with potential for precise spatial and/or temporal
control over the release of bioactive factors.

4.1 Multiple Biologics Delivery

Musculoskeletal development is an intricate process governed precisely by the activation
and interplay of numerous biochemical cell-signaling pathways. In particular, the process of
chondrogenesis alone involves the activation of chondrogenic adhesion molecules
(integrins) and the up-regulation of chondrogenic growth factors (TGF-f3 superfamily) and
their signal regulators, followed by the up-regulation of anabolic factors (bFGF, IGF-1,
VEGF) during hypertrophy [145]. While technically simple, it is extremely unlikely that the
delivery of a single factor can stimulate the recapitulation of these signaling pathways for
cartilage regeneration. As a result, strides have been made towards the development of
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controlled release systems for the delivery of multiple growth factors for cartilage repair in
the hopes of increasing therapeutic potency. Since the work of Richardson and colleagues
[146], which successfully demonstrated the controlled dual release of both VEGF and PDGF
for the rapid formation of a mature vascular network, the field of controlled release has seen
the advent of many sophisticated delivery systems for multiple bioactive agents. Indeed, by
regulating the delivery of several bioactive factors, the induction of various biological
responses in a fashion that promotes optimal cartilage repair becomes theoretically possible.

A common chondrogenic strategy involves the sequential release of TGF-B1 or TGF-B3 to
first chondrogenically stimulate a synthetic response by host/delivered progenitor cells,
followed by the release of an anabolic or maturation factor like IGF-1 to encourage cartilage
matrix production. Our laboratory, as well as others, has previously established that the dual
delivery of TGF-B1 and IGF-1 can be achieved with distinct release kinetics [132, 147], and
that the released growth factors stimulate the chondrogenic gene expression of MSCs in
vitro [136]. In the case of bulk hydrogel and NP/MP composite scaffolds, varying the phase
of incorporation can modulate the release kinetics of multiple growth factors. By loading
TGF-B1 directly into the bulk OPF hydrogel phase while loading IGF-1into highly
crosslinked GMPs encapsulated within the OPF hydrogel, Holland and colleagues were able
to attain a burst release of the former combined with the simultaneous but sustained release
of the latter [132]. Another approach for the sequential delivery of TGF-p1 and IGF-1
involves the use of biodegradable PLGA MPs [148]. Jaklenec and colleagues fused IGF-1
containing and TGF-B1 containing PLGA microspheres using dichloromethane vapor in
order to generate three-dimensional drug-eluting scaffolds [147]. Incorporating bovine
serum albumin (BSA) into the organic phase during microsphere fabrication improved
IGF-1 internalization into the microspheres and hence, delayed the release of IGF-1. The
release of TGF-B1 was controlled by either capping or uncapping PLGA with a carboxylic
acid chain, where uncapped PLGA led to delayed release of the growth factor due to
increased secondary interactions between the PLGA, TGF-f1, and BSA [147]. The
development of such a modular design allowed for the combination of PLGA microspheres
containing various growth factors or bioactive agents in order to generate custom dual or
multiple biologic delivery systems. Indeed, a similar system utilizing PLGA microspheres of
different co-polymer ratios and spherical sizes was able to achieve multiple burst releases of
encapsulated chondroitin sulfate for potential applications in treating OA [149].

A more recent system leveraged a NP-laden hydrogel composite for the dual delivery of
BMP-7 and TGF-B2. TGF-B2-immobilized NPs were created by first mixing Pluronic F68
with heparin to permit hydrogen bonding between the two components [125]. TGF-2 was
subsequently immobilized via ionic complexation with the heparin component. Chitosan and
polyvinyl alcohol were then added to promote the formation of individual TGF-2
immobilized NPs, which were embedded into a BMP-7 immobilized alginate hydrogel bulk
phase. The authors were able to show fast release of BMP-7 (up to 80% cumulative release)
coupled with the sustained release of TGF-B2 (up to 30% cumulative release) over 21 days
invitro [125]. Interestingly, the delivery of both BMP-7 and TGF-32 from the hydrogel
phase, as opposed to delivery from the encapsulated NPs, was slower due to the potential
aggregation between growth factors during hydrogel fabrication, highlighting the need to
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examine the potential interplay between biologics in multiple growth factor delivery
systems. Nevertheless, these systems coupling the delivery of BMPs with TGF-f3 are
especially useful in applications involving MSCs derived from sources other than the bone
marrow (i.e., adipose tissue), which require such growth factor combinations for
chondrogenesis [150-153]. Despite our ability to tailor the release of multiple therapeutic
agents in order to affect a desired cellular responses in vitro, one must consider the
challenges of accurate preclinical translation in vivo. For instance, the dual delivery of TGF-
B2 and BMP-7 to trochlear groove defects in rabbits, even with the co-implantation of
adipose derived MSCs, failed to elicit any histological improvement in osteochondral tissue
repair over controls [98]. Analogously, the co-delivery of TGF-B1 and IGF-1 via OPF/
gelatin MP hydrogel composites did not offer any additional benefits over the delivery of
IGF-1 alone for osteochondral tissue regeneration in vivo [130]. Recently, it was
investigated whether the lack of additive or synergistic effects could be due to differences in
TGF-B release kinetics between the in vivo environment and what was observed in vitro
[44]. Using a similar OPF composite system, IGF-1 and TGF-B3 were co-delivered to an
osteochondral defect site to evaluate tissue repair, where changing the loading phase of
TGF-B3 varied its release kinetics. However, the results seemed to confirm a lack of synergy
between these two growth factors in affecting a favorable healing response in vivo [44].

Bian and colleagues recently described an alternative strategy with high potential for
cartilage repair [137]. Their approach entailed the initial transient exposure of MSCs
encapsulated in a HA hydrogel to TGF-B3 released from co-encapsulated alginate
microspheres to induce chondrogenesis, followed by the exposure to PTHrP to prevent
hypertrophy. While the release of TGF-$3 induced the chondrogenesis of MSCs in vivo (in a
subcutaneous mouse model), the uncontrolled and rapid delivery of PTHrP was unable to
inhibit hypertrophic calcification [137]. Another strategy described the combined use of
anti-angiogenic agent suramin and TGF-B1 for the generation of hyaline cartilage from
periosteal cells on an agarose hydrogel implanted within a subperiosteal space [56].
Together, these studies highlight the complexity of the native joint environment and indicate
that caution must be taken when combining multiple growth factors with similar
chondrogenic stimulatory effects for controlled delivery in vivo. Indeed, it may prove
advantageous to instead combine factors with varying anti-inflammatory, anti-angiogenic,
chondrogenic, or anabolic biological effects in order to simulate biomimetic cascades and
processes for more effective cartilage repair in vivo.

Within the context of multiple growth factor delivery, an emerging field of interest
comprises the application of PRP. PRP is an enriched blend of growth factors that can be
autologously derived through the centrifugation of patient blood. Several protocols exist for
the isolation and preparation of PRP for specific applications [13, 154]. In contrast to the
rising potential of PRP for cartilage repair, information regarding its composition and
mechanisms of action remain relatively scarce. Additionally, it remains unclear how
different processing techniques and donor-to-donor variability affect the composition and
effectiveness of PRP. Using protein antibody membrane arrays, Kriiger and colleagues
recently profiled the growth factor composition of human PRP and revealed a plethora of
chondrogenic and anabolic growth factors including various BMPs, FGFs, PDGFs, IGFs,
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TGF-Bs and VEGFs [155]. Indeed, several studies of late have reported the positive effects
of PRP on cartilage repair in both diseased and acute defect models [156].

Sundman and coworkers treated osteoarthritic synovium and cartilage explants with PRP ex
vivo and showed that PRP decreased the gene expression of inflammatory markers including
TNF-a and MMP-13 while enhancing endogenous HA production [157]. Raeissadat and
colleagues evaluated the effects of PRP injections on functional improvement and quality of
life of OA patients in a clinical study and found that even the direct intra-articular
administration of PRP ameliorated joint pain and knee stiffness, and improved patients’
quality of life in the studied time frame of 6 months [158], which corroborates the results
from similar investigations [159-161]. However, the lack of proper controls necessitates
further investigations regarding the clinical use of PRP for OA. In an acute femoral defect
model, the treatment of osteochondral grafts with PRP prior to implantation actually led to
the improvement of graft-host integration when compared to grafts treated with saline
solution [162], further indicating that PRP can decrease cartilage degeneration via the
inhibition of inflammatory signals and the induction of neo-cartilage integration. Given the
multifarious properties of PRP, future combinatory strategies can aim to leverage specific
PRP effects through the co-delivery of synergistic or inhibitory factors. One potential
strategy could explore the possibility of releasing the anti-angiogenic drug Avastin [163]
following the delivery of PRP in order to promote a hypoxic environment, which has been
shown to be vital for non-hypertrophic chondrogenesis [164] for articular cartilage repair.

4.2 Spatially Controlled Delivery

It is well known that the extracellular matrix structure of articular cartilage represents an
intricate hierarchy of distinct layers that function together to meet the osmotic and
viscoelastic demands of the tissue. While advances toward the utilization of multiple
bioactive agents are beginning to address some of the complexities of cartilage regeneration
in vivo, the presence of undefined and potentially negative cross-effects suggests that the
method of growth factor presentation to defect sites still requires significant fine-tuning.
Indeed, it is recognized that bioactive factors should ideally be delivered in a spatially and
temporally controlled fashion in order to elicit maximum therapeutic efficacy. By first
reviewing strategies for spatial control followed by strategies for temporal control, this
section primarily highlights recent advances made toward the development of technologies
or platforms that can allow precise control over spatiotemporal release conditions for
cartilage repair.

For cartilage applications, spatial control over drug delivery can be mainly achieved via two
distinct approaches: the conditional/permanent immobilization of chondrogenic growth
factors to desired regions within a scaffold, or the directional release of chondrogenic
growth factors from a reservoir. Within the context of osteochondral tissue repair, growth
factor concentration gradients and multiphasic scaffolds are often applied. Out of the
strategies available for spatial control, the physical entrapment or chemical conjugation of
factors to a scaffold represents the most technically simple approach. Such methods for
protein sequestration commonly offer several advantages including localized growth factor
presentation, dosage control, and preservation of protein bioactivity. McCall and colleagues
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recently investigated a strategy for TGF-p1 immobilization using clinically relevant
materials [165]. TGF-B1 was first thiolated by a reaction with 2-iminothiolane (via primary
amine groups on the N-terminus), and was subsequently functionalized into poly(ethylene
glycol) (PEG)-diacrylate hydrogels using mixed-mode photopolymerization. By changing
the initial concentration of thiolated TGF-f1 prior polymerization, it was shown that the
growth factor dosage as well as bioactivity could be precisely controlled. Interestingly, co-
encapsulated human MSCs, when exposed to the lower dosages of immobilized TGF-f1,
actually exhibited equal or greater levels of chondrogenesis when compared to soluble TGF-
B1 in culture medium [165].

Implications for the utility of spatially tethered chondrogenic growth factors to act as
chondrogenic stimulants or chemoattractants for host progenitor cells in cartilage defects in
vivo were further provided by Griffin and colleagues, who recently reported the synthesis of
photodegradable macromers for the conjugation and release of biologics [166]. In their
work, the authors synthesized a class of photosensitive ortho-nitrobenzyl (o-NB) macromers
that could be functionalized with different reactive groups at the benzylic position. These
reactive groups, which included alcohols, alkyl halides, amines, carboxylic acids, N-
hydroxysuccinyl ester, and biotin, permitted the conjugation of essentially any type of
therapeutic agent for cartilage repair. The mechanistic release of such therapeutics could
then be externally controlled by light exposure. Additionally, it was previously reported by
the same group that 0o-NB macromers could be designed with different photodegradation
rates, hence yielding external control over the multistaged release of multiple bioactive
factors [167]. As a proof of concept, Griffin and coworkers incorporated 0-NB macromers
that were conjugated with TGF-B1 into PEG hydrogels and demonstrated that photoreleased
TGF-B1 maintained high bioactivity and was able to effectively induce the chondrogenic
differentiation of human MSCs in vitro. The development of such platforms confers
researchers with not only options for the precise external control over the spatial
presentation of bioactive factors in potential strategies for cartilage repair, but also the
temporal patterning of bioactive factor delivery.

While many systems have been designed for the spatially controlled delivery of growth
factors to cartilage tissues as a whole, few studies if any have employed spatial gradients
with high enough resolution to target the subtle inhomogeneity of the hierarchical articular
cartilage makeup. However, as aforementioned, recent innovations using Avidin as a model
protein for articular cartilage drug uptake [141] indicate that the particle diameter and fixed
charge density of drug-loaded NP systems could be finely tuned to affect NP uptake depth
and retention time in order to target distinct zones within the cartilage layer. Currently,
spatial concentration gradients usually consist of lower resolution biphasic or multiphasic
systems built to stimulate the simultaneous repair of cartilage and subchondral bone in
osteochondral composite tissues. In such cases, bilayered composites can easily be used to
bias the local delivery of chondrogenic factors to the cartilage layer and osteogenic factors
to the subchondral layer in osteochondral defects. As discussed earlier in the section
describing the delivery of multiple biologics for cartilage repair, our laboratory has
previously evaluated the utility of bilayered OPF composite systems for the spatially
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controlled delivery of chondrogenic factors IGF-1 and TGF-$1 or TGF-33 only to the
chondral regions of an osteochondral defect [44, 130].

In line with the need for high spatial resolution scaffolds and interfacial considerations
between the cartilage and bone layers of osteochondral composite tissues, Wang and
colleagues developed a BMP-2 and IGF-1 gradient biopolymer system with the ability to
elicit the corresponding osteogenic and chondrogenic response of MSCs [126]. Using an
aqueous-derived silk porous scaffold, silk microspheres loaded with BMP-2 or IGF-1 were
differentially mixed together via a gradient maker to generate either single BMP-2/IGF-1
gradients or dual reverse gradients of both growth factors in a single scaffold. However, it
was found that only silk scaffolds delivering BMP-2 gradients (i.e., single BMP-2 gradients
or reverse BMP-2/IGF-1 gradients) were effective at promoting a gradient response [126],
indicating that bioactive agents must be compatible with the delivery platform. More
recently, Dormer and coworkers described the creation of a PLGA microsphere-based
bioactive plug with a continuous gradient transition between chondrogenic TGF-p1 and
osteogenic BMP-2 for osteochondral tissue repair in vivo [121]. When implanted into medial
femoral defects in rabbits, it was shown that the presence of a reverse continuous gradient of
chondrogenic and osteogenic growth factors led to improved histological repair over blank
controls. While results highlight the potential of growth factor gradient design for
osteochondral tissue regeneration, the lack of controls that test specifically the effect of the
gradient on tissue repair necessitates future studies evaluating such an effect.

In contrast to growth factor gradient designs, Li and coworkers developed a unique spatial
control strategy based on inhomogeneous bilayered collagen scaffolds that could bias the
direction of growth factor release [168]. The described construct comprised a dense collagen
layer and a loose collagen layer sandwiching a reservoir of chitosan-heparin NPs loaded
with growth factors for the directional release of the anabolic factor bFGF [168]. bFGF was
preferentially released through the loose collagen layer, thereby making the loose layer a
better cell-adhesive and proliferative substrate with potential for tissue repair in vivo. The
same release of bFGF was not observed for the dense layer. When this bFGF release
platform was utilized for articular cartilage repair in osteochondral defects in vivo, the
authors showed that the directional release of bFGF toward the subchondral bone (i.e., loose
layer facing subchondral bone) stimulated the early up-regulation of endogenous TGF-fs,
BMPs, and VEGFs as detected in the synovial fluid [169]. Additionally, the controlled and
directional release of bFGF toward the subchondral bone in an osteochondral defect
improved histological scores for cartilage repair. Furthermore, such a spatially oriented
approach limits the release of growth factors into the synovial space and hence, preserves
the supply and longevity of growth factors for optimal therapeutic efficacy.

4.3 Temporally Controlled Delivery

Most, if not all, controlled release strategies enabling spatial control over the delivery of
biologics also confer some degree of temporal control. Hence, the following will highlight
several recent advances specifically emphasizing precise temporal control for the release of
bioactive agents in the context of cartilage-related applications. Accordingly, one class of
biomaterials that can offer improved temporal control over traditional delivery systems is
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self-assembling peptides. Kopesky and coworkers recently reported the slow and sustained
release of TGF-B1 from acellular self-assembled peptide formed from AcN-(KLDL)3-CNH>
custom peptide sequences [105]. Such KLD peptides were able to efficiently uptake growth
factors, which could be loaded into the equilibrium peptide solution before or after self-
assembly, with five times greater uptake before self-assembly. This provided the ability to
precisely modulate the dosage of growth factors to be released. It was shown that by day 3,
only 18% percent of the total TGF-B1 loaded was released, indicating the avoidance of a
burst release [105]. By day 21, only 44% of cumulative TGF-B1 was achieved, suggesting
the utility of KLD hydrogels for long-term controlled growth factor release and for avoiding
the dosage limitations of other single growth factor delivery systems. Furthermore, KLD
hydrogels could theoretically maintain growth factors in their bioactive macromolecular
form efficiently through designed electrostatic interactions during peptide sequencing.
Despite the advantages of such long-term release strategies, the efficacy of delivered
peptides and proteins commonly face issues related to short half-lives. To address this
problem, Ashley and colleagues developed a generic drug delivery platform based on a
tetra-PEG porous hydrogel incorporating p-eliminative linkers that could undergo f3-
eliminative cleavage in the presence of an electron withdrawing modulator for the release of
covalently tethered drugs [170]. The B-eliminative linkers, which were not prone to
enzymatic degradation, could be designed to have highly predictable half-lives and could be
used to simultaneously conjugate bioactive factors and crosslink PEG hydrogels. The
covalent fixation of therapeutics to and their subsequent release from the B-eliminative
linkers could then be directly controlled by the half-life of the linker, which can be designed
to range from a few hours to over a year [170]. Hence, by combining B-eliminative linkers
with short half-lives for drug tethering and those with longer half-lives for hydrogel
crosslinking, one can ensure the complete release of growth factors prior to hydrogel
degradation. Such a strategy for osteochondral defect repair would allow one to take full
biomechanical advantage of having hydrogel structural support while mitigating any form of
release kinetics limitations associated with bulk material degradation. Additionally, the
ability to fine-tune the temporal release of biologics and to potentially decouple spatial and
temporal modulation should inspire future innovations toward the design of growth factor
delivery patterns that mimic the cartilage signaling cascades during fetal development in
order to stimulate robust cartilage regeneration. Table 2 lists various strategies that have
leveraged the use of spatial and/or temporal control for the delivery of biologics for cartilage
repair applications.

Other approaches toward achieving temporal control over growth factor presentation
typically involve more indirect means via the use of gene therapy. Indeed, many
pharmacotherapy strategies that currently exist in the literature describe the use of gene
therapy, or the viral/non-viral conditioning of cells into endogenous growth factor depots,
for cartilage and osteochondral repair. However, it is not clearly known how the
effectiveness of such strategies compares with those that rely on the controlled delivery of
exogenous factors. Using bovine articular chondrocytes, Shi and coworkers compared the
effectiveness of exogenously and endogenously delivered IGF-1 and TGF-$1 for in vitro
chondrogenesis [171]. The authors showed no difference between exogenously or
endogenously delivered IGF-1, but found that exogenously delivered TGF-1 elicited
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greater chondrogenic gene expression when compared to endogenously delivered TGF-p1.
This was confirmed to be due to the non-covalent complexation of a latency-associated
peptide with TGF-B1 during endogenous production to form a small latent complex, which
was then bound by latent TGF-B1 binding protein to form a large latent complex [171].
While this preserved growth factor bioactivity, the complex was shielded from TGF-p1
receptors on the chondrocyte surfaces. These results suggests that while the endogenous
delivery of certain bioactive factors via gene therapy may prove beneficial for cartilage
repair, not all factors are suitable with this form of delivery. The current state of gene
therapy as a means for temporally controlled chondrogenic growth factor delivery is aptly
reflected by the work of Lu and colleagues, who recently reported the utility of a chitosan-
based gene-activated matrix encapsulating chitosan/HA NPs carrying plasmids for the
prolonged delivery of plasmid genes for transfection [172]. In their application, the authors
leveraged a hybrid NP system for the delivery of plasmids encoding TGF-p1, where the
presence of HA theoretically improved the transfection efficiency and also provided a
substrate with which cells could interact. It was shown that the release of plasmids was
sustained for over 120 days in vitro, and that the released plasmids stimulated the
proliferation of seeded chondrocytes. These results demonstrate that the main advantage of
sustained gene therapy when compared to conventional exogenous delivery is the ability to
control the timely administration of growth factors in an endogenously relevant fashion,
therefore highlighting the potential of such strategies for effective cartilage repair.

5. Conclusion

Despite its perceived simplicity, the consistent repair of articular cartilage still remains a
significant clinical challenge. However, the advent of innovative tissue engineering
technologies is beginning to address many of the major shortcomings of current clinical
approaches. Specifically, tissue engineering approaches leveraging the use of release
platforms that offer spatiotemporal control over the delivery of bioactive factors are eliciting
favorable outcomes invitro and in vivo. In a relatively short time span, release systems for
the delivery of biologics have evolved from simple intra-articular modalities into complex
multifunctional and modular delivery platforms. While such systems have generally
employed the benefits of chondrogenic growth factors in cartilage repair applications, new
approaches are now finding utility in the use of biologics with primary effects on progenitor
cells other than chondrogenic or anabolic stimulation. As highlighted, therapeutic treatment
of cartilage repair could also be garnered from the delivery of various anti-inflammatory,
anti-angiogenic, or chondroprotective agents. The delivery of multiple factors
simultaneously or in a spatiotemporally designed fashion for cartilage repair applications, as
evidenced by the use of biphasic delivery scaffolds or growth factor gradients, is also
becoming a popular area of research. Yet, as new findings show, the delivery of more
factors may not necessarily elicit additive or synergistic effects in cartilage regeneration.
Additionally, studies are now beginning to show that certain bioactive factors may only be
compatible with certain delivery platforms. Hence, future efforts should aim to identify
these key biologic-to-biologic and biologic-to-platform interactions as such information will
be critical to the success of future strategies leveraging the delivery of various biologics for
cartilage repair.
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Abbreviations

3,4,6-O-Bu3GIcNACc
ASC
bFGF
BMP-2
BMP-4
BMP-6
BMP-7
BMP-9
BSA
ECM
FGF-2
GAG
GDF-5
HA
IGF-1
IL-1Ra
IL-1
MMP
MP
MSC
NP
o-NB
OA
OPF
PDGF
PEG
PLGA
PRP
PTH

3,4,6-O-tributanoylated-N-acetylglucosamine

Adipose-derived stem cells
Basic fibroblast growth factor
Bone morphogenetic protein 2
Bone morphogenetic protein 4
Bone morphogenetic protein 6
Bone morphogenetic protein 7
Bone morphogenetic protein 9
Bovine serum albumin
Extracellular matrix
Fibroblast growth factor 2
Glycosaminoglycan

Growth differentiation factor 5
Hyaluronic acid

Insulin-like growth factor 1
Interleukin 1 receptor antagonist
Interleukin 1

Matrix metalloproteinase
Microparticle

Mesenchymal stem cell
Nanoparticle
ortho-nitrobenzyl
Osteoarthritis
Oligo(poly(ethylene glycol) fumarate)
Platelet-derived growth factor
Poly(ethylene glycol)
Poly(lactic-co-glycolic acid)
Platelet-rich plasma

Parathyroid hormone
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PTHrP Parathyroid hormone related peptide
SDF-1 Stromal-derived factor 1
TGF-p1 Transforming growth factor 31
TGF-p2 Transforming growth factor 32
TGF-B3 Transforming growth factor 33
TNF-a Tissue necrosis factor a
VEGF Vascular endothelial growth factor
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