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Abstract Articular cartilage is the smooth layer of soft tissue that covers our bones
and allows for the painless movement of our joints. Because of joint pathologies such
as arthritis, cartilage can degrade over time in some individuals, causing them to live
with considerable pain and reduced mobility. The high prevalence of arthritis and
the absence of a cure for osteoarthritis, its most common form, have fueled sustained
efforts to develop tissue engineering and regenerative medicine strategies aimed at
regenerating cartilage. Despite a number of clinical advances that elicit cartilage
repair, true regeneration remains elusive. Recent years have seen an increased use of
nanoscale materials in the development of therapies for joint pathologies. Nanomate-
rials are comparable in scale to the principal building blocks of cartilage extracellular
matrix, namely collagen and proteoglycan aggregates. Similarly, nanoparticles are
sufficiently small to allow diffusion through the pores of the dense cartilage extra-
cellular matrix and cell targeting. In this chapter, the organization of cartilage’s main
building blocks will be reviewed from the nano- to macroscale, and sub-micron
particles that participate in cell-cell communication will be highlighted. Efforts to
design scaffolds incorporating cell-instructive nanoscale features and to tailor the
mechanical properties, or even engineer spatial organization, in scaffolds for carti-
lage repair using nanomaterials will also be discussed. Finally, key design criteria in
nanoparticle synthesis to enable targeted therapeutic delivery will be examined.

5.1 Introduction

Articular cartilage is a load-bearing connective tissue that covers the articulating sur-
faces of bones in synovial joints. It is characterized by a dense and highly hydrated
extracellular matrix (ECM) mainly comprising a collagen type II fibrillar network
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interspersed with proteoglycans, as well as other collagens and non-collagenous pro-
teins [1]. The interplay between factors such as composition, orientation and cross-
linking of these biomolecules dictates the hydration of the tissue and its mechanical
properties [2]. This complex organization allows the tissue to resist shear and ten-
sile forces applied to the joint during articulation while facilitating the absorption
and distribution of compression forces transmitted through the joint [3]. Chondro-
cytes—the resident cells in articular cartilage—are sparsely distributed throughout
the tissue, where they remodel the ECM in response to the changing biomechanical
environment and help maintain tissue integrity [4].

Under physiological conditions, articular cartilage homeostasis can bemaintained
throughout life despite age-related changes and the high cyclic loading the tissue sus-
tains. Nevertheless, a large number of factors can cause joint diseases and associated
progressive articular cartilage degeneration. These include abnormal loading of a
joint due to altered biomechanics (e.g., due to trauma or obesity), as well as degener-
ation due to genetic, environmental and dietetic factors, among other causes, which
may also arise under normal loading conditions [5, 6]. The most common form of
joint disease is osteoarthritis (OA),which is estimated to affect approximately 15%of
the Canadian population 18 years of age or older [7].While OA is often characterized
in terms of its degenerative effects on articular cartilage, its pathophysiology also
involves the other tissues of the affected joint, including the subchondral bone and
the synovium [8]. The interplay between these tissues is important in the develop-
ment and progression of the disease, such that an effective treatment strategy would
need to consider and target changes in the joint as a system rather than articular
cartilage alone [9, 10]. For example, inflammation of the synovial membrane has
been linked with the release of cytokines, such as interleukin 1β (IL-1β) and tumor
necrosis factor α, which contribute to the loss of balance between the expression of
catabolic enzymes and anabolism in chondrocytes and consequent tissue loss [11].

William Hunter observed more than 250 years ago “when destroyed, [cartilage]
is never recovered” [12]. Despite substantial efforts to overcome the limited ability
of this tissue to regenerate itself, this early observation holds true today, as there
is still no cure available in clinics to interrupt or reverse the progression of OA.
As such, treatment modalities aim to either manage the symptoms of the disease
or to repair or replace the damaged tissue. Tissue repair is distinct from regenera-
tion: regeneration leads to neo-tissue with similar composition and organization to
the native articular cartilage, whereas repair creates tissue with different, typically
inferior, properties. Management of symptoms that include swelling, stiffness of
the joints and pain is achieved via lifestyle changes through physical exercise and
weight loss programs, often combined with the administration of acetaminophen and
non-steroidal anti-inflammatory drugs (NSAIDs) [13]. Another non-surgical inter-
vention used to manage the symptoms of cartilage damage is viscosupplementation,
the injection of a hyaluronic acid solution into the joint capsule to ease pain and
facilitate movement [14]. While disease-modifying OA drugs (DMOAD) remain
an unmet need in clinical settings, a number of pharmacological agents targeting
OA progression have undergone phase II/III clinical trials in recent years. These
include the inducible nitric oxide synthase inhibitor Cindunistat, the IL-1β inhibitor
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diacerein, oral salmon calcitonin, and strontium ranelate [15–18]. The clinical data
from viscosupplementation intra-articular treatments using hyaluronan is also being
analyzed to demonstrate chondroprotective effects [19].

A range of surgical procedures is also available to repair cartilage defects when
non-invasive approaches are no longer effective for managing symptoms. The gold
standard treatment for patients with advanced OA remains the partial or total replace-
ment of the diseased joint with prosthesis. Total joint arthroplasty is typically very
successful for reducing pain and improving quality of life [20]. Nevertheless, fail-
ure of orthopaedic implants due to infection, fatigue failure or implant loosening
caused by wear debris-induced osteolysis requires technically challenging revision
surgeries, rendering this approach less suitable for the treatment of younger patients
[20, 21]. These limitations of orthopaedic implants have fueled the development
of tissue and cell-based interventions. Mosaicplasty, a surgical procedure that con-
sists of harvesting small cylindrical osteochondral samples from low weight-bearing
locations of the joint (autologous) or a deceased donor (allogenic) and transplanting
these into the defect has shown encouraging clinical results; however, issues related
to donor site morbidity, poor integration of the grafts to surrounding tissues, disease
transmission and limited treatable defect size have restrained its use [22–24]. The
most common surgical approaches are marrow stimulation techniques (e.g., drilling,
abrasion and microfracture) [25]. These comprise methodologies to access the bone
marrow by breaching the integrity of the subchondral bone and form a fibrin clot
within a debrided cartilage defect. Blood-borne progenitor cells can subsequently
infiltrate this fibrin “scaffold” and deposit repair tissue. While these involve a single
simple intervention, the resulting fibrocartilage repair tissue is typically mechani-
cally inferior to native articular cartilage and is prone to deterioration within a few
years [26]. Another approach is autologous chondrocyte implantation (ACI), which
involves the excision of autologous cartilage from non-loading areas of the affected
joint in a first surgical intervention, followed by the enzymatic release of chondro-
cytes from their ECM and their amplification in vitro [27]. The chondrocytes are
then implanted back into the debrided cartilage defect under a periosteal graft in a
second surgery. The long-term clinical outcome for ACI has been positive [28, 29].
A variety of 3D scaffolds and hydrogels have since been developed as cell delivery
constructs and/or templates that instruct tissue formation to improve on the results of
microfracture and ACI procedures, some of which have been translated into clinical
use [30]. The field of cartilage tissue engineering is rapidly evolving and the tech-
nologies being developed are increasingly representative of the complexity of the
native tissue they aim to regenerate.

Efforts to identifyDMOADs and to develop improved scaffolds for cartilage tissue
engineering have paralleled increased incorporation of nanomaterials into cartilage
repair strategies. According to the definition provided by the ISO/TS 80004-1:2015,
nanomaterials are characterized as having at least one of their external dimensions
ranging between 1 and 100 nm, or having internal or surface structures in the same
range; however, the term is often applied more loosely to sub-micron scale mate-
rials in the literature of many fields including tissue engineering (see Chap. 1). At
nanoscale (1–100 nm), materials exhibit unique size-dependent properties that arise
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due to a high surface area-to-volume ratio, resulting in a greater relative contribution
from surfacemolecules compared to those in the bulk. These properties provide inter-
esting opportunities to devise novel strategies for biomedical applications, ranging
frombiomarker detection and in situ imaging to therapeutic delivery and tissue regen-
eration. Our understanding of the importance of the nanoscale organization level in
tissues also offers inspiration for the development of bioinspired nanomaterials that
could deliver improved therapeutic efficacy.

In this chapter, we will briefly review the organization of articular cartilage and
its main building blocks from the macroscale down to the nanoscale and discuss sub-
micron particles that participate in cell-cell communication. Efforts to design scaf-
folds incorporating cell-instructive nanoscale features and to exploit unique nanopar-
ticle properties to design scaffolds and hydrogels with unique properties for cartilage
tissue engineering applications will be discussed at some length, e.g, approaches to
tailor mechanical properties and to engineer spatial organization in biomaterials with
nanomaterials. Finally, key findings for the design of nanoparticles to enable targeted
therapeutic delivery will be examined.

5.2 Articular Cartilage from Macro- to Nanoscale

Despite having been portrayed as a rather simple tissue from the point of view of
its organization due to the absence of vasculature, lymphatic vessels, and nerves,
articular cartilage has multiscale structural complexity. Macroscopically, it appears
as a smooth, whitish layer of tissue on the articulating surfaces of long bones, where
it reaches thicknesses ranging from less than 1–6 mm depending on anatomical
position, age, and exercise level [31, 32].

Articular cartilage exhibits depth-dependent anisotropy as pertains to ECM com-
position, biomacromolecule organization and cross-linking, as well as resulting
mechanical properties [33]. This anisotropy is often discussed in the literature as
a “zonal” organization, whereby articular cartilage is divided into four zones; from
superior to inferior of the joint surface: the superficial (or tangential) zone, themiddle
(or transitional) zone, the deep (or radial) zone and the zone of calcified cartilage
that interfaces with the subchondral bone [3]. Of note, the collagen fibers are aligned
parallel to the tissue surface in the superficial zone, transition to a more random
orientation in the middle zone, and are perpendicular to the tissue surface in the deep
zone [34] (Fig. 5.1a). A number of studies have proposed the existence of additional
distinct structural regions in the most superficial zone of articular cartilage, suggest-
ing a higher level of organizational complexity than is generally appreciated [35, 36].
Owing to the avascular nature of articular cartilage, chondrocytes are supplied with
nutrients and signaling molecules by diffusion from the synovial fluid, establish-
ing biomolecular gradients that may contribute to generating and maintaining this
anisotropic organization [37, 38]. Zonal differences in the phenotypic specification of
chondrocytes also exist, with superficial, middle and deep zone chondrocytes having
been characterized [39]. These phenotypic differences result in distinct expression
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Fig. 5.1 a Schematic representation of the zonal organization in articular cartilage. b, cHelium ion
microscope images of the fibrillar extracellular matrix in the pericellular matrix directly interfaced
with chondrocytes. Adapted from Vander Berg-Foels et al. [40] Copyright (2012), with permission
from John Wiley and Sons

profiles that dictate the compositional and organizational differences between zones
and contribute to the mechanical and tribological functions of articular cartilage.

The articular cartilage ECM is also organized differentially with respect to its
distance from chondrocytes. The pericellular matrix (PCM) is the thin layer of ECM
that directly interfaces each chondrocyte and provides a niche microenvironment
for the cells [41]. It has a distinct composition from the remaining cartilage ECM
that comprises high proteoglycan content (e.g., perlecan, aggrecan, hyaluronan, and
biglycan) and a network of type VI collagen fibrils, a protein that is concentrated in
the PCM in cartilage [42]. The chondron, which consists of the chondrocyte and its
PCM, has been recognized as the primary biomechanical unit of articular cartilage
[43]. Studies suggest that it plays a role in protecting the cell against mechanical
loading, as well as in matrix turnover and homeostasis. Important changes have
been observed in the mechanical properties and composition of the PCM during OA
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pathogenesis [44]. Distal from chondrocytes compared to the PCM, the territorial
matrix is composed mainly of thin type II collagen fibrils also arranged around
chondrocytes and interspersed with proteoglycan to resist loading and deformation,
whereas the interterritorial matrix constitutes the bulk of the tissue with larger type II
collagen fibrils oriented with respect to the joint surface rather than around individual
cells and interspersed with proteoglycan [41].

These ECM components are self-assembled into nanoscale structures. For exam-
ple, the collagen fibrils exhibit a broad distribution of diameters, with fibrils as small
as 10 and upward of 200 nm having been reported [40, 45]. Fibril dimensions are
highly dependent on anatomical site, age, depth from the surface, and disease state.
For example, their diameter tends to increase with age but can be reduced in early
OA, and large fibrils (upward of 450 nm in diameter) have also been observed in
later stages of OA [46]. Multiple groups have also reported a trend towards increased
collagen fibril diameter from the superficial zone to the deep zone of the tissue [1, 40,
47]. The interfibrillar spaces in cartilage ECM contain proteoglycan aggregates with
hydrodynamic radii ranging from 1000 to 1600 nm [48]. A closer look at cellular
interactions with the surrounding PCM highlights the fact that these occur at the
nanoscale. Indeed, the PCM collagen network in direct contact with chondrocytes is
composed of a majority of fibrils with diameters below 100 nm (Fig. 5.1b, c) [40].
This dense arrangement of ECM components represents a considerable resistance to
the diffusion of macromolecules within articular cartilage.

The nature of the cartilage ECM combined with its avascular nature and the fact
that chondrocytes are relatively isolated and sparse within the tissue, representing
only approximately 2% of tissue volume in adults, have implications for cell-to-cell
communication mechanisms. Any signaling molecules carrier passing through the
ECM must be of nanometer or at most sub-micron size, as the spacing between
collagen fibrils in articular cartilage has been reported to range from 60 to 200 nm
[45], while the packing of polyanionic glycosaminoglycan subunits in proteoglycan
aggregates is even denser with only a few nanometers between branches [48]. The
presence of cellular projections connecting chondrocytes within the ECM has been
reported, suggesting a potential pathway for direct cell-to-cell communication [49].
An additional proposed means of communication identified in cartilage is the release
of extracellular vesicles (EVs) to shuttle cargos of signaling molecules between cells
within a tissue and from one tissue to another. EVs consist of three classes of cell-
derived particles: exosomes produced by multivesicular endosomes and ranging in
size between 30 and 150 nm, microvesicles formed by cell membrane budding with
typically larger sizes ranging between 50 and 1000 nm [50] and apoptotic bodies that
have been associated with OA [51]. EVs found in cartilage have been studied exten-
sively in the context of ECM calcification [52]. They have also been associated with
inter-tissue signaling within the joint [53]. Given the ability of these nanoparticles
to diffuse through the dense ECM of articular cartilage and act as delivery vehicles
for bioactive molecules to chondrocytes, continued efforts to understand the mecha-
nisms by which EVs are transported through cartilage, including the importance of
size and surface properties, may offer a roadmap for achieving delivery and retention
of therapeutic cargo within the tissue.
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5.3 Nanomaterials in Cartilage Tissue Engineering
Scaffolds

One of the fundamental tenets of the tissue engineering approach, when it was first
proposed in the 1980s, was the idea that a micro- or macro-porous biocompatible and
resorbable material could be used as a scaffold to guide tissue regeneration [54]. A
growing appreciation of the importance of carefully tailoring the microenvironment
in a scaffold (or template material [55]) to appropriately modulate the phenotype
and fate decisions of cells has driven continued innovation in scaffold/template fab-
rication. Nanotechnology has taken a position at the leading edge of these efforts
to design biomimetic and modulatory biomaterials. Nanomaterial fabrication tech-
niques have been exploited to generate structures analogous to ECMat the nanoscale,
a critical dimension in cellular sensing. Nanomaterials have enabled tailoring of the
mechanical environment via reinforcement, while high conductivity nanoparticles
have been used to facilitate the electrical stimulation of cells. These nanoparticles
have also been exploited for controlled delivery of biomolecular signals. Advances
in each of these categories for applications in cartilage tissue engineering will be
discussed in this section.

5.3.1 Nanoscale Structures in Scaffolds

5.3.1.1 Electrospun Scaffolds

Textile fabrication techniques have been explored extensively for the production of
fiber-based scaffolds for tissue engineering, affording the opportunity to mimic some
aspects of the fibrous nature of the ECM in tissues. One such technique, termed elec-
trospinning, relies on the generation of an electric field between a polymer solution
(typically delivered through a needle) and a collector to draw the solution into a fiber.
This drawn solution solidifies on its way to the collector as the solvent evaporates to
form a membrane of nonwoven material [56]. Through the careful optimization of
process parameters that include polymer concentration, solvent selection, polymer
solution flow rate, humidity, voltage differential, needle dimensions, as well as the
distance between the needle and the collector, one can produce membranes with
average fiber diameters ranging from a few micrometers down to the low nanome-
ter range and fairly narrow distributions. Studies have demonstrated the benefits of
these materials for cartilage tissue engineering. For example, chondrocytes seeded
onto nanofibrous poly(lactic-co-glycolic acid) (PLGA) membranes with an average
fiber diameter of 550 nm exhibited increased proliferation and ECM accumulation
compared to those cultured onto flat membranes of the same material [57]. Oth-
ers showed that mesenchymal stem cells (MSC) seeded onto nanofibrous materials
made of poly(caprolactone) (PCL)with an averagefiber diameter of 700 nmexhibited
enhanced chondrogenesis compared to the cell pellet culture model [58].
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A number of groups have exploited the control afforded by electrospinning over
fibrous material structures to study the effect of fiber diameter on chondrogenic
cell responses, with mixed results. Li et al., reported on the interaction of passaged
bovine chondrocytes with electrospun poly(L-lactic acid) (PLLA) scaffolds made
of nanoscale (500–900 nm) and microscale (15–20 μm) fibers [59]. They showed
increased proliferation and sulfated glycosaminoglycan (sGAG) accumulation, as
well as decreased dedifferentiation, on the material made of nanofibers, concomi-
tant with more spherical cell morphology. Others who compared PCL membranes
with aligned fibers characterized by average dimensions of 500 and 3000 nm also
demonstrated a benefit of sub-micron fibers to the gene expression profile of differ-
entiating MSC [60]; however, the opposite trend was also reported in another study
that used nonwoven materials made of 440 and 4300 nm fibers [61]. A detailed study
comparing a range of different fiber diameters from 300 nm to 9 μm reported that
the larger fiber diameter materials elicited increased chondrogenic differentiation in
MSC [62]. The authors suggested that this effect might have to do with the increased
pore dimensions in scaffolds characterized by micrometer-scale fibers rather than
with the smaller fibers. In support of the suggestion that pore size may play an impor-
tant role in the cellular responses observed between nanofibrous and microfibrous
scaffolds, another group found that the generation ofmultiphasic scaffolds composed
of both nanoscale andmicroscale fibers held benefits (asmeasured by increased ECM
accumulation) comparedwith scaffolds that only incorporatemicrofibers [63]. Taken
together, these studies highlight the need for additional work to clarify the effects of
electrospun fiber dimensions over the full range of sub-micrometer fibers that can be
fabricated and the contribution of pore size on the modulation of cell phenotype. Of
particular interest is the study of fiber dimensions comparable to those of the fibrous
network in articular cartilage. Controlling the diameter of fibers in electrospun scaf-
folds has also been shown to provide the opportunity to tune mechanical properties
of single fibers [64]. This study, based on atomic force microscopy measurements,
highlights the fact that the careful selection of the material-dimension combination is
critical for presenting cells with a microenvironment that incorporates native biome-
chanical cues.

The effect of fiber orientation on the phenotype of chondrogenic cells has also
been investigated. Aligned electrospun fibers are typically obtained by using a rotat-
ing cylindrical mandrel as a collector and adjusting its rotational speed, whereby a
faster rotation will result in increased fiber alignment [65]. One study investigated
the effect of aligned or randomly oriented sub-micron fibers on the chondrogenic dif-
ferentiation of human nasal septum-derived progenitor cells cultured on PLLA/PCL
blend electrospun membranes [66]. The authors observed that chondrogenic dif-
ferentiation was enhanced on aligned fibrous materials, whereas cells on randomly
oriented membranes showed increased proliferation. Others have explored the use
of aligned nanofibers as an approach to specifically engineer the superficial zone
of articular cartilage, demonstrating that aligned fibrous structures drive specifica-
tion into distinct cellular phenotypes compared to other scaffold structures [60, 67,
68]. Other electrospinning techniques have also been developed to achieve nanofiber
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alignment. For example, a collector consisting of two conducting supports sepa-
rated by a gap was shown to result in fibers bridging the gap in a highly aligned
manner [69]. Others have modified the instrumental setup to stabilize the polymer
solution fiber emerging from the Taylor cone at the tip of the dispenser [70]. This
setup, combined with a digitally controlled moving collector, allowed the production
of spatially-defined electrospun mats exhibiting fiber alignment. Another group has
proposed a modified rotating collector presenting a circular surface, which was used
to generate electrospun materials with circumferential fiber orientation [71]. The
resulting material structure mimicked aspects of the meniscus cartilaginous tissue
organization and encouraged alignment of MSC along the changing orientation of
the nanofibers.

One important setback in the development of electrospun scaffolds for cartilage
tissue engineering applications is the fact that the structures generated are essentially
organized on a 2D plane, while the fibrous components of articular cartilage ECM
exhibit a complex 3Dorganizationwith depth-dependent anisotropy. It should also be
emphasized that the relatively small pore size characterizing these scaffolds impedes
cell migration through the 3D structure, impacting their potential for applications
in the repair/regeneration of full-thickness articular cartilage. This is a particularly
important problem for materials made with nanofibers with proportionally smaller
pores. This situation has led to a number of innovations in the fabrication procedure
and cell seeding protocols. As an example, a modified electrospinning setup was
used to deposit nanofibers onto the surface of a microfiber, which was subsequently
pressed into the desired scaffold shape and density using a piston [72]. Others have
developed an approach that involves co-electrospinning the nanofibrous material
and sacrificial fibers that can be dissolved to open up the porous structure [73].
Yet another strategy employed the electrospinning apparatus under conditions that
enabled “direct writing” to produce a scaffold consisting of struts oriented in such
a way as to recreate the general depth-dependent collagen fiber directionality of
native articular cartilage tissue, and subsequently electrospinning a fibrous network
onto this open scaffold structure [74]. This approach produces full depth anisotropic
articular cartilage scaffolds; however, these represent relatively thin (~200μm) slices
of tissue. Stacking and bonding of multiple slices allowed the generation of large
constructs. While micrometer fibers were produced in this study, the approach would
be amenable to the application of nanofibers onto the scaffold produced by direct
writing.

5.3.1.2 Scaffolds Produced by Phase Separation

Other scaffold fabrication techniques have also been used to produce nanofibrous
scaffolds for cartilage tissue engineering, albeit not as extensively as electrospin-
ning. Phase separation is one such fabrication technique that exploits the fact that
a homogenous polymer solution will separate into polymer-rich and polymer-poor
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phases in thermodynamically unstable conditions, including during temperature-
induced solidification. Once the solution is frozen, the resulting material can be sub-
limed to remove the solvent and reveal a porous structure in place of the polymer-poor
regions, whereby polymer-rich regions form the scaffold walls. This methodology
has beenmodified to include a gelation step prior to freezing, which results in nanofi-
brous structures with fiber diameters ranging from 50 to 500 nm [75]. Furthermore,
this method offers the opportunity to produce fiber networks in 3D, in contrast with
the planar arrangement of electrospun membranes. This fabrication technique has
been applied to produce scaffolds for cartilage tissue engineering. For example, Ma
and colleagues combined thermally-induced phase separation (TIPS) with solvent
casting porogen leaching to generate scaffolds with controllable micron-scale pores
and nanofibrous walls [76, 77] (Fig. 5.2). In these studies, sacrificial spherical sugar
particles were sintered prior to solvent casting, gelation and freeze-drying to form
interconnected pores. A similar approach was used to compare the effect of nanofi-
brous versus dense scaffold walls on chondrocytes, demonstrating more rounded cell
morphology, improved chondrogenic phenotype and increased ECM accumulation
on the nanofibrous scaffolds [78]. Another study combined TIPS with 3D printing
to yield scaffolds with both macroscopic architecture and nanoscale features [79].
This multiscale scaffold resulted in substantially increased cell adhesion and accu-
mulation of key ECM components (sGAG and collagen). Another group proposed
a different strategy to generate nanofibrous scaffolds, employing TIPS with mixture
of PLLA and camphene that forms an interpenetrating network [80]. Because of its
physical properties, camphene can be removed during the sublimation step to reveal
the nanofibrous structure. In this study, chondrocytic phenotype was reduced for

Fig. 5.2 Scanning electron micrographs of scaffolds fabricated by thermally-induced phase sep-
aration combined with solvent casting porogen leaching to generate nanofibrous scaffolds walls.
Reprinted from Gupte et al. [77] Copyright (2018), with permission from Elsevier
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cells in the nanofibrous scaffold compared to cells cultured in scaffolds produced
in absence of camphene and characterized by dense, non-fibrous walls. The authors
proposed that these results were due to increased cell-material interaction in the
nanofibrous scaffold.

5.3.1.3 Self-assembled Supramolecular Structures

The spontaneous self-assembly of molecular building blocks into nanoscale struc-
tures, including nanofibers, has also been exploited as a promising strategy for bio-
materials fabrication [81]. Through the careful design of these molecular building
blocks, often inspired by self-assembly processes occurring in nature, control over
intermolecular interactions can be achieved such that supramolecular architectures
can be generated. A range of biomolecules that includes peptides, DNAand lipids has
been self-assembled and stabilized through non-covalent forces including hydrogen
bonds, ionic interactions, and Van derWaals forces. Typically, the fibers produced by
self-assembly have diameters of 10 nm or less, representing the lower end of those
found in articular cartilage ECM [81, 82]. This also represents a length scale that is
more difficult to achieve with electrospinning and phase separation.

The concept of self-assembly has found applications in the design of novel scaf-
fold and hydrogel structures for cartilage tissue engineering applications. Stupp
and colleagues have produced self-assembled nanofiber gels from tailored peptide
amphiphiles functionalized with transforming growth factor β-1 (TGFβ-1) bind-
ing peptide [83]. This gel allowed for a slower release of the growth factor than
was observed with non-functionalized materials. The constructs were tested in full-
thickness chondral defects treated with microfracture in rabbits to encourage bone
marrow stromal cells into the defect. The authors observed that the functionalized gels
enhanced articular cartilage regeneration compared to control groups that received
an injection of TGFβ-1 or a non-functionalized gel loaded with the growth factor.
Others have combined decellularized cartilage matrices (DCM) with nanofibrous
gels of self-assembled peptide. Improved cartilage regeneration was demonstrated
following implantation of the combined gel/DCM scaffold in rabbit full-thickness
defects treated with microfracture compared to microfracture alone, as well as when
compared with the microfracture plus the decellularized cartilage matrix scaffold
absent the self-assembled nanofibrous gel [84]. Other building blocks have also been
used to create constructs incorporating self-assembly. For example, self-assembled
DNA-based rosette nanotubes functionalized with the integrin-binding peptide motif
RGDSK have been used to produce nanofibrous scaffolds. These scaffolds were
shown to support the chondrogenic differentiation of human MSC [85]. These stud-
ies highlight the potential of self-assembled nanofibrous scaffolds and hydrogels for
cartilage tissue engineering. These highly tunable materials offer the opportunity to
tailor the complexity of themicroenvironments presented to resident cells and further
instruct their responses.
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5.3.1.4 Scaffold Surface Nanoroughness

Recognizing the importance of biomimetic surface roughness for controlling cell
responses, many groups have proposed surface modification treatments to incorpo-
rate topographical features on biomaterials. These techniques have been explored in
greater detail for metallic orthopedic implants interfaced with bone; nevertheless, a
few studies have investigated the effects of nanoroughness on chondrocyte response.
For example, Webster and colleagues used a short NaOH immersion treatment to
modify the surface roughness of PLGA scaffolds produced by porogen leaching
[86]. The resulting surface topography led to increased chondrocyte attachment,
growth and ECM accumulation compared to untreated surfaces. The same group also
developed a method to generate nanoroughness on the surface of polyurethane and
PCL films by casting the polymer solution onto plasma modified titanium [87]. This
surface modification also led to increased chondrocyte attachment and intracellu-
lar collagen content. Both of these surface modification protocols caused concurrent
production of micro- and nanoscale surface modifications; the extent to which nanor-
oughness contributed to the observed effects, therefore, remains unclear. In a more
fundamental study on the topic, nanotopographical features (nano-pillar, nano-hole,
and nano-groove arrays) were produced on PCL surfaces by thermal nanoimprint-
ing [88]. The effects of these surfaces on MSC response were investigated against
non-modified surfaces. Nano-pillar and nano-hole arrays exhibited decreased cell
proliferation and increased chondrogenic differentiation compared to cells cultured
on control surfaces, while nano-grooves led to cell elongation and encouraged pheno-
typic changes reminiscent of superficial zone chondrocytes. These studies highlight
the need for additional work in this area, in order to assess in greater detail how
nanoscale topography and roughness can be incorporated with cartilage repair scaf-
folds to direct cellular responses, as well as responses to microscale versus nanoscale
surface modifications.

5.4 Nanoparticle Composites to Tailor Mechanical
Microenvironment

5.4.1 Tuning Mechanical Properties

Asdescribed previously, articular cartilage is a load-bearing tissue that fulfills primar-
ily biomechanical functions in the body. As such, it displays relatively high mechan-
ical properties compared to other soft tissues and behaves as a viscoelastic material
with creep and stress relaxation responses [89]. Efforts to design scaffolds that mimic
key aspects of native tissue’s mechanical properties have typically involved trade-
offs with scaffold porosity. In the same way, biocompatible hydrogel systems often
exhibit mechanical properties that are orders of magnitude lower than those of the
native tissue. To address this limitation, nanoparticles have been added to scaffolds
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and hydrogels to generate mechanically reinforced composites. A number of dif-
ferent nanoparticles have been used for this purpose in cartilage tissue engineering
thus far, including carbon nanotubes [90], Laponite clay particles [91], poly(styrene-
acrylic acid) core-shell particles [92], and cellulose nanocrystals [93], to name a few.
The reinforcement effect of nanoparticles has been associated with their ability to
interact with polymer molecules and form additional cross-links within the resulting
structure. An increased surface area leads to greater interaction with the surrounding
hydrogel, and nanoscale particles offer the advantage that they exhibit a substantially
increased surface area to weight ratio compared to larger particles [94].

5.4.2 Enabling Mechanical Stimulation

The average person takes approximately 2 million steps per year; that is to say that
the joints in our leg each typically undergo 1 million loading cycles annually [95].
The importance of mechanical loading in articular cartilage remodeling is well estab-
lished. Indeed, vigorous physical activity in healthy individuals has been associated
with increased cartilage volume and a decreased risk of developing cartilage defects
[96]. Biomechanical factors including obesity and injuries leading to joint insta-
bilities, on the other hand, have been associated with increased risks of cartilage
pathologies [97]. In vitro studies on chondrocyte and cartilage response to mechan-
ical loading have revealed ranges of stimulation parameters that result in increased
tissue formation, while deviation from appropriate loading frequency, strain rate,
and amplitude, as well as the loading history have been associated with increased
catabolic responses [98]. Substantial efforts in the field have therefore focused on
the development of bioreactors to facilitate the application of biologically relevant
biomechanical stimulation regimens to induce increased tissue formation in engi-
neered constructs.

Magnetic nanoparticles have been used to stimulate constructs mechanically.
These can be incorporated into cells or materials and exposed to a magnetic field
to induce strain. For example, magnetic nanoparticles synthesized by Magnetospir-
illum sp. AMB-1 can be efficiently endocytosed by MSC. Exposing the treated to
MSC to magnetic fields leads to the application of forces to the cells [99]. Here,
the authors showed significantly increased ECM (sGAG and collagen) accumulation
and chondrogenic gene expression, in cell pellets subjected to short term physical
stimulation (1 h per day for 5 consecutive days) compared to controls at 3 weeks
post-stimulation. Although the nanoparticles were not found to be cytotoxic at con-
centrations below 30 μg/ml, three times above the levels required to achieve cellular
magnetization, the long-term safety and clearance of these nanoparticles remains
to be clarified. Other groups have incorporated magnetic nanoparticles into hydro-
gel materials [100, 101]. Ethier and colleagues produced trilayered hydrogels with
each zone characterized by a specific agarose concentration and nanoparticle loading
[101].With this approach, the authorswere able to produce differential strains in each
zone of the construct, mimicking the anisotropic response of native articular cartilage
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tomechanical loading. In an interesting study, magnetic nanoparticles were function-
alized with an antibody against Frizzled, a receptor for the Wnt signaling pathway,
which is of importance in chondrogenesis [102]. These functionalized nanoparticles
were incubated with human MSC and shown to bind the Frizzled receptors on their
surface. An oscillating magnetic bioreactor was then used to mechanically stimulate
the receptor and activate the Wnt pathway. Such an approach could prove powerful
for cartilage tissue engineering applications, whereby specific mechanosensitive sig-
naling pathways may be activated without relying on chemicals or drugs. A similar
approach had previously been used to activate the potassium channel TREK-1 on
the surface of human MSC both in vitro and in vivo, resulting in the upregulation
of genes associated with both osteogenesis and chondrogenesis, as well as increased
synthesis of ECM components [103]. It should also bementioned that the application
of magnetic fields to chondrocyte cultures, even in the absence of magnetic nanopar-
ticles, can cause cellular responses such as increased proliferation and increased
sGAG accumulation [104, 105].

Park and colleagues have proposed an alternative application ofmagnetic nanopar-
ticles for cartilage tissue engineering [106]. In this study, the authors produced
porous microbead-shaped PLGA scaffolds. They used water-in-oil-in-water emul-
sion templating to achieve microbead structures containing gelatin particles and
subsequently leached the gelatin to achieve porosity (Fig. 5.3). The surfaces of the
resultingmicroscaffolds were further functionalized with Fe3O4 magnetic nanoparti-
cles, enabling their actuation and deployment to a site of injury under the influence of
amagnetic field. These scaffoldswere shown to support attachment and chondrogenic
differentiation of MSC. Such an approach has the potential for minimally-invasive
surgical treatment of joint ailments.

5.4.3 Enabling Electrical Stimulation

Chondrocytes are not considered excitable cells in the same way that neurons and
myocytes are; however, these cells are particular in that they exist in a higher osmo-
larity microenvironment than many other cell types [107]. Furthermore, increasing
evidence points to the importance of calcium, sodium, and potassium signaling in
chondrocyte and cartilage homeostasis through a complex channelome [108]. Given
the importance of chargedmetal cations in chondrocyte signaling and the presence of
voltage-gated ion channels on chondrocytemembrane, electrical stimulation has been
investigated extensively for the treatment of cartilage ailments [109]. The responsive-
ness of chondrocytes to electrical signals was exploited by Webster and colleagues,
whodemonstrated that loading of conductive carbon nanotubes into polyurethane and
subsequent electrical stimulation through the polymer enhanced both chondrocyte
adhesion and proliferation compared to neat (unloaded) polymer [110]. The authors
further demonstrated that the effect was not only caused by the electrical stimulation
and was also due in part to the increased surface nanoroughness resulting from the
incorporation of the nanoparticles within the polymer sheets.
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Fig. 5.3 Schematic diagram of a micro-scaffold fabrication process that incorporates magnetic
nanoparticles to enable actuation and deployment into cartilage defects. Reprinted from Go et al.
[106] Copyright (2017), with permission from John Wiley and Sons
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5.4.4 Tailoring the Chemical Microenvironment

While tailoring the physical properties of cellular microenvironments represents an
important design consideration for the formation of engineered cartilage, the spatio-
temporal availability of biochemical signals has also proven to be equally important
in stimulating tissue synthesis and organization. Nanomaterials have been instru-
mental in achieving increased control over the presentation of biomolecular signals,
such as growth factors and small therapeutic molecules, to cells with chondrogenic
potential within scaffolds and hydrogels. Park and colleagues took advantage of the
specific affinity of heparin for growth factors to develop nanoparticles that deliver
TGF-β3 within fibrin hydrogels seeded with MSC [111]. This construct led to sig-
nificant improvements in chondrogenesis compared to controls, as well as when
compared with hydrogels incorporating nanoparticles or the growth factor alone.
Other groups have developed systems comprising multiple nanoparticles with dis-
tinct growth factor release profiles to integrate a temporal dimension to the release
of a suite of growth factors. Nanoparticles have also served to deliver growth factor-
rich platelet lysate [112], plasmid DNA-encoding chondrogenic growth factor [113]
and bioactive ions [114]. These strategies are typically tailored to achieve sustained
delivery of important factors in chondrogenesis and cartilage tissue formation. Fur-
thermore, the uniform distribution of nanoparticles within scaffolds and hydrogels
allows to overcome biomacromolecule diffusion limitations within 3D engineered
tissues. Diffusion limitations are a major problem in tissue engineering when soluble
factors are administered via the culture media, as these limitations can lead to tissue
deposition inhomogeneity and significantly altered cellular phenotypes [115, 116].
Nanoparticles have also been used to present ECM signals to resident cells within
engineered constructs. This is illustrated by Gibson et al, who produced decellular-
ized ECM nanoparticles originating from a number of tissues, including cartilage.
They then introduced the ECM nanoparticles into PCL electrospun scaffolds and
investigated the effects on osteogenesis of human adipose-derived stem cells [117].

Biomolecular gradients are important signalingmechanisms thatmodulate a broad
range of cellular responses from proliferation and migration to differentiation. These
gradients play crucial roles in development, maintenance and repair of tissues and
organs, while also being implicated in many pathological processes. As was previ-
ously discussed, biomolecular gradients are hypothesized to play important signaling
roles in articular cartilage, owing to fact that nutrients and signaling molecules gain
access to the tissue primarily via its superficial aspect (i.e, its surface; see Fig. 5.1a).
Generating biologically relevant biomolecular gradients within scaffolds and hydro-
gels to direct anisotropic tissue organization represents a long-standing challenge in
tissue engineering. This is an area where nanoparticles have had an important impact.
For example, hydroxyapatite nanoparticles stimulate the osteogenic differentiation
of MSC [118]. A number of groups have exploited this effect to generate MSC-
containing scaffolds and hydrogels with spatially constrained nanoscale hydroxya-
patite particles, and thus drive osteogenesis locally, while encouraging chondroge-
nesis in areas devoid of nanoparticles [119, 120]. In this way, biphasic constructs
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Fig. 5.4 Schematic diagram of procedure to generate biochemical gradients across the depth
of hydrogels with heparin-functionalized, growth factor-loaded superparamagnetic nanoparticles.
Reprinted from Li et al. [122] Copyright (2018), according to a Creative Commons Attribution
License (CC BY)

containing both cartilage and bone, reminiscent of the osteochondral organization
present in joints, can be achieved. Radhakrishnan et al. recently proposed a biphasic
construct generated by spatially localizing hydroxyapatite and chondroitin sulfate
nanoparticles within an alginate poly(vinyl alcohol) hydrogel. The zone loaded with
hydroxyapatite nanoparticles generated subchondral bone tissue, while the chon-
droitin sulfate particles induced cartilage) tissue formation, leading to production of
an integrated osteochondral construct [121]. Stevens and colleagues proposed vari-
ous approaches to generate biomolecular gradients that can be exploited to produce
osteochondral hydrogel constructs. In a first study, superparamagnetic nanoparti-
cles were surface-functionalized with heparin, which acted as a reservoir for bone
morphogenetic protein 2 [122]. These loaded nanoparticles were incorporated with
hydrogel precursors, and the resulting solution was subjected to a magnetic field dur-
ing the hydrogel cross-linking step. The process generated biomolecular gradients
within the hydrogel (Fig. 5.4). In a second study, buoyancy was used to drive the
formation of gradients with different types of nanoparticles in a range of hydrogel
base materials [123].

5.5 Nanoparticles for Drug Delivery

Many patients with cartilage and joint ailments exhibit advanced signs of articular
cartilage degeneration, or substantial injuries to their articular surface that are deemed
to be at high risk of degeneration. The recommended course of action is in these cases
is typically a surgical intervention. Other patients present early signs of degeneration
for which a more conservative approach is favored. For these patients, a number of
non-pharmaceutical and pharmaceutical options are available; however, as detailed
previously, these therapeutics are aimed at managing symptoms and DMOAD are
still an unmet need. Issues with the bioavailability of drugs within the joint space
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are increasingly recognized as an important factor in explaining the absence of safe
and efficacious DMOAD despite intense efforts in the field. Because of the avascular
nature of articular cartilage, the target tissue for many DMOAD candidates, local
administration of drugs has been favoured over systemic delivery strategies. Indeed,
intra-articular injection provides the opportunity to bypass barriers to drug transport
across vascular walls, as well as the ECM of the synovial membrane, and into the
synovial fluid. As such, intra-articular injections have been associated with increased
local bioavailability for a given administered drug dosage, reduced systemic exposure
and thus decreased off-target effects. However, these require administration by prac-
titioners, making this drug delivery strategy costlier and logistically more complex
than self-administration strategies, especially for chronic conditions such as arthritis,
which require sustained treatment over a period of years to decades. Furthermore,
synovial fluid turnover is rapid and injected molecules are typically removed from
the intra-articular space via lymphatic drainage in a manner of hours, such that
maintaining drug levels within their therapeutic window in the joint is often imprac-
tical in clinical settings. Efforts have consequently centered on the development of
strategies to increase the retention time of therapeutics within the synovial capsule
following intra-articular injection, notably with injectable hydrogels, microcarriers,
and nanoparticles. Nanoparticles offer a unique opportunity for drug delivery in the
joint as demonstrated by Hubbell and colleagues, who proposed using the articular
cartilage matrix as a reservoir for therapeutic molecules and developed nanoparti-
cles that were small enough to penetrate the small pores of articular cartilage and
accumulate in its ECM, as well as intracellularly [124]. The authors functionalized
the nanoparticles with a short type II collagen-binding peptide that had been iden-
tified via phage display to achieve prolonged retention in the cartilage. Since this
early effort, a broad range of nanocarriers have been proposed, including cationic
and polyelectrolyte nanoparticles, which have exploited the polyanionic nature of
the proteoglycan compartments of cartilage to achieve important penetration depths
[125].

5.6 Concluding Remarks

Nanomaterials exhibit a host of unique properties due to the increased relative con-
tribution of surface molecules in relation to those composing the bulk material.
Furthermore, there is an increased appreciation of the importance of tissue organi-
zation at the nanometer scale for cell and tissue functions. These factors have found
many applications in tissue engineering and efforts to repair or regenerate articu-
lar cartilage are no exception. However, the incorporation of nanomaterials for the
regeneration of articular cartilage remains an emerging strategy. A number of tech-
niques that have been thoroughly investigated in other tissue systems have yet to be
explored in-depth for articular cartilage. Some of these areas have been highlighted
in this chapter. As this field continues to mature, nanomaterial cartilage tissue engi-
neering will undoubtedly help deliver a range of therapeutic solutions to address
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joint ailments for a broad spectrum of patients and conditions, from improved early
interventions to slow the progress of the disease to the development of implantable
materials to resurface damaged and diseased joints.
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