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Abstract:

Background:

Cartilage is an important tissue found in a variety of anatomical locations. Damage to cartilage is particularly detrimental, owing to
its intrinsically poor healing capacity. Current reconstructive options for cartilage repair are limited, and alternative approaches are
required. Biomaterial science and Tissue engineering are multidisciplinary areas of research that integrate biological and engineering
principles for the purpose of restoring premorbid tissue function. Biomaterial science traditionally focuses on the replacement of
diseased or damaged tissue with implants. Conversely, tissue engineering utilizes porous biomimetic scaffolds, containing cells and
bioactive  molecules,  to  regenerate  functional  tissue.  However,  both  paradigms  feature  several  disadvantages.  Faced  with  the
increasing clinical burden of cartilage defects, attention has shifted towards the incorporation of Nanotechnology into these areas of
regenerative medicine.

Methods:

Searches  were  conducted  on  Pubmed using  the  terms  “cartilage”,  “reconstruction”,  “nanotechnology”,  “nanomaterials”,  “tissue
engineering” and “biomaterials”. Abstracts were examined to identify articles of relevance, and further papers were obtained from
the citations within.

Results:

The content of 96 articles was ultimately reviewed. The literature yielded no studies that have progressed beyond in vitro and in vivo
experimentation. Several limitations to the use of nanomaterials to reconstruct damaged cartilage were identified in both the tissue
engineering and biomaterial fields.

Conclusion:

Nanomaterials have unique physicochemical properties that interact with biological systems in novel ways, potentially opening new
avenues for the advancement of constructs used to repair cartilage. However, research into these technologies is in its infancy, and
clinical translation remains elusive.

Keywords :  Arthroplasty,  Biomaterials,  Cartilage,  Cartilage-tissue-engineering,  Nanomaterials,  Nanotechnology,  Osteoarthritis,
Tissue-engineering.

1. INTRODUCTION

Cartilage is a multifunctional, specialized tissue, found in a variety of important anatomical locations. Histological
classification systems describe three forms of human cartilage: hyaline, fibrous and elastic [1]. Hyaline cartilage is firm
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but compliant, and primarily covers the articular surfaces of bone, where it serves as a frictionless, load-bearing surface
that resists local mechanical stress [1]. It also serves an important role in the respiratory system, maintaining tracheal
and  nasal  patency,  while  permitting  dynamic  alterations  to  airway  calibre  [1].  Fibro-cartilage  is  a  tough,  inelastic
material that is found in the knee joint menisci and intervertebral discs, also providing stress resistance [1]. Elastic
cartilage is found in the pinna, Eustachian tubes and epiglottis, imparting flexibility and support to these structures [1].

Damage  to  any  of  the  aforementioned  areas  is  particularly  detrimental,  as  cartilage  is  avascular,  with  limited
regenerative capacity [2]. Pathology involving cartilage can thus result in significant functional and aesthetic problems,
exacerbating the course of a variety of conditions.

Osteoarthritis is a key example. It is associated with degeneration of articular cartilage, afflicting an estimated 27
million  adults  in  the  United  States  alone  [3,  4].  The  prevalence  of  osteoarthritis  is  progressively  increasing  [5,  6],
exerting a substantial socioeconomic burden on patients and healthcare systems [7]. In addition, defects in craniofacial
cartilage  can  be  observed  following  trauma,  malignancy,  and  in  congenital  anomalies,  such  as  microtia  [8  -  10].
Diseases involving tracheal cartilage can result in devastating airway stenosis, a constant threat to life [11]. Cartilage
repair is therefore of multidisciplinary importance.

Current reconstructive options for these conditions have limitations. Replacement of damaged regions with implants
eventually ends with material failure or extrusion. Autologous grafts result in donor site morbidity, and in the case of
ear reconstruction, require considerable labour and expertise to design. The requirement for graft revision often results
in  multiple  surgeries.  There  is  thus  an  appreciable  necessity  for  novel  approaches  to  cartilage  replacement,  which
overcome these drawbacks.

Regenerative  medicine  encompasses  several  areas  of  research  that  drive  advancements  in  tissue  reconstruction
technology.  Recent  advances  involve  the  integration  of  nanotechnology  and  regenerative  medicine  constructs,
facilitating the development of novel “nanomaterials” for bioengineering purposes (see section 3.1. for more details).
This review aims to summarize current strategies for the restoration of functional cartilage, introduce the concept of
nanomaterials in regenerative medicine, and discuss the relative advantages and disadvantages of using biomimetic
nanomaterials for cartilage repair.

2. CURRENT STRATEGIES TO TREAT CARTILAGE DAMAGE

There  are  two  main  strategies  to  restore  human  tissue:  (a.)  replacement  and  (b.)  regeneration.  Several  fields
approach restoration of cartilage from either paradigm. Cell Therapy, Biomaterials Science and Tissue Engineering are
popular options to manage cartilaginous defects.

2.1. Cell Therapy

Cell therapy aims to regenerate lost cartilage via the local delivery of an appropriate cell population. In the case of
articular disease, marrow stimulating procedures involving subchondral drilling or microfracture of articular bone have
been developed to promote migration of pluripotent progenitor cells into damaged areas [12, 13]. However, due to the
lack of biological cues to direct cell behaviour, fibrocartilage can form in treated areas instead of hyaline cartilage,
resulting in suboptimal function [14]. In addition, microfracturing subchondral bone results in cyst formation, making
the bone underlying regenerated cartilage fragile and brittle [14]. These techniques are used mainly in lesions smaller
than 4cm2, and it is unclear whether they can benefit patients with larger areas of damage [14]. A recent meta-analysis
by Goyal et al. noted long-term treatment failure with microfracture therapy, and recurrence of osteoarthritis 5 years
post-operatively [15]. Magnusson et al. noted issues with a lack of randomized control groups in existing clinical trials
[16].

Cell therapy is further limited in areas where anatomical complexity is required, such as with reconstruction of the
pinna or trachea, due to issues with spatial orientation and local sequestration of cells. Such issues preclude the use of
non-surgical cell-based approaches, such as stem cell therapy. Thus, alternative methods are necessary.

2.2. Biomaterials

Biomaterials science traditionally focuses on the replacement of damaged cartilage with synthetic implants, and can
be applied to the management of large, complex pathology. A classic example is the use of biomaterials in total joint
replacement, commonly carried out for osteoarthritis in the knee and hip [17]. Ultra-high molecular weight polyethylene
(UHMWPE) is a well-described material used to engineer total knee replacement systems, while modern hip prostheses
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feature an additional metal or ceramic femoral head component, which articulates with an UHMWPE acetabular cap
[18, 19]. In the craniofacial region, porous high-density polyethylene (Medpor) is a synthetic material used for both
nasal and ear reconstruction [20, 21]. The porosity aims to facilitate ingrowth of fibroblasts and endothelial cells, which
produce extra cellular matrix (ECM) and a hierarchal vascular network respectively, to better integrate the implant [22].
A variety of other biomaterials are employed in cartilage tissue engineering, which will be discussed in the next section.

There  are  several  advantages  offered  by  the  use  of  biomaterials  in  reconstructive  surgery.  Operating  time  is
minimized,  as  donor  sites  are  not  required  [22].  In  addition,  the  use  of  biomaterials  obviates  the  need  for  graft
fabrication,  such  as  in  ear  reconstruction,  which  currently  requires  considerable  specialist  experience.  With  recent
improvements in computer-aided design and 3D printing technology, novel techniques for high throughput production
of medical implants have become more efficient and cost effective [23]. Mass production of customized materials could
improve surgical planning and post-operative results. Reconstructive procedures could thus become more accessible to
a wider range of patients, especially in rural or economically disadvantaged areas. However, a variety of mechanisms
that lead to implant failure must be addressed.

Infection is a common reason for removal of joint prostheses, necessitating revision surgery [24, 25]. Infection and
extrusion affect up to 14.8% of Medpor based ear reconstructions [26]. Conversely, aseptic loosening or extrusion of
implants can occur, driven by issues with surface and bulk characteristics [25]. A key bulk characteristic that promotes
implant loosening is Young’s Modulus: a measure of the stiffness of a material. Modular mismatch between an implant
and its anchoring tissue can result in a series of events leading to aseptic loosening. In the case of materials used to
replace damaged articular cartilage, implants are anchored to bone. Modular mismatch results in stress shielding of
regional bone, leading to osteolysis [27, 28]. Subsequently, micromovement occurs at the interface, leading to loosening
of  the  implant.  Material  mismatch  with  native  tissue  also  causes  similar  problems  with  Medpor  ear  implants,
contributing  not  only  to  micromovement,  but  also  compromising  blood  flow  to  the  overlying  wound,  preventing
adequate healing [22]. Suboptimal mechanical characteristics can additionally result in wear and fatigue of materials.
Wear debris can be disseminated throughout the body, potentiating a chronic inflammatory response [18, 19, 25, 29].

Interactions between the surface of a material and biological systems compound the effects of mismatched bulk
properties. When exposed to physiological fluid, the material surface first becomes coated with water, the degree of
which is governed by its wettability, and then adsorbs regional peptides, oriented according to surface topography [30].
Adhesive peptides change configuration upon attachment, revealing cryptic motifs that bind to cell receptors, regulating
cell  attachment,  spatial  patterning and transduction of signaling proteins [31].  During the acute inflammatory stage
following implantation, the cell population promotes fibrous encapsulation of poorly integrated implants, which can
contribute to micromovement, loosening and extrusion [32].

Biomaterial  implants  merely  replace  deficient  cartilage,  and  cannot  adapt  or  remodel  themselves  in  areas  with
dynamic  stresses.  Furthermore,  in  the  case  of  joint  replacement  systems,  no  attempt  is  made  to  address  the  core
pathology, deficiency of articular cartilage. Implanted materials can generate auxiliary problems in surrounding tissue,
such as bone, which is damaged during replacement procedures. Hence, there are several disadvantages to Biomaterials
that necessitate improvement.

2.3. Tissue Engineering

The emerging field of Tissue Engineering holds promise for repairing complex cartilaginous defects. A vital aspect
of this area of regenerative medicine is the use of biomaterial scaffolds that accurately replicate the in vivo extra cellular
matrix (ECM), permitting encapsulation of cells and bioactive molecules, which regenerate functional tissue. Scaffolds
act as a template for cellular patterning and growth, sequestering cells in a target area while providing strength in three
dimensions to nascent tissue (Fig. 1).

Several  cell  types  have  been  successfully  used  to  engineer  tissues  with  properties  similar  to  native  cartilage.
Autologous Chondrocyte Implantation (ACI) is a modality that involves ex vivo seeding of scaffolds with autologous
chondrocytes  prior  to  placement  in  vivo  [33  -  36].  Similarly,  Multipotent  Stromal  Cells  (MSCs)  sourced  from
autologous tissue biopsies can be utilized, owing to their chondrogenic differentiation potential [37 - 39]. Platelet rich
plasma (PRP), sourced by centrifuging samples of peripheral blood, contains a variety of growth factors, and has been
reported to improve chondrogenesis in both ACI and MSC based Tissue Engineering strategies [40 - 42]. However,
prolonged maintenance of the chondrogenic phenotype remains challenging. Multiple cytokines released at specific
concentrations, with defined rates, are required for differentiation of cells. Unfortunately, controlled, sequential delivery
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of growth factors is limited due to their short half-lives [43].

Fig.  (1).  Schematic  detailing  the  basic  principles  of  tissue  engineering  (human  template  from  http://cliparts.co/clipart/2400013
[online]accessed04/08/14).

Unlike the bulk biomaterials utilized in total replacement procedures, a variety of porous, bioactive materials are
used as Tissue Engineering scaffolds. It is well understood that the native ECM is comprised of interwoven collagen,
glycoprotein and glycosaminoglycan nanofibres [44]. Adhesive peptide configuration upon these natural nanofibres
guides  three-dimensional  cellular  patterning,  and  upregulates  the  assembly  of  intracellular  signaling  proteins  [45].
Similarly, the reservoir of growth factors and environmental cues influence cell behaviour [44] (Fig. 2).

Fig. (2). Influence of the ECM on cell behaviour.

Tissue Engineering scaffolds thus aim to recapitulate these features, and mimic the ECM. In general, scaffolds are
divided  into  natural  and  synthetic  types.  Natural  materials  include  collagen,  fibrin,  hyaluronic  acid  and  alginate
hydrogels, as well as decellularized tissues. These can be used either as solid, implantable scaffolds, or as injectable
Tissue Engineering systems. Synthetic materials include poly-glycolic acid (PGA), poly-L-lactic acid (PLA), poly-L-
lactide-caprolactone  (PCL)  and  polyethylene  glycol  (PEG).  Several  in  vitro  studies  and  animal  models  have  been
evaluated using these scaffolds, but the quality of cartilage formed remains questionable [33 - 39].

Several limitations impede cartilage tissue engineering with conventional constructs. Despite containing significant
quantities  of  bioactive  cues  and  molecular  signals,  hydrogels  lack  mechanical  strength,  impeding  load-bearing
applications. In addition, they carry risks of disease transmission and immunogenicity, especially if allo- or xenogeneic
sources  are  used  [46].  Synthetic  materials  are  less  likely  to  trigger  immune  rejection,  but  bring  with  them  the
mechanical disadvantages of biomaterials described in the previous section. Indeed, scaffold properties such as surface
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topography  and  material  stiffness  have  considerable  influence  on  chondrogenic  differentiation  and  cartilage
development. The effect of the former on adhesive peptide patterning and subsequent modulation of cell behaviour has
been previously discussed; in the context of Tissue Engineering, surface topography is known to play a key role in
chondrogenesis, via its influence on cell patterning [47]. Material stiffness not only affects implant integration, but also
impacts cell behaviour via a process termed mechanotransduction [48]. Mechanical forces are generated at sites of cell-
matrix adhesions,  and are transduced through cytoskeletal  proteins that  connect  membrane peptides to intracellular
targets, mediating signaling cascades which alter gene expression [49]. Increasing substrate stiffness has been shown to
reduce  chondrogenic  marker  expression  [50].  Conflictingly,  as  substrate  stiffness  decreases,  cellular  proliferation
decreases [51]. Optimizing material stiffness to ideal levels thus requires fine, precise adjustments.

Developing  novel  techniques  to  optimize  scaffold  properties  and  growth  factor  delivery  are  essential  to  better
propagate chondrogenesis.  Considering that  the molecular factors involved in tissue regeneration operate within an
intricate nanoscale environment, manipulating this environment to overcome the aforementioned challenges is a new
focus of bioengineering research [52].

3. NANOMATERIALS FOR CARTILAGE REGENERATION/REPLACEMENT

3.1. An Introduction to Nanomaterials

Nanomaterials are defined as materials composed of natural or synthetic components with at least one dimension
ranging  between  1-100nm  [53].  The  predominance  of  quantum  mechanical  phenomena  at  the  nanoscale  produces
unique surface and bulk properties that do not manifest at larger scales. There are three main geometric configurations
that  can  be  used  to  categorize  nanomaterial  components:  Particulate  (a  unit  quantity  of  matter  with  no  dimension
outside the nanoscale (0D)), Fibrous (fibres with vertical and horizontal diameters measuring in the nanoscale, but non-
nanoscale  length  (1D -  one  dimension  outside  the  nanoscale))  and  Layered  (sheet-like  structures  with  a  nanoscale
thickness, but length and breadth larger than the nanoscale (2D - two dimensions outside the nanoscale)) [54] (Fig. 3).
These have been used in a wide range of biomedical applications, including medical imaging, diagnostics and drug
delivery [54].

Fig. (3). Geometric classification of nanomaterials.

In the context of reconstruction using Biomaterials or Tissue Engineering, a key application of nanomaterials is in
the  development  of  nanocomposites.  Composite  or  hybrid  materials  are  traditionally  used  to  generate  implants  or
scaffolds  that  incorporate  the  advantageous  properties  of  their  individual  components,  while  mitigating  their
disadvantages [55]. However, conventional composites are based on micrometer-sized fillers that comprise a large area
within the bulk material,  limiting the efficiency with which selected properties can be influenced [55]. Conversely,
Nanomaterials  have  high  surface  area  to  volume  ratios,  and  unique  physicochemical  properties  are  present  at  the
material-filler interface [56]. These features allow for dramatic alterations to bulk material properties at much lower
filler  volumes,  creating  new  avenues  by  which  materials  can  be  modified  to  better  mimic  human  tissue.
Nanocomposites  that  interact  in  novel  ways  within  the  human  body  can  potentially  be  used  to  create  implants  or
scaffolds  that  overcome  the  disadvantages  described  in  the  previous  section,  improving  our  ability  to  reconstruct
damaged cartilaginous structures.

As previously described, cell-peptide interactions at the surface of an implanted material govern the quality of its
integration, and in the case of Tissue Engineering scaffolds, guides three-dimensional cellular patterning, differentiation
and proliferation. Altering the surface topography of implants at the nanoscale is another way that current materials can
be  modified  [57].  Nanoparticles,  nanodots,  or  even  nanoscale  grooves  have  been  engineered  onto  scaffolds  using
nanolithography to promote cell attachment to scaffold matrices [57]. Similarly, cell-adhesive peptides can be bound to
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surfaces at the nanoscale to regulate chondrogenesis and selectively control cell-matrix interactions [58]. Top-down
manufacturing techniques such as nanolithography, and bottom-up techniques such as Electrospinning represent the
latest advances in nanoengineering, making development of novel constructs increasingly feasible [59 - 61].

In subsequent sections, we will explore current evidence from the literature for how Nanomaterials can improve bio-
integration  of  cartilage-replacing  implants,  and  how  cell  behaviour  in  cartilage  tissue  engineering  systems  can  be
optimized using this technology.

3.2. Nanomaterial Applications in Cartilage Replacement

Biomaterial-associated  infection  remains  a  significant  complication  of  replacement  strategies,  especially  in
orthopaedic surgery [62]. Bacterial adhesion to implants and the subsequent formation of a pathogenic biofilm are key
events driving the infectious process [63]. Preventing adhesion of pathogens is a logical tactic to prevent septic failure,
but  purely  anti-adhesive  materials  are  sub-optimal  as  they  could  limit  implant-host  integration.  Modification  of
materials  at  the  nanoscale  to  create  anti-bacterial  surfaces  has  been  proposed  as  a  solution.  Singh  et  al.  utilized
nanostructured titanium surfaces to demonstrate decreased E. coli and Staph. aureus biofilm formation with increasing
surface roughness in vitro [64]. It was found that with increasing nanoscale roughness, the larger surface area resulted
in increased protein adsorption, with unique morphologies, which likely prevented bacterial adhesion by shielding the
surface  [64].  Mitnik-Deneva et  al.  reported  similar  findings  using etched glass  substrates,  upon which a  three-fold
decrease in bacterial adhesion was observed with incremental nanoscale roughness [65]. Considering these findings,
surface nanopatterning could permit selective attachment of host peptides in vivo, while preventing deleterious bacterial
adhesion. However, the process of bacteria-material adhesion is highly complex and other underlying mechanisms must
be  fully  elucidated  to  improve  our  understanding  of  these  findings.  Moreover,  further  research  is  required  to
characterize  this  phenomenon  with  a  wider  variety  of  materials.

Another  surface  modifying  technique  involves  the  use  of  antibacterial  nanoparticle  coatings.  Silver  is  the  most
prevalent  material  used  for  this  purpose,  though  other  metals  also  exhibit  bactericidal  properties  [66].  Silver
nanoparticles disrupt bacterial cell walls, cell membranes and DNA either directly or via generation of reactive oxygen
species  (ROS)  [67]).  The  classical  approach  is  to  coat  implants  with  nanoparticles  using  technologies  such  as
electrodeposition  [68].  However,  concerns  surrounding  the  toxicity  potential  of  unregulated  release  of  silver
nanoparticles have driven research into safer delivery mechanisms. For example, De Giglio et al. developed a silver
nanoparticle-containing  hydrogel  coating,  which  suppressed  Staph.  aureus,  Pseudomonas  aeruginosa  and  E.  coli
growth in vitro, while preserving osteoblast activity at the titanium implant surface [69]. An alternative method gaining
in popularity is the use of silver-containing hydroxyapatite (HA) coatings. Fielding et al. evaluated the efficacy of a
silver-strontium-HA nanocomposite coating and demonstrated a bactericidal effect against P. aeruginosa [70]. Chen et
al.  reported  similar  findings  against  Staph.  aureus  [71].  Nevertheless,  these  techniques  require  further  long-term
investigation using animal models, to thoroughly evaluate their potential harmful effects.

The use of HA to deliver nanoparticles has the added advantage of improving osseointegration at the implant-tissue
interface, since HA is an osteoconductive compound [72]. The formation of a robust bond at this interface can assist in
minimizing micromovement, and the resultant formation of wear debris. The moderation of implant integration can also
be  tackled  by  altering  the  nanotopography  of  material  surfaces.  For  example,  an  in  vitro  study  by  Biggs  et  al.
demonstrated the use of disordered nanopits to modulate human osteoblast adhesion [73].

A wide variety of nanocomposites have been developed to optimize the bulk material properties of orthopaedic
implants,  about  which  a  comprehensive  review  is  available  [74].  Despite  these  advances,  stress  shielding  remains
problematic, and the ideal material for total joint replacement is yet to be discovered. Recently, Liu et al. reported the
development  of  a  hydrogel  containing  cofacially  oriented  titanate  nanosheets,  with  electrostatic  repulsive  forces
maintained  between  them  [75].  The  system  was  developed  by  polymerizing  the  hybrid  material,  while  applying  a
magnetic field to orient nanosheets into maximally electro-repulsive configurations (Fig. 4).

The  material  resists  compression,  while  remaining  compliant  to  shear  forces,  replicating  the  role  of  articular
cartilage,  overcoming  crucial  mechanical  disadvantages  of  hydrogels  [75].  With  further  research,  this  magnetic
hydrogel-based  nanocomposite  system  could  represent  a  new  approach  to  joint  replacement,  avoiding  substantial
damage to bone by replacing only the lost surface tissue.
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Fig. (4). A.) Polymerization while a magnetic field is applied fixes nanosheets in desired orientation. B.) Schematic representation of
optimal orientation for maximal electrostatic repulsion. Adapted from [75].

In  the  context  of  ear  reconstruction,  a  nanocomposite  polymer  comprised  of  poly-oligomeric-silsesquioxane
nanoparticles incorporated into poly-carbonate-urea (POSS-PCU), has been developed [22]. POSS-PCU has stiffness
and Young’s modulus similar to that of native ear cartilage [22]. Fibroblasts seeded onto the porous nanocomposite
material in vitro demonstrated higher collagen production and migration than those on Medpor, thereby suggesting that
POSS-PCU is a viable alternative to the latter  in terms of biointegration [22].  Further in vitro  and in vivo  research
remains to be conducted; other evidence posits that this material may be better suited to Tissue Engineering applications
(Section 3.4).

Despite the potential improvements that nanomaterials offer to the replacement strategy for cartilage repair, this
remains a suboptimal approach, especially in joint replacement systems. The regeneration of premorbid cartilage via the
use of nanomaterials as tissue engineering scaffolds may offer a better alternative.

3.3. Nanomaterial Applications in Cartilage Tissue Engineering

The rationale for using nanomaterials to manufacture Tissue Engineering scaffolds is to better mimic the native
ECM  and  physicochemical  properties  of  desired  tissues,  thereby  optimizing  cell  attachment,  differentiation  and
proliferation  (Fig.  5).  While  micro-porous  scaffolds  (μm  sized  pores)  have  been  traditionally  used,  they  are
architecturally  dissimilar  to  the  ECM,  with  corresponding  differences  in  cell  behaviour  [36].

Fig. (5). A.) Microporous scaffold architecture [36]. B.) Nanofibrous scaffold architecture [83]. The architecture of the nanofibrous
scaffold better resembles the native Extracellular Matrix.

Electrospun  nanofibres  have  recently  gained  traction  for  potential  Tissue  Engineering  applications,  reportedly
inducing  continuous  chondrogenic  differentiation  in  vitro  [76].  Electrospinning  is  a  technique  that  uses  an  electric
charge to generate streams of electrostatically charged liquid. Charges result in repulsive forces that elongate and thin
streams as they dry, forming fibres with nanoscale dimensions [77]. Coburn et al. engineered a PCL nanofibre/PEG-
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hydrogel  nanocomposite  using  Electrospinning,  and  cultured  bone-marrow-derived-MSCs  upon  the  nanofibrous
scaffold  [78]  (Fig.  6).  It  was  reported  that  cells  seeded  upon  the  composite  scaffolds  exhibited  diverse  stellate
morphology,  comparable  to  that  of  natural  tissue,  whereas  those  cultured  in  the  hydrogel  alone  were  rounded  and
homogenous  [78].  ECM  synthesis  was  increased  in  the  nanocomposite,  but  the  system  was  not  used  to  engineer
cohesive cartilage tissue [78]. In a separate study, the same author also engineered a Polyvinylalcohol-methacrylate
(PVA-MA)/Chondroitin  Sulphate  (CS)  nanofibre  composite,  which  demonstrated  increased  chondrogenesis  when
seeded with MSCs, compared to PVA alone, using gene expression analysis [79]. These findings were replicated in vivo
using  murine  osteochondral  disease  models.  However,  the  cartilage  produced  in  this  study  was  only  reported  to
“resemble” hyaline cartilage, and further research is warranted to improve tissue quality.

Fig. (6). Coburn et al. experimental design: A & B.) Electrospinning nanofibres; C & D.) Bone-marrow-derived MSCs cultured and
implanted into an in vivo animal model; E&F.) SEM of nanofibres and fibre sizes (Adapted from [79]).

Phase  separation  is  an  alternative  manufacturing  technique  that  produces  3D  nanofibrous  scaffolds  with  high
precision. Briefly, the process involves a thermal cycling process that splits a polymer blend into separate polymer and
solvent phases, based on different thermoresponsive kinetics [80 - 82]. The separated components are rapidly cooled
and freeze-dried to remove the solvent phase, leaving behind an intricate porous nanofibre network [80, 82]. Phase
separation was utilized by Liumin He et al. to create a PCL/PLLA nanocomposite scaffold [83]. Chondrocytes seeded
onto  nanofibrous  scaffolds  exhibited  increased  proliferation  as  well  as  higher  collagen  type  2  and  aggrecan  gene
expression when compared with solid-walled scaffolds in vitro [83]. In addition, cells maintained a chondrocyte-like
phenotype for a longer duration when cultured upon the nanofibrous scaffold [83]. Xue et al. conducted an in vivo study
using an MSC seeded, phase separated PLGA/HA nanocomposite,  which demonstrated formation of “hyaline-like”
cartilage after twelve weeks [84]. Teoh et al. used phase separation to engineer a POSS-PCU and POSS-PCL hybrid
scaffold for tracheal Tissue Engineering [85]. Quantum dots were conjugated to cell-binding peptides to monitor cell
migration. The prototype exhibited robust MSC adhesion and proliferation, both on the surface and within the pores
[85]. However, the authors did not report whether cells successfully maintained a chondrocytic phenotype following
differentiation.

Altering the surface topography of materials at the nanoscale to influence cell aggregation and adhesion is another
method  to  promote  chondrogenesis  (see  section  2.3).  Kay  et  al.  developed  a  preliminary  technique  to  introduce
nanopatterns onto material surfaces [86]. In this study, NaOH was used to chemically etch the surface of a PLGA-
titanium nanocomposite, upon which increased chondrocyte adhesion was observed. Since this preliminary finding, a
variety of nanopatterning methods have been reported in the literature. When considering scaffolds with interconnected
porous architectures, surface modification includes the pore surfaces, and therefore extends in three dimensions. As
described previously, POSS-PCU is a nanocomposite polymer with similar mechanical properties to ear cartilage [22].
The inclusion of POSS nanoparticles modifies the surface nanotopography of PCU. Oseni et al. cultured ovine septal
chondrocytes upon both POSS-PCU and PCL substrates, and demonstrated increased cell viability and proliferation
upon the nanocomposite [87]. More recently, Guasti et al. seeded POSS-PCU with adipose-derived MSCs, and reported
excellent cell survival, intra-pore migration and chondrogenic differentiation within the scaffold [88]. However, the
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formation  of  cohesive  hyaline  cartilage  tissue  was  not  attempted.  In  vivo  studies  using  this  material  remain  to  be
published.

A variety of other surface nanopatterning techniques are yet to be successfully trialed in the engineering of cartilage
tissue  engineering constructs.  A key application  would  be  towards  the  immobilization  of  (Arg-Gly-Asp)  RGD cell
adhesive peptides upon material surfaces [89]. The native ECM is a reservoir of RGD adhesive peptides, which bind
cell  membrane  integrin  proteins  to  specific  regions,  and  mediate  intracellular  signaling  [45].  Variation  in  RGD
orientation and density at the nanoscale affects both cell adhesion and motility [45]. Accurately mimicking RGD-matrix
patterning using nanotechnology remains a challenging prospect, as molecular adsorption has traditionally been limited
to the microscale. Cavalcanti et al. tackled this issue by utilizing nanolithography to pattern gold nanodots coated with
RGD onto a glass substrate, and managed to control and direct fibroblast adhesion dynamics [90, 91]. Increasing the
nanoscale density of RGD was shown to promote cell adhesion and spreading, by stabilizing integrins and rate of focal
adhesion  formation  [91].  Similar  techniques  could  be  applied  to  cartilage  tissue  engineering  scaffolds  to  optimize
cellular patterning.

A major  limitation  of  existing  Tissue  Engineering  scaffolds  is  regulating  the  delivery  of  growth  factors  within
constructs. Transforming Growth Factor β (TGFβ) isoforms, basic Fibroblast Growth Factor (bFGF) and Insulin-like
Growth Factor (IGF) are key cytokines for chondrogenic differentiation [92]. Cytokines need to be released in specific
sequences, with defined rates, for ordered differentiation of cells [92]. Growth factor delivery within scaffolds can be
optimized using biodegradable gelatin-based microspheres, which can be incorporated with a variety of nanoparticles.
Microspheres  containing  TGFβ3  nanoparticles  to  promote  chondrogenesis  have  been  successfully  engineered  [93].
Similarly, chitosan microspheres containing TGFβ1 were successfully used to enhance neocartilage formation within a
natural composite scaffold [94]. Zhu et al. developed microspheres for the controlled delivery of bFGF, sustained over a
period  of  2  weeks  [95].  These  microspheres  can  be  sequestered  within  Tissue  Engineering  scaffolds  to  be  used  as
vehicles for  local  delivery and controlled release of  chondrogenic cytokines [93,  96].  Altering the degree of  cross-
linking changes degradation rates, thereby modifying nanoparticle release kinetics, permitting sequential release [96]. A
sustained infusion of cytokine nanoparticles over time could prolong a state of differentiation among seeded cells, until
nascent tissue develops sufficiently to autonomously maintain a chondrocyte population.

Nanomaterials can thus influence and improve scaffold design in a variety of ways. Several techniques for scaffold
nano-modification exist, but many are yet to be implemented for cartilage tissue engineering.

3.4. Limitations to Clinical Translation of Nanomaterial Scaffolds

Examining  the  literature  on  this  topic  has  yielded  no  studies  that  have  progressed  beyond  in  vitro  and  in  vivo
experimentation.  Most  constructs  are  reported  as  developing  “hyaline-like”  neocartilage,  as  opposed  to  durable,
clinically  useful  tissue,  which  exhibits  the  zonal  arrangement  of  native  cartilage.  Eventual  loss  of  chondrocyte
phenotype in seeded cells is a significant issue even in conventional approaches that do not use nanomaterials, likely
contributing to suboptimal research outcomes. Further work in stem cell and material science is required to establish the
optimal conditions for reproducible, high quality Tissue Engineering, before the use of nanomaterial scaffolds can move
from bench to operating theatre.  Considering that this is  a relatively new area of research, there is a lack of robust
preclinical evidence regarding the toxicity of nanomaterials. The optimal approach remains unclear. A comparison of
the  regenerative  and  replacement  approaches  to  treating  damaged  cartilage  has  not  determined  one  to  be  more
advantageous  than  the  other,  and  a  professional  consensus  is  not  imminent.

A further limitation is that there is insufficient collaboration between clinicians and tissue engineering researchers.
Few  clinicians  are  directly  involved  with  lab-based  research,  and  key  issues  in  the  practical  application  of  tissue
engineering constructs  tend to  be addressed late  in  the development  of  these technologies.  With tissue engineering
constructs, the logistics of surgical implantation influence the choice of scaffold material just as much as the need to
optimize cell behaviour and tissue growth. Preoperatively, factors such as sterilization and stability must be considered.
Intraoperatively,  the  scaffold  would  have  to  fit  different  injury  morphologies,  and  the  material  would  need  to  be
amenable  to  modification.  An  alternative  option  would  be  the  use  of  nanomaterials  compatible  with  3D  printers;
computer-aided design could be used to configure patient-specific scaffolds. Systems for the printing of scaffolds in
sterile conditions have been described in the literature [97]. Post-operatively, the effect of selected nanomaterials on
haemorrhage, thromboembolism, wound healing, immunogenicity and oncogenic potential are also essential to explore.
The  academic  paradigm  places  emphasis  on  optimizing  the  basic  science  of  tissue  engineering,  wherein  scaffold
development  is  focused on directing cell  behaviour,  rather  than tailoring product  design towards a  specific  clinical
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application. Including surgeons early on in the development process would streamline the development of scaffolds that
address both cellular and clinical demands.

Beyond the laboratory, complex legal, economic and regulatory issues hinder progress towards clinical translation.
Despite their considerable potential to improve affected individuals’ quality of life, funding and industrial support for
the development of cartilage tissue engineering constructs is difficult to obtain, as the target diseases are rarely life
threatening,  and have not  adequately impacted the psyche of  policy makers.  Funding is  further  limited by industry
reluctance  to  support  novel  therapies  until  sufficient  evidence  of  preclinical  success  is  demonstrated.  This  is  itself
restricted by a lack of fiscal support, in reciprocal fashion. With the rapid evolution of the field of Tissue Engineering, it
is becoming increasingly difficult to reach a consensus regarding its general definition. The concepts of nanotechnology
and nanomaterials remain poorly understood outside specialist circles, adversely impacting commercial viability and
funding.  Consequentially,  regulatory  agencies  have  difficulty  providing  comprehensive  guidelines  for  Tissue
Engineering  systems,  further  limiting  potential  for  commercialization  and  future  clinical  use.  Tissue  engineering
constructs currently fall under the umbrella of Advanced-therapy Medicinal Product (ATMP) regulation, as defined by
the European Medicines Agency. Gaining approval for an ATMP requires completion of large-animal model trials, in
addition to randomized controlled clinical trials, exerting a substantial financial burden on researchers. While it could
be argued that the demands of ATMP regulation are essential to prevent the clinical implementation of unsafe products,
in its current iteration, the complexity of the regulatory pathway limits industrial interest and investment. In addition,
agencies  are  involved  late  in  the  development  process,  and  when  barriers  to  translation  from their  perspective  are
communicated to researchers, this can further delay the translation pathway while corrections are made. Under current
regulatory legal frameworks, novel constructs featuring nanotechnology may face even greater translational limitations
owing to their arcane nature. A new, internationally standardized regulatory framework may be necessary to address
these issues. Overall, a collaborative effort towards better communication between researchers, healthcare professionals
and regulatory agencies is essential to overcome these obstacles.

CONCLUSION

There exist a wide variety of applications for Nanomaterials in cartilage tissue repair, from both replacement and
regenerative paradigms. The integration of nanotechnology into regenerative medicine has the potential to overcome
several disadvantages of current therapies. However, research into this technology remains in its infancy, and a robust
understanding  of  nanoscale  phenomena  within  the  human  body  remains  to  be  established.  Further  development  of
Nanomaterials for cartilage reconstruction must focus not only on improving the quality of implant-host integration, but
also overcoming roadblocks against clinical translation. In the future, these technologies may become commonplace in
clinical practice, but several steps remain before this goal can be reached.

LIST OF ABBREVIATIONS

ACI = Autologous Chondrocyte Implantation

ATMP = Advanced-therapy Medicinal Product

bFGF = Basic Fibroblast Growth Factor

CS = Chondroitin Sulphate

DNA = Deoxyribonucleic Acid

ECM = Extracellular Matrix

HA = Hydroxyapatite

IGF = Insulin-like Growth Factor

MSCs = Multipotent Stromal Cells

PCL = Poly-L-lactide-caprolactone

PEG = Polyethylene glycol

PGA = Poly-glycolic acid

PLA = Poly-L-lactic acid

PLGA = Poly(lactic-co-glycolic acid)

POSS-PCU = Poly-oligomeric-silsesquioxane nanoparticles incorporated into poly-carbonate-urea

PRP = Platelet rich plasma

PVA-MA = Polyvinylalcohol-methacrylate
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RGD = Arginylglycylaspartic acid

ROS = Reactive Oxygen Species

TGF = Transforming Growth Factor

UHMWPE = Ultra-high molecular weight polyethylene
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