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Abstract

The reconstruction of articular cartilage injury is one of the major challenges dealt with in the tissue engineering
field. The avascular and aneural anatomical features of the cartilage itself impede the regenerative process. The
presently available biomimetic scaffolds fail to recapitulate the original characteristics of hyaline cartilage. The
advent of nanotechnology and its wide application in tissue engineering has brought a lot of innovations in the
construction of scaffolds for chondral regeneration. The nano constructed scaffolds can very well simulate the
natural property of the extracellular matrix (ECM) of hyaline cartilage and thereby creating a better
microenvironment for regenerative mechanisms. It also acts as a better platform for stem cell attachment and
proliferation. It can even direct the cellular function by taking control of gene expressions. Nanotechnology has been
extrapolated for growth factor delivery and tracking of implanted stem cells. The biocompatibility of nano-scaffolds

and the results in preclinical studies reveal the importance of nanotechnology in cartilage regeneration therapeutics.
Introduction

Nanotechnology (NT) is the branch of science that deals with the design and manufacture of systems, biomaterials
as well as equipment in nanoscale dimensions. A particle with a minimum of one of its components having a
nanometric scale dimension is classified as a nanoparticle (NP) (Lawson et al., 2021). In our body, most of the
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cellular and biomolecular activity functions at the nanometric level. The immense potential of NP allows for the
functional regulation of a cell even at the genomic level. This forged NT as a novel method to resolve the problems
at the cellular level. Conventional treatment strategies often fail to give complete functional or structural restoration
of diseased organs. Tissue engineering provides several biomimetic scaffolds to restore the natural characteristics of
these diseased organs. Thus, combining NT with tissue engineering paves the way for the development of high-

quality biomimetic scaffolds with appropriate therapeutic efficiency (Qiao et al., 2022).

In veterinary orthopedics, the treatment of osteoarthritis (OA) is still a major challenge as most treatment modalities
yield futile results. Articular cartilage is avascular, aneural and alymphatic structure with few numbers of
chondrocyte present in the cartilage (2%). Thus, these tissues inherently lack regeneration capacity (Nayyer et al.,
2012). For a long time, the therapeutic methods employed in the management of OA were arthroscopic debridement,
microfracture technique, and marrow stimulation techniques. These techniques were having limited applicability due
to the production of fibrocartilage instead of hyaline cartilage (Becerra et al., 2010). The usually employed scaffolds
for tissue engineering also exhibited major drawbacks such as bio-incompatibility and imbalance in the scaffold
degeneration and cartilage regeneration rate. The application of stem cells in cartilage regeneration resulted in
superior-quality cartilage regeneration. However, it demanded a suitable biomaterial for promoting cell expansion,

proliferation as well as migration (Kaviani et al., 2019).

The NP can very well simulate the natural characteristics of the extracellular matrix (ECM) of hyaline cartilage and
thereby creating a better microenvironment for regenerative mechanisms. They also mimic the cell receptors and
regulate gene expressions (Teo et al., 2013). There are various techniques available for the production of nano
scaffolds (NS) and nanoparticles (NPs). They are fabricated in particular structures and shapes to mimic microscopic
and molecular cell structures. Cell attachment, migration, and proliferation are greatly influenced by the structure in
which cells are implanted. NP can be used for the delivery of various biomolecules and signaling factors into the cell
(Santo et al., 2010). Labelling with magnetic NPs like SPIONS has the advantage of post-implantation cell tracking
(Cromer et al., 2011). The nanotherapeutic applications resulted in superior quality healing and regeneration of

articular cartilage which is critical for better clinical outcomes.
Histology of Articular Cartilage

The structure and composition of articular cartilage are highly complex in nature. The structural complexity of
cartilage restricts cartilage tissue engineering in constructing scaffolds mimicking cartilage. It is a highly specialized
avascular, alymphatic, aneural and hypocellular structure located in between joints (Sophia Fox et al., 2009;
Gadjanski et al., 2012). It is composed of chondrocytes and dense extracellular matrix (ECM) containing water,
collagen fibers, proteoglycans and glycosaminoglycans. Chondrocytes are responsible for the synthesis and
maintenance of ECM (Responte et al., 2007). The synthesis of collagen is relatively slow and plays a crucial role in
the homeostasis mechanism. The compressive force acting on the cartilage is resisted by the ECM whereas the

tensile force is resisted by type Il collagen fibers.
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The percentage of chondrocytes is few in articular cartilage. Any damage to the chondrocyte will invariably harm
ECM synthesis. The anisotropic and pseudostratified structure of the cartilage along with the lack of vascularity is a
major challenge in the reparative mechanisms. The current treatment modalities for reconstruction like allograft,
autograft, prostheses and implants are unsuccessful in regenerating the actual hyaline cartilage. The major demerits
of grafting include infections, limited autologous donor site, donor site morbidity, immunosuppression associated
with allografts, and reduced functionality of prostheses (Lim et al., 2014). The conventional therapeutic measures

for cartilage injuries attempt to replicate the structure and function of native hyaline tissue.
Properties of Nano Scaffold

The NS used for cartilage regeneration should possess some minimum essential features to obtain a quality outcome.
The surface architecture of NS has a high surface area- to-volume ratio. Hence provides more attachment sites for

ligands and increases protein adsorption (Wimpenny et al., 2012). The biocompatibility of the scaffold can be
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increased by incorporating functional groups and natural polymers into it. This feature is very essential for super
absorbent properties, cytocompatibility and chondrogenic differentiation of seeded stem cells. The porosity and pore
size of the manufactured scaffold determines the rate of cell attachment, migration and the mechanical strength of
the scaffold (Qiao et al., 2022). The scaffold with suitable porosity causes increased protein adsorption, collagen Il
and aggrecan expression and thereby helps to produce cartilage-specific ECM (He et al., 2009). Moreover, it

enhances the delivery of nutrients to the regenerating cells.

The mechanical strength of the scaffold has paramount importance in cartilage regeneration. The implanted scaffold
and surrounding healthy cartilage should have almost comparable mechanical strength to counteract the constant
loading force into the joint. The mechanical strength of the scaffold cannot be compromised while selecting the pore
size and porosity. There should be compatibility between the biodegradability rate of the scaffold and the cartilage
regeneration rate. For a scaffold to be ideal, it should possess superior morphology suitable for cell growth and rapid
degradation after four weeks of implantation. The degradation rate can be controlled by a proper material
compounding strategy (Wu et al., 2004). For example, the use of nanohydroxyapatite along with the poly (lactide-
co-E- caprolactone) (PLCL) scaffold has improved the biodegradability rate of the scaffold (Diaz and Puerto, 2005).
The capacity for cell adhesion and expansion is governed by the nano topography (NT) of the scaffold. The
malleability of the scaffold material should be flexible to conform to various sizes, shapes and 3D patterns (Peran et
al., 2013).

The geometry of the NS has a great influence on chondrocyte adhesion, function and phenotype regulation (Yang et
al., 2020). The NT signals like nano grooves, nanogrids, nanoholes and nanopillars can induce receptor-mediated
cellular responses (Lee et al., 2017). This nano-patterning provides cell adhesion receptors with robust ligands (eg.
Integrin like receptors) which enhance receptor-mediated cell adhesion, proliferation and migration (Ye et al., 2015).
NT has an impact on gene expression, microRNA expression and lineage-specific mesenchymal stem cell (MSC)
differentiation (lzadpanahi et al., 2018). In a study conducted to investigate the effect of different NT on the
chondrogenic differentiation of MSC, the nanoholes and nanopillar shows a better expression of chondrogenic
differentiation marker when compared to the nanogrill pattern (Wu et al., 2014). Surface stiffness has some role in
the chondrogenic differentiation of MSC. The soft substrate with mild stiffness can stimulate signaling pathway like
the ROCK signal pathway. This is responsible for the regulation of chondrocyte phenotype and helps in the
maintenance of round cell morphology of chondrocytes forming a suitable cytoskeletal tension (Zhang et al., 2016).

The NS is to be designed in such a proper manner to incorporate all these properties to give the best functionality.
Fabrication Techniques for Nano Scaffold Construction

Electrospinning, phase separation, self-assembly, photolithography and nano- imprinting are the major techniques
used for the fabrication of NS (Nabizadeh et al., 2022). In electrospinning, polymer fibres with nanoscale range
diameter are produced using electrostatic force generated between a spinneret and ground target collector. The self-
repulsive charges of the polymer solution overcome the surface tension of the solution using the electrostatic force.

This results in an accelerating jet of charged polymer solution towards the zero-charged ground target. The solvent
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evaporates and charged polymer fiber gets deposited to the collecting target. This technique is very useful in the
production of nanofibrous scaffolds which have a wide application in the field of tissue engineering (Deitzel et al.,
2001; Barnes et al., 2007). The most important advantage of this technique is the ability to produce nanoarchitecture
patterns of fibers in randomly oriented or parallel alignment form (Dzenis, 2004). These patterns have a role in the
cell attachment and orientation along the direction of fibers (Yang et al., 2005). The nanofibrous scaffolds possess a
high surface area to volume ratio which is very helpful in the uptake and diffusion of nutrients. The properties of
scaffolds like hydrophilicity, mechanical strength, biocompatibility, and biodegradability are controlled by the
chemical composition of the polymer. The electrospun scaffolds with desired functions are tailored by selecting the

chemical components in appropriate combination and ratio (Liang et al., 2007).

Phase separation is a technique in which the polymer solution is segregated into solvent-rich and polymer-rich
domains either by thermal induction or the addition of non- solvent polymer. The morphology is fixed by cooling
and the solvent is removed by the freeze-drying process. A 3D fibrous network of porosity of 98% and fiber
diameter below 500 nm is produced (Ma and Zhang, 1999). The advantage of this technique is that fiber diameter,
porosity of scaffold, and mechanical properties can be controlled by manipulating processing parameters. The

scaffold can be designed into any anatomical shape as it is fabricated utilizing suitable molds (Smith and Ma, 2004).

In self-assembly, the molecules undergo self-organisation into patterns and structures employing van der Waals,
electrostatic and hydrophobic interactions (Whitesides and Grzybowski, 2002). Nanoscale scaffolds with a fiber
diameter of around 10 nm are produced using synthetic polypeptides (Zhang, 2003). They have the potential to carry

more biologically compatible motifs. Large-scale production is limited due to low yield and complexity.

Photolithography is a technique used to design nanopatterns like nanopillar, nanogroove, and nano pits on the
surface of a scaffold using a photon beam and a photoresist template. Nanoimprinting is used to create nanoscale

deformation of a resist using a mold and it is later cured using heat energy or ultraviolet rays (Barcelo and Li, 2016).
Different Types of Nanomaterials-Assisted Cartilage Tissue Engineering
a) Nanofibers

They are constructed utilizing electrospinning, 3D printing, molecular self-assembly and phase separation
techniques. They are characterized by two nanoscales dimensions and three dimensions which are below 1000 nm
(larger) (Jeevanandam et al., 2018). They have tunable porosity, large surface area to volume ratio, malleability and
mechanical strength. These properties enable them to be a unique candidate for fabricating tissue engineering
scaffolds (Liang et al., 2007). Their nanofibrous structure can simulate the cartilage ECM and accelerate the
regeneration process. They are highly biocompatible in nature. The surface of the nanofiber polymer can be treated
with plasma to incorporate functional groups like hydroxyl, carboxyl, amino groups etc. These functional groups
modify the physical properties of scaffolds like wettability, polarity and bio-adhesion (Asadian et al., 2020). The
nanofiber improves cell attachment, adhesion and expansion and helps in maintaining chondrocyte phenotype. They

provide more functional ligands or receptors for cells and growth factors to enhance cartilage regeneration. The
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nanoarchitecture has an impact on the multilineage differentiation of MSC (Li et al., 2005). The polycaprolactone
(PCL) nanofibers induced chondrogenic differentiation of MSC, when compared to the normal PCL, based 3 D
scaffold (Mellor et al., 2015).

In a study, PLA/gelatin nanofibrous scaffold was seeded with rabbit bone marrow- derived mesenchymal stem cells
(BM-MSC) to assess cartilage healing in rabbit models. The scaffold showed better biocompatibility, mechanical
strength, chondrogenic differentiation and thereby improving cartilage regeneration (Chen et al., 2021). In another
study, chondral defects of rabbits were filled with PCL/PEO nanofibrous scaffold and rabbit synovial stem cells.
The results revealed the filling of cartilage defect with hyaline cartilage and the scaffold exhibited a

chondroprotective effect (Shimomura et al., 2019).

The mechanical property of hydrogels can be reinforced by incorporating suitable nanofibres into them. In a study,
electrospun silk fibres were added to chitosan/glycerophosphate hydrogels to improve the mechanical properties of
the hydrogel which revealed increased expression of chondrogenic phenotype (Mirahmadi et al., 2013). Similarly,
two or more nanofibres are blended to obtain composite mats to improve the physicochemical properties of the
scaffold (Nabizadeh et al., 2022). The electrospun polyvinylalcohol (PVA) and sulfated alginate nanofibrous mat
were seeded with human BM- MSC demonstrating an increase in type-lIl collagen expression and chondrogenic
differentiation of MSC (Irani et al., 2021).

b) Nanotubes

The nanotubes have cylindrical geometry with a diameter of 1-100 nm. Single-wall and multi-wall are two types of
nanotubes. They are mainly derived from carbon, boron, silicon and halloysite compounds (Fraczek et al., 2008).
Carbon nanotubes (CNT) exhibit supreme mechanical, tensile, electrical and thermal properties when compared to
other nanotubes. They are commonly used as fillers in composite scaffolds to give better mechanical strength. CNTs
have to be functionalized by acid treatment or bioconjugation to remove their chemical inertness and increase
biocompatibility (Zhang et al., 2017). In a study, 0.5% COOH-functionalized multiwalled CNTs (MWCNT) were
incorporated into a scaffold to check the improvement in its physicochemical properties. There was an increase in
hydrophilicity, and tensile strength, with a reduction in fiber diameter and no adverse effect on chondrocyte
expression (Zadehnajar et al., 2020). Vertically aligned MWCNT micropillar helps in the unidirectional orientation
of chondrocytes. Young’s modulus of the material was comparable with the ECM of articular cartilage. These

micropillars intensified ECM production, cell attachment and proliferation (Janssen et al., 2020).

Silica nanotubes are an excellent choice for tissue-engineered scaffolds due to their high potential for integration in
biomaterials, photoluminescence, ease of surface modification and biocompatibility (Wan et al., 2015). Titanium
oxide nanotubes are also used in a wide variety of scaffolds in the biomedical field recently. They have good
biocompatibility, large surface area and the inner space of the tubes can be filled with bioactive molecules (Cheng et
al., 2018). Boron nitride nanotubes incorporated poly propylene fumarate nanocomposite expressed higher

adsorption of collagen I, ECM production and cell attachment (Farshid et al., 2017). Halloysite is a better alternative
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for CNTSs in tissue engineering, as it does not need to be functionalized and is highly biocompatible (Fakhrullin et
al., 2016).

c)Nanoparticle

NP can be constructed in various forms like nanocapsules, liposomes, nanospheres and dendrimers. NPs mainly act
as carriers of bioactive molecules and protect them from physiological degradation. They help in the controlled and
consistent release of biomolecules for a particular time period and reduce the adverse side effects caused by
overdosing (Dyondi et al., 2013). The addition of NPs in the hydrogel has a tremendous effect on the mechanical
property of hydrogel. Additionally, it helps in the sustainable release of bioactive molecules. Growth factors (GF)
incorporated with polylactide co glycolide (PLGA) nanoparticles and silk fibroin/poly (ethylene glycol)
methacrylate (PEGDMA) hydrogel found to improve an improved proliferation of dental pulp stem cells (DPSCs)
with an enhanced rate of chondrogenesis (Fathi Achachelouei et al., 2020).

Heparin-functionalized-NPs have a great role in cartilage tissue engineering field, because it helps in the well-
controlled release of GF and stabilizes the structure and function of GF (Park et al., 2009). The use of GF is essential
for the trilineage differentiation of MSCs. Fibrin hydrogel containing TGF-loaded NPs was used in the
chondrogenic analysis of rabbit BM-MSC. The result was a sustained release of GF for a long period and also
helped in hyaline cartilage formation (Jung et al., 2009). Magnetic NPs incorporated hydrogels are a promising tool
in cartilage tissue regeneration, since they respond to external magnetic fields and relocate to defective cartilage
sites for better regeneration (Zhang et al., 2015). Kartogenin (KGN) loaded PLGA NPs were used in the injectable
hyaluronic acid hydrogel in a study of full-thickness osteochondral defect in a porcine model. The controlled release
of KGN resulted in the efficient healing of full-thickness chondral defect in the porcine model (Yan et al., 2020).

d)Nanocomposite Hydrogels

Hydrogel forms an exceptional class of biomaterials used for cartilage regeneration. It is available in the injectable
form and involves a minimally invasive procedure (Liu et al., 2017). It mimics the ECM of cartilage due to its
structural peculiarities. It efficiently fills the defects of any shape and polymerizes into gel after the application (Wu
et al., 2020). The GF and cells can be entirely dispersed in the hydrogel. Chitosan, alginate, agarose, hyaluronic
acid, collagen, and silk are the natural biomaterials used in the synthesis of hydrogels. Synthetic biomaterials are
preferred over natural ones due to their superior properties in processing potential, less batch-to-batch variation, and
improved mechanical strength. Polyethene glycol (PEG), polyvinyl alcohol (PVA), N-isopropyl acrylamide

(NiPAAmM) etc are the commonly used synthetic materials in the manufacture of hydrogels (Qiao et al., 2022).

The incorporation of NP in the hydrogel increases its mechanical strength and improves the pore size. This enhances
cell attachment and thereby increases the quality of tissue regeneration. Magnetic nanocomposite hydrogel with
gelatin, B-cyclodextrin and Fe304 were used in in vivo cartilage regeneration studies in rabbits. The properties like
superparamagnetism, biocompatibility and mechanical strength of the hydrogel resulted in better cartilage
regeneration in rabbits. It also promoted the differentiation of BM-MSC into chondrocytes (Huang et al., 2020).
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Carbon-based NPs improve the lubrication, biocompatibility and mechanical property of hydrogels. In a study,
graphene oxide-coated hydroxyapatite (HA) particles encapsulated in PVA hydrogel showed a significant
enhancement in the composite's lubrication property and compressive deformation resistance. It also improved the
cytocompatibility and proliferation rate of rat BM-MSC, suggesting superior quality healing of chondral defects
(Cao et al., 2020). Three-dimensional alginate gel was developed using PCL-PEG-PCL microspheres as carriers for
calcium gluconate. The hydrogel exhibited good pore connectivity, biodegradability and compressive modulus.

These features demonstrated hydrogel as a suitable matrix for cartilage regeneration studies (Liao et al., 2017).
Conclusion

Tissue engineering is a multidisciplinary area where there is a strong interplay between cells, scaffold and biological
cues. The interaction between these three factors should be in an appropriate balance to result in a quality outcome.
The incorporation of nanoscale features in biomimetic scaffolds will enhance the natural properties of articular
cartilage in them. It improves cell adhesion, migration, and expansion and also provides more cues for cell-matrix
interactions. The constant release of biological factors using NPs has given better results in cartilage regeneration.
The nanomaterials have numerous advantages like design flexibility, high surface area to volume ratio, ease of
surface modification, small size etc. However, the clinical translation of technology from bench to bedside is a
perpetual challenge. The safety of nanomaterials for in vivo application is highly questionable. The rate of
degradability, toxicity, composition, and side effects of the nano scaffold has to be well evaluated before any clinical
translation. Clinical translations are restricted largely by economic investment and time involved in the production
of NPs. The application of NT in the field of regenerative medicine can bring highly advanced and quality outcomes
in treatment modalities. The replacement of functional articular cartilage in place of degenerated one using these
technologies will be a giant leap in the field of orthopaedics in future.
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