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CHAPTER  2

Abstract: Articular cartilage is a connective tissue structure that is found in 
anatomical areas that are important for the movement of the human body. 
Osteoarthritis is the ailment that most often affects the articular cartilage. 
Due to its poor intrinsic healing capacity, damage to the articular cartilage is 
high ly detrimental and at present the reconstructive options for its repair are 
limited. Tissue engineering and the science of nanobiomaterials are two lines 
of research that together can con tribute to the restoration of damaged tissue. 
The science of nanobiomaterials focuses on the development of different 
nanoscale structures that can be used as carriers of drugs/cells to treat and 
repair damaged tissues such as articular cartilage. This review article is an 
overview of the composition of articular cartilage, the causes and treatments 
of osteoarthritis, with a special emphasis on nanomaterials as carriers of 
drugs and cells, which reduce intlammation, promote the activation of 
biochemical factors and ultimately con tribute to the total restoration of 
articular cartilage.

Keywords: Targeting platform, polymeric nanobiomaterials, cartilage 
tissue engineering, anatomical areas, osteoarthritis, articular cartilage
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1. INTRODUCTION

Articular cartilage is a highly specialized tissue that protects the ends of 
the bones that make up the joint. lts function is to reduce friction and offer 
a lubricated surface to prevent joint wear. Like other connective tissues, it 
is made up of cells and an extracellular matrix, but it differs from the rest 
of the connective tissues because it lacks blood vessels and nerves and 
receives its nutrition only by diffusion of molecules of synovial fluid that 
crosses its surface [1]. Compared to other connective tissues, cartilage has 
a very slow turnover in its extracellular matrix (ECM) [2, 3). Structurally, 
cartilage has only one type of cell, the chondrocytes; and extracellular 
matrix, which is composed mainly of collagen and proteoglycans. 
However, its structure is divided into three or four layers according to 
previous reports from different authors. [4,5]

Damage to the articular cartilage begins as a point defect, progressing 
gradually to a total defect that encompasses all the layers of the damaged 
part, with the lesion coming into contact with the surrounding bone. Due 
to the very slow renewal of the matrix, the minimal proliferation capacity 
of the chondrocytes and poor blood supply, the articular cartilage cannot 
repair itself [6,7].

Despite all the knowledge that has been acquired over the years from 
studies on osteoarthritis (OA), drugs capable of modifying the progression 
of the disease are not yet available in the market. Although some drugs 
have been developed that act on specific elements ofthe progression ofthe 
disease of OA, its clinical use is not viable due to the large number of 
serious side effects. Therefore, clinical practice is based on a symptomatic 
treatment to relieve pain and to surgically replace joints with OA at 
the terminal stage [8].Although significant advances have been made 
in orthopedic surgery, the treatment of cartilage damage remains a 
challenge. Due to the existence of numerous limitations such as graft 
instability, calcification and applications restricted to focal lesions, new 
therapeutic strategies based on cell therapy and tissue engineering have 
been developed [9]. 

With tissue engineering, it is possible to design an artificial cartilage 
from the sowing of chondrogenic cells in biodegradable scaffolds. This 
methodology provides an alternative strategy that can repair defects in 
the area of articular cartilage or meniscus restoring the function of loading 
the joint and relieving pain [10]. The annual growth rate that cartilage 
therapy based on tissue engineering undergoes is 12.5% and is expected 
to be maintained until 2020. This will result in an expected growth from $ 
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255 million in 2015 to $ 460 million by 2020. It is evident that the market 
potential in the regeneration of cartilage tissue is large and is expected to 
increase over the years [11].

Nanomaterials are characterized by their nanoscale dimension, which 
allows them to develop critical physical and chemical characteristics that 
improve their performance and make them suitable for a wide range of 
applications. In the biomedical field, nanobiomaterials have been used for 
the controlled administration of drugs, images of specific sites, exploration of 
DNA structures, biomolecular detection, administration of genes and, more 
recently in tissue engineering (TE). Nanomaterial science has introduced 
new methods to improve the quality of scaffolds used in TE and regenerative 
medicine. The scaffolds can now be designed at the nanoscale, using different 
techniques and also incorporating nanoparticles [ 12-15].

In this review, we focus on the different applied nanosystems for cartilage 
tissue engineering. We discuss the advances of nanoformulations in the 
application of bioactive molecules in the target zone, specifically cartilage.

2. COMPOSITION AND STRUCTURE OF ARTICULAR CARTILAGE

Of the major components of articular cartilage in the hydrated state, 
water, forms the greater part (68-85%) fo llowed by collagen (10-20%) and 
proteoglycans (5-10%) [16].

According to the percentages described, the water distributed in the interstices 
of the joint tissue is the most abundant component [17], and the amount 
present is associated with the concentration of proteoglycans [18] and the 
number of ions dissolved in a solution that form the collagenous matrix [19]. 
The relationship and types of collagens that make up the ECM in nonnal and 
damaged articular cartilage have been studied in detail [19-27]. Of the different 
types of collagens identified, at least five are present in the articular cartilage 
[23,28].

The extracellular matrix is made up of type II, IX, XI collagens; type II provides 
the basic architecture of the tissue [16,29] and XI is probably copolymerized 
with type II collagen in the matrix [23,25]. Type VI collagen increases in the 
pericellular region of the middle and deep zones of the articular cartilage, but is 
reduced in the superficial layer in damaged cartilage [30]. Covalently attached 
to the surface of type II collagen fibrils is type IX collagen, which represents only 
1 % of total cartilage collagen [22,24,27]. Finally, it is worth mentioning the type 
X collagen that is only found in the calcified area of the articular cartilage.
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2.1. Types of Cartilage

Vertebrate cartilage(s) is further divided into sub-types primarily on the 
basis of histology. On histological grounds, cartilage is defined as [2,3,31,32]:

•	 hyaline, if the matrix is composed predominantly of glycosaminoglycans;
•	 elastic, if elastic fibers are present in the extracellular matrix;
•	 or fibrous (fibrocartilage), if the matrix has enriched collagenous fiber 

content, including type I collagen.

2.1.1. Hyaline Cartilage

Of the cartilage subtypes described, the hyaline cartilage of the arthritic 
articular surfaces is the most frequent and best characterized [1,33]. In the 
mammalian kingdom, the hyaline cartilage constitutes the embryonic models 
of the endochondral bones and portions of the laryngeal cartilage; the elastic 
cartilage is composed of the pinna, larynx, epiglottis and intervertebral discs 
[3,31,34].

Hyaline cartilage is the cartilaginous tissue most abundant in the human 
body and is characterized by having a bluish hue and is opalescent. The 
ventral elements of the ribs, the trachea and the bronchial tree also exist on 
the articular surface ofthe bones [2]. 

In bones, osteons are the basic structural unit of compact bone; similarly, in 
the cartilage, there are basic structures known as chondrons A chondroma 
consists of a chondrocyte nest and its collective pericellular matrix [3, 35].

In the research carried out by C. Anthony Poole and his team in Auckland, 
New Zealand, they analysed in detail the characteristics and properties of 
the chondrons in the last two decades. The results of the extensive analysis 
of these basic structures allow us to state today that [35, 36]:

•	 Pericellular capsules of fine fibrils are characterized by deep but not 
superficial canine tibial articular cartilage;

•	 Adult human articular cartilage contains similar chondrones;
•	 Chondrones can be physically isolated as intact structural units;
•	 Chondrones are rich in proteoglycans;
•	 Type VI collagen is present in the pericellular capsule of isolated canine 

tibial chondrones, which suggests that chondrones resist loading in 
dynamic compression; and 

•	 Chondrones isolated from human or canine osteoarthritic cartilage are 
defective in collagen and proteoglycan.
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It is believed that the diversity of growth mechanisms explains the success of
cartilage as an embryonic skeletal tissue. In contrast to the bone that grows
only appositive, the growth of cartilage is both internal by the proliferation
of chondroblasts/chondrocytes and deposition of the extracellular matrix, as
appositive by joining to the surfaces of the cartilage. The cartilage is an ideal
tissue that can resist the compression caused by the large volumes of fluid
mixed through cartilaginous matrices. This property increases its usefulness
in growing organisms and makes it an ideal tissue to join and lubricate
human surfaces [3].

2.1.2. Elastic Cartilage

Another type of cartilage mentioned is elastic cartilage, found in areas of the
outer ear, the Eustachian tube, the epiglottis and parts of the larynx. lt fulfills
the function of guaranteeing the permeability of the luminaire of the tubes
that are surrounded by this variety of cartilage. In the elastic cartilage, the
cells that deposit extracellular matrices rich in elastin form a recognizable
subset, allowing to identify the said cartilage [2].

The presence of elastic fibers and elastin has been observed in cartilage, bones
and joints through the use of specific histochemical and immunohistochemical
procedures. The presence of a certain amount of elastic fibers in some
cartilages leads to it being called histologically a elastic cartilage, and the
cartilaginous elements as elastic cartilages. Compared with hyaline cartilage,
an elastic cartilage is typically more cellular and the chondrocytes that form
this cartilage, although they have a similar cytomorphology, are completely
randomized [1-3,32].

The distribution of the elastic fibers is very variable depending on the type
of cartilage in which they are found. In the joints, they can be found in the
fibrous articular tissue; while in the hyaline and fibrous cartilages, they are
observed in the fibrous perichondria. In bones, the outer fibrous layer of the
periosteum has elastic fibers in its structure; however, they are not found in
the inner cellular (cambial) layer [2,3,32,37,38].

With a routine H&E histological technique, elastin fibers can be identified by
the amorphous blue tone that is distinct from the vitreous appearance of the
hyaline cartilage. However, these fibers can best be identified with a special
histochemical technique using silver-based stains [1].

2.1.3. Fibrous Cartilage

The fibrous cartilage also referred to as fibrous-elastic cartilage is organized
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in such a way that the concentric layers of fibrous tissue overlap the surface 
when viewed from the upward direction. The matrix that composes it is 
more fibrillar and eosinophilic than that of the hyaline cartilage and the chon-
drocytes present are smaller and distributed randomly. A trichrome stain, 
which dyes the collagen in deep blue color while staining the cytoplasm and 
other red-colored proteins, is useful to demonstrate the extensive unidirec-
tional arrangement of collagen that imparts resistance to tensile forces. It is 
found in different places such as the meniscus of the knee and labrum of the 
shoulder and hip joints, but the fibrous annulus of the intervertebral disc 
represents the most prevalent fibrocartilage in the human body [1,33].

2.2. Cartilage Cells: Chondrocytes

Chondrocytes are specialized and isolated cells, which produce and maintain 
the ECM of cartilage; they occupy only 5% of the matrix [39]. Depending on the 
area of the cartilage in which they are found, they have different shapes and 
sizes, as well as a diverse metabolic activity, which is conditioned by the unique 
physiological and mechanical environment in which they develop [16,40].

Biological processes that are important for homeostasis and cartilage repair 
to occur, including cell attachment, growth, differentiation and survival are 
regulated by the interactions between chondrocytes and the ECM. The cell 
-matrix interactions linked to the regulation of these processes are mediated 
by different molecules, among them, the integrin family of cell surface 
receptors seems to play an important role [41].

2.3. Extracellular Matrix

Although it has been reiterated that cartilage is a complex tissue, its natural 
division is simple: cells (chondrocytes) + ECM. The cartilage, the collagen 
that forms it and the rest of the components are suspended or dissolved 
in the fluid that constitutes the extracellular matrix. In connective tissues, 
the ECM is formed by a threedimensional crosslinked network of insoluble 
collagen fibers which carries other components such as proteoglycans and 
glycoproteins that are more soluble and can be entangled, integrated or even 
chemically bound in it [29,42].

2.3.1. Collagens

The proteins that form a triple helix characteristic of three polypeptide chains 
are called “collagen”; the family of collagens that make up the extracellular 
matrix form these supramolecular structures, although their size, function, 
and tissue distribution vary considerably [42]. 
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Collagen type II is predominant. Its polymers are the fibrils that form the 
basic framework of the tissue. Of the less abundant collagen species in 
cartilage, types IX and XI are, like type II collagen, specific to cartilage. 
Knowledge of the molecular mechanisms by which collagen architecture 
is established by chondrocytes, remodeled during life and irreversibly 
damaged in joint disease, is essential to understand the pathogenesis 
of osteoarthritis [23]. The main characteristics of these components are 
[2,43]:

•	 Collagen Type ll (Mw = 425 kDa): Triple-helical glycoprotein has a 
fibrillar molecule with a periodicity of 67 nm. It is a predominantly 
occurring collagen of cartilage and intervertebral disc, has tensile 
strength, supports chondrocyte adhesion and induces phenotypic 
differentiation of cells.

•	 Collagen Type IX (Mw = 222 kDa): Disulphide-bonded heterodimer. It is 
present in cartilage and intervertebral disc. It bridges collagen fibrils with 
other macromolecules, associates with the surface of type II collagen and 
participates in the formation of type II collagen.

•	 Collagen Type XI (Mw = 545 kDa): Minor fibrillar collagen. It forms 
heterotypic fibrils with type II and IX collagens. It is predominantly present 
in cartilaginous tissue and also expressed by non-chondrogenic tissues.

The other collagens (Type VI, X, XII and XIV), being minimum in the hyaline 
cartilage, are part of the macro- and microfibrils cross-linked on the surface 
to provide structural support to the cartilage [2,44].

Collagen type III is consistently detected by immunofluorescence in samples 
of normal and osteoarthritic human articular cartilage and it is used as a 
reference to evaluate possible osteoarthritis because of its ability to cross-
link and increase the concentration on the surface and upper middle zone 
and also to be synthesized by the chondrocytes in the absence of collagen I 
expression [26,45,46].

2.3.2. Proteoglycans

In the composition of the articular cartilage, there is a great variety of 
non-collagen proteins and polysaccharides that vary in their availability and 
structure according to the anatomical site or the age of the person. Many of 
the molecules are proteoglycans, which carry chains of glycosaminoglycans, 
while others are glycoproteins or even non-glycosylated proteins. Among the 
noncollagen proteins, aggrecan is of great importance. The high content of 
aggrecan in the extracellular matrix of cartilage is responsible for the unique 
ability of the tissue to resist compression in a specialized manner [2,44,47].
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Additionally, human cartilage contains three dermatan sulfate proteoglycans 
and two potential keratan sulfate proteoglycans. The presence of the above-
mentioned ECM’s proteins in articular cartilage is important for normal 
articular cartilage function. The extracellular matrix of other cartilage types 
contains numerous other proteins (e.g. cartilage matrix protein) that are 
neither collagens nor proteoglycans, and several of these are thought to 
play a structural role in the matrix. Of special relevance to cartilage tissue is 
hyaluronan and S-100 [2,3, 16,39,48]. The most important proteoglycans are 
as follows [2, 44]:

•	 Aggrecan (Mw = 205 kDa): Large chondroitin sulphate proteoglycan. 
It comprises chondroitin sulphate (87%), keratan sulphate (6%) and 
cartilage dry weight (10%). It is not found in bones and interacts with 
hyaluronan. It has a large number of fixed negatively charged side 
groups and is responsible for high osmotic pressure. lts primary role is 
to swell and hydrate the collagen framework.

•	 Link Protein (Mw = 45 kDa): Glycoprotein. It binds to aggrecan and 
hyaluronan.

•	 Matrix Gla Protein (Mw = 12 kDa): Glycoprotein. It is present in bone 
and cartilage and acts as an inhibitor of calcification.

•	 Biglycan: lt is predominantly present in small proteoglycan of cartilage 
and leucine-rich proteoglycan. lt is relatively abundant in the bone 
mineral compartment.

•	 Fibromodulin (Mw = 42 kDa): Small chondroitin sulphate/dermatan 
sulphate proteoglycan. lt is found in a variety of tissues and abundant 
in cartilage. It compromises 0.1-0.3% of cartilage wet weight. It binds 
to type I and II collagen in vitro and inhibits collagen fibrillogenesis in 
vitro.

•	 Cartilage Matrix Protein (MW = 54 kDa): Disulphidebonded multimer. 
lt is a major component of non-articular cartilage and is present mostly 
in tracheal (5% wet weight), nasal, and epiphyseal cartilage. 

•	 Hyaluronan (0.1 < Mw < 1 MDa): High molecular mass polysaccharide. lt 
is found in the copolymer of glucuronic acid and N-acetylglucosamine. 
lt is present in a number of tissues. It is synthesized in the plasma 
membrane of cells and catabolized preferentially at local sites. It plays 
an important role during tissue development and differentiation and 
is used for water and plasma protein homeostasis (49].

•	 S 100 protein (Mw = 21 kDa): Acidic calcium-binding protein. It is 
present in various conformations. It modulates a wide range of cellular 
processes and is used as a chondrocyte marker protein. It distinguishes 
cartilage from bone tissue.
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2.4. Structure of the Cartilage

Cartilage is one of the most fascinating areas of the human body when it 
comes to analyzing its three-dimensional structure. Still undecided between 
pointing three or four layers when making a cross section, most of the 
researchers in this field prepare scaffolds with three layers in which the 
deepest layer is always doped with a bioactive inorganic filler that provides 
separation in two layers: the deep and the subchondral layer (50-52).

The boundary between the first three zones of the cartilage is established 
arbitrarily according to the changes observed in the morphology, position 
and distribution of the components of the matrix. However, the deep and 
calcified zones are separated by a distinct mineralization front known as the 
tidemark. The tidemark is a unique histological feature of articular cartilage 
and is not present in other hyaline cartilage [1]. At the microscopic levels, 
it varies significantly in depth and can be separated into four imprecisely 
defined zones [7,16,44]:

•	 superficial,
•	 transitional or middle,
•	 deep zone,
•	 calcified or subchondral

The superficial zone is formed by two layers, the upper layer is composed of 
fine fibrils with some polysaccharides and the other layer almost completely 
lacks chondrocytes that cover the surface of the joint. lt is a highly important 
area in resistance to tensile forces that are generated during the deformation 
of the surface under load [53]. The damage in its structure can contribute 
to the development of osteoarthritis by changing the mechanical behavior 
and possibly releasing molecules that stimulate an immune or inflammatory 
response [16,54].

The transition zone is larger than the superficial zone and differs in terms 
of cellularity and organization. The chondrocytes of this zone are more 
spheroidal, they have a lower density and are embedded in an extensive 
extracellular matrix. The concentration of proteoglycans is higher and the 
collagen fibrils are larger in diameter and are arranged in a more random 
way [54].

In the deep zone, the cells are distributed perpendicular to the surface 
and their shape is more rounded. This zone contains the largest diameter 
collagen fibrils, located equally perpendicular to the surface, and the highest 
concentration of proteoglycans (Fig. 1) [16,44,55].
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Fig. 1 - Structure and different zones ofthe normal cartilage tissue.

3. CARTILAGE DAMAGE

When considering joint damage, whether it is on shoulders, elbows, hips 
or knees, the first word that comes to mind is osteoarthritis, probably the 
commonly known of all the pathologies related to this type of tissue. OA 
remains a public health problem of global importance, as outlined in several 
reports found at international academic and health database [57-62]. To 
mention some numbers, OA affects approximately 18% of women and 10% 
of men over 60 years of age. This represents a total of 240 million people, 
who carry considerable morbidity, including disability and a low-quality 
life. It also highlights the lack of effective treatment strateg ies in this 
common chron ic condition [61,62]. In fact, there are currently no approved 
medications that can prevent, stop or even restrict the progression of OA. 
In addition, available medications that promise to alleviate OA pain have a 
number of risk/benefit considerations [62].

3.1. Osteoarthritis

Normally, every specialist defends his/her field as of supreme importance, 
for improving humans’ life quality and increasing their life expectancy, 
but osteoarthritis and diabetes mellitus are probably the most immediate 
challenges of medical and biomedical research in the 21st century. And it 
is said precisely because there are more possibilities of finding a treatment 
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for above mentioned diseases than for example cancer, acquired immune 
deficiency syndrome (AIDS), and other important series of pathologies 
which will require atake much longer time to find their cure.

Historically, OA has been defined as non-inflammatory degenerative arthritis 
with loss of cartilage and narrowing of the joint space. “Wear” arthritis is a 
commonly used phrase [58]. However, currently, this definition is obsolete 
since OA is a multifactorial and highly complex disease that involves the 
entire synovial joint, which includes the cartilage, the synovium and the 
underlying bone, of which there is still much to be identified in terms of the 
mechanisms underlying the incidence and the progression. The risk factors 
known are diverse, however, some, such as obesity and joint injuries, can be 
mitigated by reducing the impact of the disease [63]. OA can be of primary or 
secondary type according to how joint damage occurs. If it occurs without an 
inciting cause, it is of the primary type, whereas, if it occurs due to trauma, 
infection, metabolic, inflammatory or other diseases, it is secondary in nature 
[58, 64). Trends in OA from 1990 to 2013 showed an increase of 75%, the third 
one is most commonly associated with disability, following diabetes at 135% 
and dementia at 84% [62].

In all the countries where the economic burden represented by arthritis 
for patients and society has been estimated, the results have shown high 
values. In the US, the total cost attributable to arthritis and other rheumatic 
conditions in 2003 was approximately $128 billion, equivalent to 1.2% of the 
country’s gross domestic product at that time. In 2009, the US reported that 
costs due to hospital expenditures of total knee and hip joint replacements 
were $ 28.5 billion and $ 13.7 billion, respectively. 

Following the sequence in this same country, the total expenses in medical 
care and earnings losses were attributable to arthritis in 2013 of $ 303.5 
billion, representing 1% of the gross domestic product of the United States 
in that year. The increase in figures observed over a period of 10 years 
is significant, which demonstrates the high personal and social impact of 
arthritis [63,65-67].

Taking the United States as an example, according to the numbers 
reported, OA affects more than 27 million Americans, approximately 
15% of the population, and contributes some 12 million visits per year to 
hospitals and health centers, demonstrating that it is the most common 
joint disease in this population. The values are expected to continue 
rising, mainly due to population aging and not only in the United States 
[63,65,66].
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OA can be defined pathologically, radiographically or clinically. Due to the 
ease of standardization and acquisition, radiography is often used as the 
standard for defining the presence and severity of OA using the Kellgren and 
Lawrence (KL) grading system [64,68,69]. This system scales OA severity on 
a scale of 0-4 with >2 defining radiographic OA.

The following three stages are usually recognized for the purpose of identifying 
the burden of disease from the previous radiographic evaluation [69-71]. 

•	 Mild: Kellgren & Lawrence X-ray grade O (none) or 1 (doubtful).
•	 	Moderate: Kellgren & Lawrence X-ray grade 2 (minimal) or 3 (moderate).
•	 	Severe: Kellgren & Lawrence X-ray grade 4 (severe).

The X-rays, despite being a quite old technique with extensive usage, are not 
available in all parts of the world, so a staging system based on symptoms and 
physical findings would be preferable. Unfortunately, no such instrument 
has been validated. Systems such as the Joint Alignment and Motion Scale 
[72], which uses joint mobility and alignment for the clinical staging of 
osteoarthritis, could be adapted to, but reproducibility is poor and their 
impact on patients is uncertain [70].

3.1.1. Incidence and Prevalence of OA

It is good to clarify that the estimation of the incidence of osteoarthritis is 
very complex. The symptoms of the disease, widely discussed and accepted, 
depend in part on patient referrals before radiographic evaluations or medical 
criteria that indicate the possible existence of the disease. The symptoms are 
nonspecific and the clinical definition of OA has not been established yet 
with total success. Two of the symptoms that occur in any damaged joint are 
pain in the first instance and inflation [70]. The clinical variants associated 
with the complexity of symptoms shown by a person with OA are dissimilar, 
including generalized primary osteoarthritis, erosive inflammatory arthrosis, 
diffuse idiopathic skeletal hyperostosis and chondromalacia patellae.

OA is a complex response of joint tissues to aging, as well as to genetic and 
environmental factors. The OA’s pathogenesis includes the contribution of 
biomechanical and metabolic factors which, altering the tissue homeostasis 
of articular cartilage and subchondral bone, determine the predominance 
of destructive over productive processes [73]. Due to several factors such 
as population growth and aging, the increase in overweight and obesity 
worldwide, as well as the absence of drugs that can cure or modify the 
progression of the disease, an increase in the prevalence of the disease is 
expected [60,74].
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The prevalence of OA can vary between countries, regions, according to 
their socioeconomic status and the site of the affected joint. For example, hip 
OA is less frequent in South-east Asian populations compared to Caucasian 
populations; however, knee OA is more prevalent in black people than in 
Caucasians. In developed countries, population groups with lower income 
have a higher incidence of osteoarthritis compared to people who receive 
a higher income, possibly due to factors such as inadequate eating habits 
that increase obesity and other conditions that constitute risk factors of this 
disease [62,70].

3.1.2. Classification of OA

One of the ways to classify the type of OA is related to the factors that lead 
to damage and loss of articular cartilage. When the disease develops due to 
aging and is not related to systemic factors or certain clinical erosive and 
hereditary subsets, it is called primary or idiopathic OA. However, when 
other factors of higher incidence such as endocrine-metabolic, inflammatory 
or hereditary disorders are evident, it is defined as secondary OA, although 
age may be a contributing factor, it is not the cause of the highest incidence 
[75].

Currently, with respect to the etiopathogenesis of OA, there are two main 
categories. The first includes damage caused by common abnormalities of 
weight load or load transmission through the joint, either in terms of the 
distribution of load forces or intensity of such forces. In this category, the 
rheological properties of the cartilage and the joint capsules are considered 
normal. Acetabular dysplasias or Legg-Calvé-Perthes disease could be 
mentioned within this group. The second category includes groups whose 
damages are associated with factors that involve abnormal rheological 
properties of the joints for example; it can show the cartilage in which deposits 
of metabolites damage the matrix, as it occurs in hemochromatosis and 
ochronosis. As the additional causes of failure are better understood, more 
cases of osteoarthritis are included in this second category of etiology [75].

3.1.3. Risk Factorsfor OA

The risk factors in OA are diverse and mostly conditioned by the aging process 
of human beings. lt is one of the causes that qualify OA as the disease of old 
age. But other factors are recognized like sex, trauma, genetics and obesity 
[58]. Without an apparent solution, it is a challenge to improve the quality 
of life with this disease. Hence, it is important to know the fundamental risk 
factors to keep them under control and delay or prevent the occurrence of 
OA as much as possible.
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•	 Age: Age is the risk factor with the highest incidence for the development 
of OA. The time during which a joint is under stress is not the only 
cause that leads to OA, but a large number of age-related influencing 
factors [76]. Biomechanics can be altered due to muscular atrophy and 
the redistribution of forces that accompany it leads to the degradation of 
the cartilage. The biochemical changes that occur throughout the body 
with the advance of age is one of the factors that alter the structure and 
composition of cartilage the most [58,64,76]. On the other hand, because of 
the increase in calcification and crystal formation within the joint tissues 
that occurs with increasing age, the association of calcium pyrophosphate 
with the presence of osteoarthritis has been well established by 
radiographic techniques [77,78].

•	 Genetic factors: The genetic contribution to the development of OA has 
been estimated to range between 40% and 80%, and a part of the incidence 
of early OA shows Mendelian inheritance [79]. Evaluating genetic 
contribution to common OA has led to the identification of 17 loci [80]. 
The combination of environmental factors with genetic predispositions 
probably contributes to OA development. Hereditary contributions 
associated with the development of OA include the bone shape, the 
superficial area and thickness of the cartilage [58, 79]. Other molecular 
mechanisms associated with the disease are still under study, like the 
role of epigenetics, such as DNA methylation and the role of noncoding 
RNAs [58,79,80]. The advancement in knowledge to better understand 
these processes will allow the development of new therapies directed by 
genes [57,58,64,78-80].

•	 Sex: Women have a higher prevalence and severity of OA compared to 
men, with a higher incidence in women who are in the postmenopausal 
period [78,81]. Due to this difference in gender and the accelerated onset 
of the disease in postmenopausal women, it has been considered that 
estrogen plays an important role in the development of OA; however, the 
results provided by clinical trials are contradictory [58,81]. Anatomical 
differences have also been observed between men and women. In many 
cases, women have a thinner base cartilage. An additional risk factor is 
a high number of anterior cruciate ligament (ACL) injuries suffered by 
women as compared to men [58,63,78,82,83].

•	 Physical Activity and Occupation: Although practicing sports and 
maintaining a constant physical activity is beneficial to cater health 
issues, doing it inappropriately can be harmful. In the case of joints, the 
strengthening of the periarticular muscles to help stabilize the joint is of 
great benefit to the joint as long as it does not have an undue burden on 
it implying a detrimental effect [64]. Performing intense sports activities 
usually affects joints in the long term. In a study conducted on soccer 
players, approximately 80% of those who had suffered an ACL injury 
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showed radiographic evidence of OA 15 years later [82]. The occupation of 
an individual is also a risk factor since there are occupations in which the 
workers are exposed to repetitive joint stress. For example, carpenters and 
dockworkers experience knee OA more frequently; a professional athlete 
experiences more specific degeneration of the joint than their recreational 
counterparts [58, 64]. Each joint has its characteristics and its repetitive 
use when doing a job has been associated with an increased risk of OA. 
Individuals whose occupations demand them to squat or kneel have a 
double risk of developing the disease; it has greater incidence in individuals 
who also have to carry or lift weights and in those who are overweight [64]. 
The presence of hip OA has also been associated with prolonged positioning 
and lifting [84]. On the other hand, hand OA manifests more in people who 
have occupations that require more manual dexterity [85].

•	 Obesity: Among ali the risk factors, obesity represents one of the most 
frequent and important factors in OA of peripheral joints, such as the 
knee and the hip. In conjunction with age, obesity is one of the risk factors 
for the greatest increase globally, which is why it is expected that knee OA 
will affect more people in the future. A recent meta-analysis found that 
a dose-response relationship exists between obesity and the risk of knee 
OA [86]. The relationship between body weight and hip OA, however, is 
inconsistent and weaker than that for knee OA [83].

•	 Other factors: There are many evidences to show that the biochemistry 
(cells and chemical components) of the human body plays a fundamental 
role in the progression of OA. In fact, it can influence in a localized way 
causing the advancement of the disease either in different joints according 
to the concentrations of substances in the biological fluids that have 
contact with these joints [61,64,87]. The reactive oxygen species that play 
a fundamental role in the development of oxidative stress in the body 
can accumulate in the joints with age and cause cartilage damage. When 
vitamin D is low in the body, it can increase the incidence and progression 
of osteoarthritis of the knee and hip [78]. Finally, we can conclude at 
this point that the risk factors are diverse, each with an incidence in the 
different joints of the body and that in most cases, the development of the 
disease is conditioned by more than one factor. It should be noted that 
age is possibly the most important factor since, due to dissimilar causes, 
the number of people in the older age groups is increasing. On one hand, 
the development of science and medicine has allowed the reduction of 
mortality due to infectious and viral transmission diseases, with which 
people reach more advanced ages. Bearing in mind that musculoskeletal 
disorders are the most frequent causes of physical disability, at least in 
developed countries and that the prevalence of many musculoskeletal 
disorders increases with age, the likely result is that there will be an 
increase in the number of people with disabilities [62,70].
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4. CURRENT TREATMENT METHODS FOR CARTILAGE INJURIES

The current reality states that the cure of OA is not only a chimera but one of 
the greatest challenges to humanity and the sciences in general. The increase 
in life expectancy and the natural tendency of human beings to risk as part 
of its nature will continue to affect the prevalence and incidence of this 
disease in the coming years. Despite the increasing comprehension of OA 
pathogenesis, available therapies are focused on symptom control and, if 
severe enough, joint replacement. In an age of biologics and small molecule 
inhibitors for the management of other rheumatic diseases, osteoarthritis 
sufferers are still limited in their choice of treatments, and the available 
options are not disease modifying (58].

4.1. Treatments for Cartilage Lesions

There are currently many palliative treatments for osteoarthritis, 
but modern science does not rest trying to find the definitive cure, or 
to improve the effectiveness of existing treatments. Among the most 
widespread techniques and procedures for the repair or regeneration 
of articular cartilage are microfracture, mosaicplasty, autologous 
chondrocyte implantation (ACI) and the matrix-induced autologous 
chondrocyte implants (MACI).

4.1.1. Microfracture

In the microfracture procedure, developed in 1997 by Steadman, an exposed 
subchondral bone undergoes small microfractures to achieve localized 
bleeding that improves chondral renewal [7,88]. The clinical results of 
this repair technique, which also introduces cells into the joint, are often 
unpredictable since the new tissue that forms can be a fibrocartilage tissue 
that degenerates over time [52,89]. 

The microfracture technique could said to be like a combination therapy 
which takes advantage of the natural condition of migration of pluripotent 
progenitor cells to damaged areas with the fact that the damages are caused 
manually by microfracture [56,90].

The clinical results that are achieved with microfracture will depend, among 
other factors, on the size of the defect and the age of the patient. According to 
a long-term study in patients with deep subchondral defects, microfracture 
therapy produced pain relief and restored knee function in 75% of treated 
individuals [91]. Despite the high percentage of satisfactory results that 
are achieved in the initial time after the procedure, it has been shown that 
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after approximately 2 years, the clinical results begin to decrease mainly in 
elderly patients [92]. The major drawbacks of microfracture include the poor 
biomechanical nature of the repair tissue, partial defect filling, and abnormal 
bone growth in the lesion area [91,92].

4.1.2. Mosaicplasty

The mosaicplasty technique was described in 1993 by Matsusue and is a 
procedure that is performed in one stage but consists of three steps. lt is an 
arthroscopic procedure indicated on focal and osteochondral focal defects 
of small and medium size of the femoral condyle. Although the long-term 
effects have not been thoroughly evaluated, it has been shown that the graft 
material remains for a short time and that the clinical result shows pain relief 
and improvement of joint function [94].

Like all surgical procedures mosaicplasty has some drawbacks: first, 
disability can occur as a result of removal of the graft in the joint despite the 
fact that the donor site has no support surface (i.e., donor site morbidity); 
second, the orientation of the graft in the receptor site, necessary to restore 
the contour of the femoral condyle is not easily achieved; third, the marginal 
death of chondrocytes can lead to graft degeneration and, subsequently, 
to graft failure; finally, there is a risk that the cartilage and bone collapse 
[7,52,93,94].

4.1.3. Autologous Chondrocyte lmplantation (ACl)

The autologous chondrocyte implantation is a first-generation cell therapy 
that constitutes an alternative to treat symptomatic osteochondral defects 
using a combination of a periosteal patch with suspended autologous 
cultured chondrocytes. Specifically, the ACI technique consists of seeding 
autologous chondrocytes in ex vivo scaffolds prior to their placement in vivo 
in the damaged area. More than 30 years ago, the first patient received an 
implant with cultured autologous chondrocytes and since then the new 
cellular therapies that have arisen with the aim of repairing the cartilage are 
not similar [95,96].

Like the therapies mentioned earlier in this document, ACI is used to relieve 
pain and restore the function of knees affected by chondral or osteochondral 
defects using a two-staged cell-based procedure [97]. The injection of the 
chondrocytes into the defective area should aid cellular adhesion and fill in 
the defect and in theory [93], could produce hyaline-like cartilage rather than 
fibrocartilage, with subsequent improvement in clinical outcomes [92,93]. 
Due to the repeated and recognized lack of nerves and nutrients in the 
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cartilage, this is one of the most commonly used and successful techniques 
of all the variants used in modern surgery.

4.1.4. Matrix-induced Autologous Chondrocyte Implantation (MACI)

Matrix-induced autologous chondrocyte implants are one of the 
so-called third generation cell therapies developed in response to 
the demand for transartroscopic procedures, which is based on the 
seeding of autologous cultured chondrocytes in a type VIII collagen 
membrane manufactured from porcine peritoneal tissue, before 
implantation in a chondral defect. These membranes are engineered to 
promote chondrocyte infiltration, on one hand, and low friction, on the 
other hand. It is a technique similar to ACI that requires two surgical 
procedures and the clinical results show that it is possible to repair the 
articular cartilage. Although MACI is technically attractive in terms of 
reproducibility, safety, surgical simplicity and reducing invasiveness 
and intraoperative time, the expense of the technique warrants further 
investigation [95,98-100].

MACI is an evolution of Carticel (autologous cultured chondrocytes, 
Genzyme Biosurgery), the only cell therapy for cartilage repair currently 
available in the United States. Furthermore, the MACI procedure has 
been widely adopted in routine orthopaedic practice, with the most 
clinical experience outside the United States (more than 10 000 implants 
since the end of the last millennium); the majority of the clinical, 
histologic, arthroscopic, and magnetic resonance imaging (MRI) data 
are published from studies conducted in Europe and Australia. Finally, 
the MACI technique is the only third generation cell carrier that is 
currently being evaluated in a randomized, controlled trial to meet 
European regulations for marketing approval and, potentially, those of 
other countries [95,99].

5. BIOMATERIALS FOR CARTILAGE TISSUE ENGINEERING

From the beginning, biomaterials have been conceptual, theoretical and 
practically the best solutions that science has found to repair or restore any 
malfunction of the human organism. But precisely because the cartilaginous 
tissue is one of the most complex tissues to achieve success in these tasks, 
due to its mentioned avascularity, aneurality, small number of cells and lack 
of nutrients, it has become a real “double” challenge. lt must be remembered 
that biomaterials are a science of commitment. When you want to maximize 
a property, it is done regularly sacrificing the values of others. Then, the 
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application becomes a determinant to choose properly what property must 
be improved.

Throughout history, a biomaterial has been described by several authors as 
‘any material used to manufacture devices to replace a part or function of the 
body in a safe, reliable, economically and physiologically acceptable way’ or 
‘a synthetic material used to replace part of a living system or to function in 
intimate contact with living tissue [101]. 

More recently, a formal definition established by the Clemson University 
Advisory Board for Biomaterials is: “a biomaterial is a systemically and 
pharmacologically inert substance designed for implantation within or 
incorporation with living systems” These descriptions add to the many 
ways of looking at the same concept but expressing it in different ways. The 
variety of devices and materials that are currently used as biomaterials for 
the treatment of diseases and injuries is very extensive, among the most 
common, we have sutures, dental fillings, catheters, coronary stents, bone 
plates, etc. lt is important to emphasize that the term ‘biomaterial’ should not 
be confused with biological materials which are materials like bone, skin or 
artery produced by a biological system [102].

Because the ultimate goal of using biomaterials is to improve human 
health by restoring the function of natural living tissues and organs in the 
body, it is essential to understand the relationships among the properties, 
functions, and structures of biological materials. Thus, three aspects of 
the study on the subject of biomaterials can be envisioned: biological 
materials, implant materials, and interaction between the two in the body 
[101,102].

5.1. Nanobiomaterials for Cartilage Tissue Engineering

Research in the field of nanobiomaterials has gained great interest in 
dissimilar applications; its potential to modulate cellular behavior has 
led to a vertiginous increase in research in the orthopedic domain [103]. 
Tissue engineering needs an interdisciplinary knowledge base, since it is 
required, on one hand, to understand the processes of cell proliferation and 
differentiation and also to know about the science of substrate materials or 
the scaffolding materials used in tissue culture or organs [101].

The objective pursued by tissue engineering is the development of 
substitutes for functional tissues with which damaged organs and tissues 
can be reconstructed. In the design of a tissue construction, a biomaterial 
whose characteristics simulate those of an EMC is used and, in addition, cells 
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that improve tissue developmeat are generally seeded. Recently, it has been 
recognized that nanobiomaterials play a central role in tissue engineering, as 
they can better support tissue regeneration (Fig. 2) [104].

Fig. 2 - Different kinds of nanocarriers for drug delivery/tissue engineering in osteoarthritis 
treatment

In the remainder of this review, the authors provide a broad view on the 
possible solutions based on the engineering of cartilage tissue to treat OA; 
its fundamental objective is targeting polymeric nanobiomaterials as a 
platform to deliver supporting cells, nutrients, and growth factors among 
other important and possible components to restore the articular cartilage.

5.1.1. Nanoparticles

Cartilage homeostasis is altered during arthritis due to the inflammatory 
processes that occur in the joint tissues because of the damage [105]. It 
has been reported that the diseased chondrocytes that are found inside 
the cartilage produce inflammatory cytokines which have an important 
role in the progression of OA [105,106]. Therefore, to achieve an effective 
treatment, it is necessary that the therapeutic molecules reach those damaged 
chondrocytes located inside the cartilage [107]. Currently, for the treatment 
of OA, various steroidal and non-steroidal anti-inflammatmy drugs are used, 
the size of which varies from 0.5 nm up to 6 nm. lt is of interest to develop 
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larger systems for new therapies [l08, 109]. Some arthritic diseases such as 
rheumatoid arthritis have been treated effectively with large therapeutic 
antibodies, but these antibodies have not yet been evaluated in the treatment 
of OA [110]. Because of the wide variation in size of potential therapeutics 
(0.5 nm < hydrodynamic radii < 6 nm), understanding how molecular 
transport occurs within highly heterogeneous cartilage is important to 
the design of future therapies [111].

The scientific literature of the last decades describes widely the properties 
of nanoparticles (NPs). Based on this, there are different parameters 
that can be manipulated to improve the efficiency of carriers, such as 
chemical composition, surface modification and the use of director 
ligands, physical properties among others [14]. 

The properties of the nanoscale are very specific to its inherent condition 
of small size, for example, the surface area to volume ratio increases, 
which implies that the reactivity of the surface increases as well; the load 
capacity of the drug, bioavailability and the release of charged bioactive 
agents also increase. The small size affects the transport properties since 
they are structures that can penetrate the tissues through the capillaries 
and the epithelial lining increasing the diffusivity and biodistribution, 
with which the targeting capacity of the therapeutic agents towards the 
target cells is more efficient [112].

The nanoparticles used in the administration of drugs for therapy or 
for diagnosis are colloidal solids that vary in size from 2 nm to 1000 
nm. However, particles larger than 200 nm are not widely used because 
they can activate the immune system. The materials and technologies 
that have been used for the construction of drug releasing nanosystems 
are very diverse, but they can be classified in a very general way in 
2 large groups: a) Organic nanostructures, the group of the polymeric 
materials where the nanospheres, nanocapsules, micelles, liposomes, 
dendrimers and polymer-drug conjugates are constructed; b) lnorganic 
nanostructures in which metal oxide nanoparticles, mesoporous silica 
nanoparticles and carbon nanotubes are grouped [113,114].

Nanomaterials are used for therapy of diseases through several ways 
such as targeted drug/gene delivery approaches and induction of 
damaged tissues regeneration. For targeted drug delivery, it can be 
used as targeting molecules, carrier systems, or the bioactive drug 
itself. On the other hand, nanomaterials research for drug delivery 
has focused mostly on developing carrier systems such as liposomes, 
polymeric nanoparticles, or metal-based nanoparticles. Although small-



581985-L-sub01-bw-Garcia581985-L-sub01-bw-Garcia581985-L-sub01-bw-Garcia581985-L-sub01-bw-Garcia
Processed on: 31-8-2022Processed on: 31-8-2022Processed on: 31-8-2022Processed on: 31-8-2022 PDF page: 47PDF page: 47PDF page: 47PDF page: 47

47

Targeting Polymeric Nanobiomaterials as a Platform for Cartilage Tissue Engineering

molecule drugs are the most commonly used therapeutics for drug 
delivery approaches, there have been serious advances in producing 
tailored nanomaterial drugs, mostly in the form of small peptides or 
their conjugates [115].

The highly hydrated condition of hydrogels and their poor mechanical 
properties are cha llenges for in vitro and in vivo studies. To overcome 
these limitations, combinations of both materials are a highly attractive 
approach [116]. The application of hydrogel may be better if a nanomaterial 
is inserted in the hydrogel’s matrix. Therefore, current studies have led to 
the development of nanocomposite hydrogels [117]. 

Nanoparticles, being organic/ polymeric and inorganic such as 
hydroxyapatite, clay, graphene and metallic nanoparticles can be used as 
fillers to reinforce the hydrogel matrix [118]. lndeed, nanoparticles have a 
higher surface area to volume ratios, which increase the surface reactivity, 
the release of loaded bioactive agents, bioavailability and have superior 
mechanical properties. Also, due to their ability to penetrate tissues through 
capillaries and epithelial lining, they improve transport properties and a 
more efficient delivery of therapeutic agents to target cells [119-121]. 
Nanoparticles in comparison to microparticles have many advantages. For 
example, when particles are embedded into the polymeric matrix during 
the crosslinking of a scaffold, they have more homogeneous distribution 
and much more particles are available for the same equivalent weight of 
carriers [122,123].

The drug carriers comprise soluble synthetic polymers, biodegradable 
liposomes, micro/nanoparticle, nanofibers, dendrimers, and micelles. 
Nanoparticles derived from poly(lactic-co-glycolic) acid (PLGA), 
polyglycolic acid (PGA), and polylactic acid (PLA) are commonly applied 
biomaterials for delivering osteoinductive factors, plasmid DNA (for gene 
therapy), or anti-inflammatory drugs to enhance bone tissue regeneration. 
Even some hydrophobic polymers normally are not used for their low 
interaction with fluids, which greatly hinders the possible release of active or 
biological ingredients, they are used poly(tetraethylene glycol methacrylate) 
or poly(methyl methacrylate). The size of a molecule plays a significant role 
in effective drug delivery to the target site [12,14,112,124-130].

Altering the surface topography of implants at the nanoscale is another 
way to modify the current materials [56]. Nanoparticles, nanodots, 
or even nanoscale grooves have been engineered onto scaffolds using 
nanolithography to promote cell attachment to scaffold matrices [131]. 
Similarly, cell-adhesive peptides can be bound to surfaces at the nanoscale 
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to regulate chondrogenesis and selectively control cell-matrix interactions 
[132]. Top-down manufacturing techniques such as nanolithography, 
and bottom-up techniques such as electrospinning represent the latest 
advances in nanoengineering, making the development of novel constructs 
increasingly feasible [133-135].

5.1.2. Nanoparticles as Drug Delivery Systems for Pharmacological OA 
Treatment

As mentioned earlier, osteoarthritis is characterized, among other factors, 
by severe pain during movement that decreases at rest. The first line 
of pharmacological treatment is associated with the reduction of pain, 
primarily anti-inflammatory drugs and oral steroids are used but they 
have severe side effects on the gastrointestinal tract [136-138]. In order to 
eliminate the mentioned problem and to obtain better pharmacological 
results, the intra-articular injections (IA) are an attractive modality as the 
drug can be directly given to the main site where the disease has developed. 
This route of drug administration requires lower doses and reduces the 
drug distribution to undamaged sites; it allows the adimistration of 
high concentrations of the drug at the site of action with lower systemic 
toxicity. In addition, it allows the administration of proteins and drugs 
with low solubility that have poor oral bioavailability [139].

Non-steroidal anti-inflammatory (NSAID) and corticosteroid drugs’ 
injections allow the administration of the drugs directly at the damaged 
site and relieve pain. However, they have a short half-life within the 
joint because of the rapid uptake of the drugs by circulation depending 
on its molecular size and solubility. NSAIDs drugs such as paracetamol, 
diclofenac, naproxen or ketoprofen have a residence time in synovial 
fluid (SF) lower than 5 h. This implies that the patient has to receive 
repeated doses for their treatment [138-140]. Therefore, the development 
of novel nanoformulations or hydrogels as IA injection drug delivery 
systems can be used to achieve greater advantages for reducing the rapid 
clearance. This can be done by increasing the drug’s residence time in 
the synovial cavity a llowing the continuous release and slow absorption 
of the active substance in the joint [141].

From the investigations done so far, the nanostructures used for the design 
of intra-articular release systems of anti-inflammatory drugs are diverse. 
Micelles, polymeric nanoparticles, liposomes and lipid nanoparticles are 
the largest group developed. Likewise, metallic nanoparticles are gaining 
ground, mainly gold nanoparticles, often in combination with polymers 
of natural or synthetic origin. Although we have spoken so far of the 
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pharmacological group of NSAIDs and corticosteroids in the treatment 
of osteoarthritis, in recent years, a new group of bioactive substances 
called disease modifying osteoarthritis drugs (DMOADs) have been 
developed, which inhibit the progression of the disease and can improve 
the symptoms ofosteoarthritis and joint function [136,142].

As described earlier in th is section and for better visualization of the 
extensive and growing diversity of research developed in the field of 
nanobiomaterials applied as vehic les for intra-articular drug delivery 
systems, we will present a group of examples representative of them.

Japanese authors obtained DL-lactide/glycolide copolymer (PLGA) 
nanospheres with different molecular weights and loaded with sodium 
phosphate betamethasone (BSP) by emulsion solvent diffusion method. 
The obtained nanospheres reached an average diameter between 300 and 
490 nm and the in vitro release of the BSP was controlled by the molecular 
weight and the ratio lactic acid / glycolic acid (LA / GA) of the polymers. 
The nanospheres of PLGAs with higher molecular weights and lactic acid 
content prolonged the release for more than three weeks. The in vivo study 
carried out in rabbits with osteoarthritis induced by intra-articular injection 
of ovalbumin showed that the inflammation in the joint was significantly 
reduced for a period of 21 days when BSP-loaded nanospheres were 
administrated. In addition, the serum antibody against ovalbumin exhibited 
a reduction sustained during the period demonstrating prolonged anti-
inflammatory efficacy [143].

Saadat et al. encapsulated triamcinolone in polymeric micelles based on 
phospholipid and hyaluronic acid for intra-articular administration. The 
synthesized micelles reached an average size of about 180 nm with spherical 
morphology. The histopathological knee study of rats treated with the 
triamcinolone micelles showed no signs of cysts formation, inflammation 
or accumulation of macrophages in the treated group with respect to the 
control group. The in vitro release study showed a sustained release for 72 h. 
To observe the distribution in the synovial space, micelles marked with Cys 
7 were administered and it was observed that they remained in the joint for 
at least 3 days. On the other hand, the plasma concentration of triamcinolone 
showed lower levels of drug for the micellar formulation compared to the 
suspension formulation, which indicated limited exposure of the drug to 
synovial fluid and consequently, a lower clearance rate [144].

Elron-Gross et al. developed liposomal formulations to encapsulate 
dexamethasone and sodium diclofenac independently and in combination. 
They used two types of bioadhesive liposomes, one based on hyaluronan 
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and the other on collagen. In all cases, a high encapsulation efficiency of
more than 80% was achieved and it was demonstrated that the encapsulated
drugs retained their biological activity, even in combined formulations. The
in vivo studies showed that with a single dose of any formulations tested, it
is possible to reduce the knee intlammation of injected mice compared to
the control group. The best results were obtained with the formulation of
liposomes with hyaluronan and both anti-intlammatory drugs with which
the volume of inflammation reduced up to 12.9% [145].

In the previous examples, we observed nanofonnulations designed to
encapsulate conventional anti-inflammatory drugs, with which it was
possible to counteract two of the most notable clinical manifestations of
osteoarthritis, inflammation and pain. However, to delay the progress
of the disease, achieve even greater improvement and restoration of
the damaged area, nanoformulations of DMOADs or their combination
with convent ional anti-intlammatory drugs are a more promising
alternative.

Researchers from the University of Geneva developed a nanosystem for
osteoarthritis treatment. They prepared and encapsulated kartogenin
nanocrystals, a small molecule that induces chondrogenesis, in a PLA
matrix marked with cyanine 7 by spray drying. The nanoparticles obtained
showed a spherical morphology with a granular surface due to the
presence of nanocrystals distributed in the matrix. The in vitro release of
kartogenin was monitored for 3 months in saline buffer at pH 7.4; a burst
effect was seen in the first 8h due to the presence of nanocrystals on the
surface of the nanoparticles. The in vivo tests showed localized retention
of the nanoparticles in the joint for 2 months. The quantification of OA
biomarkers in plasma from mice on day 56 was evaluated by multiplex
ELISA. Compared with the KON solution, treatment with KON-NPP led
to a more significant effect on vascular endothelial growth factor (VEGF),
which has a key role in the metabolism of chondrocytes and progression of
the illness [146].

Another group from the University of Dongguk obtained nano/microparticles
of chitosan conjugated with kartogenin for the regeneration of articular
cartilage. The ionic gelation method with sodium tripolyphosphate was
used for the preparation of the nano/micro particles. The in vitro release of
kartogenin was followed for 7 weeks and a sustained and continuous release
was observed for both the particles. In the cytotoxicity assays, both the particles
showed normal proliferation at concentrations below 100 nM of kartogenin.
The retention times of the particles in the joint of rats with osteoarthritis
induced were investigated by fluorescence imaging and the signals were
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observed for 24 days after administration. Histological studies performed 
with safranin-0 staining demonstrated a clear cartilage regeneration in the 
rats treated with the chitosan-kartogenin particles. The negative control group 
treated with PBS showed extensive areas of cartilage destruction, with loss of 
matrix and denudation of the surface while rats treated with free kartogenin 
showed less cartilage loss with vertical fissures of the matrix. The detection 
by immunofluorescence of COL2 and aggrecan showed that the particles 
of chitosan-kartogenin regenerated the articular cartilage and stopped the 
progression of OA with greater efficacy than kartogenin [147]. 

In this same research group, they obtained thermosensitive nanospheres of 
Pluronic F127 with chitosan oligosaccharides for the combined release of 
diclofenac sodium and kartogenin. Sodium diclofenac was encapsulated in 
the matrix core and kartogenin was covalently crosslinked to the outside of 
the nanosphere. In this case, the release of both compounds was influenced, 
among other variables, by temperature due to the properties of Pluronic 
F127. At lower temperatures, there was greater swelling which favored 
penetration and exchange of the surrounding fluid with the drugs in the 
particle. Likewise, the time of the particles in the joint was observed and 
it was estimated that the elimination half-life at the injection site was 115.2 
± 2.2 h for the nanospheres with cold treatment and 109.3 ± 3.6 h for those 
without treatment [148].

In the pathogenesis of cartilage osteoarthritis, one of the key aspects is 
related to the degradation produced by the release of proteinases and 
inflammatory cytokines such as IL-1β and TNF-α. These mediators cause a 
decrease in collagen synthesis and increase the production of degradation 
proteases, including matrix metalloproteinases (MMPs) [141]. Another 
most novel treatment pathways of osteoarthritis is the administration of 
inhibiting bioactive molecules of interleukin-1 (IL-1) such as IL-1 Ra protein 
and diacerein or MMP inhibitors such as salmon calcitonin. Some published 
works showed the use of nanosystems in improving the bioavailability and 
release of these molecules in the intra-articular region and thus enhancing 
their pharmacological action.

Although nanoparticles are a promising strategy for intra-articular 
administration, they do not allow the encapsulation of all types of active 
substances, such as proteins, which are highly sensitive molecules. Whitmire 
et al. designed a block copolymer that self-assembles into submicrometer 
particles and provides protein binding sites to control the release. The IL-1 Ra 
protein used in this study was linked through a peptide bond. The polymeric 
nanoparticles bound to IL-1 Ra not only retained the bioactivity of IL-1 Ra 
and its ability to attack synoviocytes but also modulated the activation of 
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NF-κB after stimulation with IL-1β, clearly indicating that IL-1 Ra maintains 
its ability to block IL-1. The ability of nanoparticles to retain IL-1 Ra in 
the rat joint for 14 days was evaluated and showed that the nanoparticles 
bound with lL-1 Ra significantly increased the retention time of IL-1 Ra in 
the rat joint and maintained the structure and composition of the cartilage 
[127]. Following this same line of treatment, another study associated with 
the inhibition of interleukin I was developed by Jain et al, in which they 
obtained solid lipid nanoparticles loaded with diacerein and modified with 
chondroitin sulfate. The size range in the prepared formulations was 396 ± 
2.7nm. A prolonged release of up to 16 h was observed; the value was superior 
to the result obtained for the release of the dispersed drug, with an increase 
in the bioavailability of diacerein by 2.8 times. The concentration of rhein in 
the synovial fluid for different formulations was estimated and was found to 
be significantly higher for nanoparticles loaded with diacerein and modified 
with chondroitin sulfate. Also, he histological observations resulted in better 
efficacy of the drug when it was administered in this formulation [149].

Salmon calcitonin (SC) is an analgesic peptide that has achieved great interest 
in the treatment of OA due to its beneficial metabolic actions on cartilage, 
which also blocks the degradation of collagen in chondrocytes exposed to 
TNF-α and inhibits the expression of MMP. Considering that peptides are 
molecules with a high sensitivity to proteases action, their encapsulation 
helps and potentiates their effect once incorporated into the organism. Ryan 
et al. encapsulated this peptide and hyaluronic acid (HA) in a chitosan (CS) 
matrix to form a nano complex in the form of nanoparticles. The aim of this 
study was to evaluate whether encapsulated SE reduced the levels of MMP 
and the expression of inflammatory genes, in this case, NR4A2 mRNA, 
previously induced in human chondrocytes for in vitro assays and in addition, 
its behavior in vivo, were compared with a control of dexamethasone and 
PBS. In vitro studies showed that the combined nanoparticles of SE and 
HA in the CS matrix significantly reduced the expression of NR4A2 and 
MMP 13. In the case of in vivo tests, nanoparticles applied in the murine 
model also reduced the diameter of the inflamed knee in a similar way with 
dexamethasone, which demonstrated the potential of nanoformulations for 
intra-articular treatment of knee OA [141].

Continuing with the same line on the use of anti-inflammatory peptides, 
we should highlight the research carried out by the group of Alyssa Panitch 
in which they encapsulated the peptide KAFAK (short name, inhibitor of 
protein kinase 2) in two matrices based on poly(N- isopropylacrylamide) 
and 2-acrylamido-2-methyl- l propanesulfonic acid (AMPS). In a first study 
carried out in 2013, they encapsulated the peptide in the nanoparticles 
by standard precipitation polymerization. Subsequently, in 2016 they 
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incorporated polyethylene glycol (PEG) into the formulation to reduce 
the binding to non-specific proteins. ln both the cases, the results were 
satisfactory demonstrating the ability of the nanoparticles to selectively 
release the encapsulated peptide and suppress cytokine production 
significantly. However, nanoparticles with PEG showed greater stability and 
retention in the joint and released less than 10% loaded KAFAK for 96 h at 
pH 7.4 [150,151].

Similarly, to improve the retention of the nanoparticles in the synovial cavity, 
cationic polymers that interact ionically with the hyaluronic acid present in 
the extracellular matrix of the cartilage and in the synovial fluid can be used. 
Morgen et al. made a detailed study of different formulations of core-shell 
type nanoparticles composed of a core of neutral polymer with a cationic 
polymer shell. A fluorescent peptide (RFK peptide labeled with fluorescein 
isothiocyanate) was bound to the core-forming polymer to evaluate its 
release in vitro and in vivo. According to the in vitro results the release of the 
conjugated peptide was 20% in 6 days which provides a duration of about 
one month of exposure of a therapeutic agent after the injection. Similarly, in 
the in vivo results a loss of fluorescence in the knee of approximately 25% in 
a week was observed which is very similar to the result in vitro [142].

5.1.3. Gene Therapy and Nanoparticlesfor OA Treatment

In recent years, gene therapy has been widely investigated for the treatment 
of OA and has proved to be a promising altemative because it allows treating 
the causes instead of the symptoms [152]. Viral and non-viral systems can be 
used, but viral systems, despite their high transfection efficiency and which 
allow the protection of deoxyribonucleic acid (DNA) against enzymatic 
attack, have the disadvantage of generating an undesired immune response 
[153]. While, non-viral administration systems are viable candidates for 
the treatment of osteoarthritis. Non-viral delivery vectors can be peptides, 
polymers, liposomes or dendrimers that penetrate cells (polymers with 
multiple branches).

The biological factors that regulate cartilage degeneration in OA are diverse, 
including: NF-κB, H1F-2a, interleukin-1 beta (IL-1β), tumor necrosis 
factor-α (TNF-α), matrix metalloproteinases (MMP) and disintegrin and 
metalloproteinase with thrombospondin motifs (ADAMTS) [153-155]. 
These factors are an important group of therapeutic targets for the action 
of vectors in gene therapy for the treatment of OA. In the same way that 
it has been described throughout this work for non-virus-mediated gene 
therapy, it is also necessary to ensure that target genes are targeted directly 
to chondrocytes and thus in crease efficiency and specificity [156]. Again, the 
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design of nanostructured matrices provides a solution to the existing needs.

Sun Pack et al. obtained nanoparticles of PLGA loaded with 
dexamethasone that was subsequently complexed with poly 
(ethylenimine) (PEI)/siRNA; to observe co-administration, the cells 
were transfected with fluorescent protein siRNA (GFP-siRNA) and 
the drug. After transfection with GFP siRNA, 70% reduction of C28/
I2 cells demonstrated GFP expression, while MOCK that transported 
PLGA nanoparticles and PLGA nanoparticles without siRNA showed 
no differences in GFP expressions. The combined treatment with 
dexamethasone and COX-2 siRNA clearly reduced the expression of 
inflammatory and apoptosis-related factors produced in C28/I2 cells, 
which were induced to enter an inflammatory state by TNF-α (10 ng/
mL). However, soluble dexamethasone alone had a little effect on 
reducing the production of inflammatory factors related to apoptosis 
[155].

Lu et al. prepared chitosan-graft-polyethyleneimine (CP)/DNA 
nanoparticles as novel non-viral gene vectors for gene therapy of 
osteoarthritis. The size and z potential of the nanoparticles are 
dependent on the weight ratio of CP:DNA, where at a higher CP 
content, the particle size decreased and the surface charge increased. 
The transfection efficiency of the CP/DNA nanoparticles was observed 
to be dependent on the CP:DNA ratio (w/w) and was markedly higher 
than that of the nanoparticles from polymers separately and that of the 
naked pDNA, behaving similarly to the product Lipofectamine™ 2000. 
The cell viability of the chondrocytes and synoviocytes tested was > 90% 
in CP/DNA nanoparticles. This viability was much greater than that of 
the PEI (25 kDa) / DNA nanoparticles. Intracellular traffic studies found 
that CP copolymers were able to efficiently transport the pDNA within 
the chondrocytes and synoviocytes, and the pDNA could be detected 
upon entering the nucleus after 4 h of incubation [152].

5.1.4. Nanohydrogels

The concept of nanohydrogels can be confusing, starting from the true 
concept of a hydrogel. What is really called ‘nano’? When it concerns 
nanohydrogels, does it refer to their particles? But hydrogels can be 
manufactured in different shapes, for example, three-dimensional 
scaffolds. Then, what is ‘nano’ and what is the size of its pores? 

From the point of view of the publications reviewed, the two most 
accepted concepts for this type of classification relate precisely to the 
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size of hydrogel particles and pores. All the above-mentioned facts are 
closely related to the manufacturing of the material and the ability to 
exchange (diffusion) liquids with the surrounding environment.

The interactions between the materials and the active molecules, as well 
as their characteristics, condition the speed and distance that molecules 
will diffuse. The nanostructure of the gels depends on different factors 
such as the polymer fraction used, the type of polymer, its molecular 
weight, the size, and the concentration of the crosslinking agent that is 
used [157, 158].

In a study developed by Lim et al, bone morphogenetic proteins (BMP-2) 
were encapsulated in negatively charged alginate nanohydrogels using 
the reverse emulsification and evaporation method with an encapsulation 
efficiency of 67%. The encapsulated proteins were released within 7 days 
with an initial release of 40% in 24 h. It was further confirmed that the 
BMP-2 released helped in the differentiation of human bone marrow 
stromal cells (bMSCs) in osteoblasts [159, 160].

Research on a new type of redox/pH dual stimuli-responsive 
poly(methacrylic acid)-based nanohydrogels from methacrylic acid and 
N,N-bis(acryloyl)cystamine crosslinker via distillation-precipitation 
polymerization has been conducted. The nanohydrogels could be easily 
degraded into individual linear short chains in the presence of 1O mM 
dithiothreitol (DTT) or glutathione (GSH). Doxorubicin (DOX) as a model 
anti-cancer drug was highly and efficiently loaded into these nanohydrogels 
(up to 42.3 wt%) due to the strong electrostatic interactions between the 
amine group in DOX and the carboxyl groups in the nanohydrogels 
at a physiological pH. The drug release behavior of the DOX-loaded 
nanohydrogels in the presence of GSH was very different from the DTT 
as the loaded DOX could be quickly released in the presence of GSH, but 
not in DTT. The possible reason is the synergic effect of reduction and 
charge exchange of GSH at a low pH. Finally, these nanohydrogels had 
excellent colloidal stability and could effectively entrap DOX (anticancer 
drugs); the highest loading efficiency of DOX could approach 95.7%. The 
disulfide linkage provides the nanohydrogel redox-responsive capability, 
and could degrade the nanohydrogels into short polymer chains using 
water-soluble reducing agents like dithiothreitol (DTT) and glutathione 
(GSH). The DOX release data demonstrated that the degradation-
triggered drug release was very different in the presence of GSH and DTT 
as well as at different pH. The nanohydrogels were non-toxic to normal 
HEK 293 cells and the DOX-loaded nanohydrogels demonstrated to 
possess an excellent killing effect on glioma tumor cells, suggesting that 
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they may be effective in delivering anti-cancer drugs to tumors [161]. In
this study, the researchers used DOX as a model drug to demonstrate
that the nanohydrogels developed are dual stimuli-responsive systems.
Considering the aim of this review, the system developed by the authors
could have appropriate characteristics to be used in the release of steroids
anti-inflammatory drugs for example, and allow their use in the treatment
of damaged cartilages by an intra-articular application.

On the other hand, thermally responsive poly (N-isopropylacrylamide-
co-acrylamide) nanohydrogels were synthesized in this study by
free-radical  precipitation polymerization method. Different  lower
critical solution temperatures (LCST) of nanohydrogels were obtained
by modulating the amount of acrylamide characterized by measuring
the transmittances of the particle solutions at 500 nm. The diameters
within the range of 50-450 nm were achieved by manipulating the
amount of sodium dodecyl sulfate (SOS). Near infrared dye NIR
D-12, with excitation and emission wavelengths at 772 nm and 814
nm, was entrapped into the copolymeric nanohydrogels for in vivo
animal studies. The various thermally targeted tests indicated that the
thermally responsive nanohydrogel can only accumulate in tissue with
elevated temperature, both in normal tissue and tumor. The targeted
behavior of this kind of thermally responsive nanohydrogel is passive
and non-specific. The targeted locations can be selected by manipulating
the suitable LCST of nanohydrogel and tissue heating process. Results
indicated that the thermal responsive nanohydrogels in combination
with local hyperthermia treatment provided a promising way for tumor
therapy.

Entrapment of anticancer drugs into this kind of nanohydrogels for
tumor therapy will be our future work [162]. Other researchers report the
synthesis and characterization of size-controllable and stimuli-responsive
DNA nanohydrogels as effective targeted gene delivery vectors. DNA
nanohydrogels were created through a self-assembly process using three
kinds of building units, respectively termed as Y-shaped monomer A
with three sticky ends (YMA), Y-shaped monomer B with one sticky end
(YMB) and DNA linker (LK) with two sticky ends. Hybridization at the
sticky ends of monomers and LK leads to nanohydrogel formation. DNA
nanohydrogels are size-controllable by varying the ratio of YMA to YMB.
This study has demonstrated that two kinds of Y-shaped monomers
and DNA linker can self-assemble in a one step reaction to generate
DNA nanohydrogels with controllable size. By incorporating different
functional elements, such as aptamers, disulfide linkages and therapeutic
genes into different building units, the synthesized Y-gel-Apt can be
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used for targeted and stimuli-responsive gene therapy, resulting in the 
inhibition of cell proliferation and migration in A549 cells. 

The advantages of these DNA nanohydrogels include easy synthesis without 
enzymatic ligation or photo-polymerization, controlled size, efficient cellular 
uptake, enhanced nuclease resistance and superior biocompatibility. 
Furthermore, these nanohydrogels can be used as safe nanocarriers for the 
delivery of drug or imaging agents. Thus, the proposed multifunctional 
aptamer-based DNA nanohydrogels will find potential applications for 
point-of-care diagnosis, efficient drug transport, and improved targeted OA 
therapeutics [163].

5.1.5. Other Matrices

All current strategies and procedures are based on decreasing chronic pain 
and improving joint function, but all fail in two fundamental areas: restoring 
the original cartilage structure and reproducing its biomechanical properties. 
That is why current research focuses on tissue engineering whose procedures 
involve possible solutions to the main difficulties. It is good to remember that 
this is a scientific challenge because restoring or regenerating tissue which 
in principle does not offer possibilities to do so due to its composition and 
complexity is still an unsolved problem [7].

The term of the triad of tissue engineering has been so named since in current 
strategies, the combination of three fundamental components is used: the 
carrier matrix, appropriate cells and bioactive molecules [164,165]. Cartilage 
developed by tissue engineering must be structurally similar to the native 
cartilage; for this, it must have biphasic properties, a fluid phase composed of 
80% water and < 1% electrolyte and another solid phase containing between 
10-20% type II collagen and 5-10% proteoglycans [166].

The inclusion of chondrocytes in a three-dimensional (3D) support material 
greatly facilitates the transplant procedure, and this can be carried out 
minimally invasively by an arthroscopic technique that also does not require 
the collection of the periosteal flap [164,167]. Tissue engineering scaffolds 
should behave similarly to the ECM of native cartilage to allow cell-to-cell 
proliferation, differentiation, and cell proliferation processes to be carried 
out properly. 

The scaffolds of collagen, hyaluronate, chondroitin sulfate and gelatin are 
the best examples of matrices for this purpose. The scaffolds developed for 
this application must be biocompatible, allow a uniform cellular distribution, 
stable in a suitable period of time and favor a good integration with the 
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surrounding native cartilage. The mechanical properties of the scaffold have 
to ensure that it is stable against the forces of compression and wear that occur 
in an in vivo joint, and should be remodeled from the gradual replacement by 
ECM of cartilage-like type secreted from the cells [165]. On the other hand, 
the proliferation and phenotype of the chondrocytes will depend to a great 
extent on the nature of the scaffold material and its porosity [168].

During an ACT procedure, the dedifferentiation that is observed of the 
chondrocytes in the monolayer culture can be avoided by incorporating 
cells into a 3D support material [164, 167]. ln a three-dimensional alginate 
scaffold, the typical phenotype of chondrocytes can be maintained for 
at least 8 months [169]. A scaffold that presents a structure with pore sizes 
between 250 and 500 nm favors a better proliferation of chondrocytes and the 
secretion in ECM [168]. Scaffolding materials utilized for articular cartilage 
tissue engineering can be subdivided into natural and artificial materials.

Natural materials used in tissue engineering to produce three dimensional 
structures for cartilage include agarose, alginate, hyaluronic acid, gelatin, 
fibrin glue, collagen derivatives and acellular cartilage matrix. However, 
they present problems that affect their possible applications such as less 
mechanical resistance, disease transfer and antigenicity. They are also prone 
to rapid and variable degradation [170]. 

Alginate cell suspensions may be dripped into CaCl2 to form 3D nodules. The 
cells may be released from the alginate by mild chelation. This scaffold system 
has been well documented for chondrocyte and chondro-induced stem-cell 
growth in vitro [171]. Researchers at Wurzburg University, Germany used an 
ultra-highviscosity/clinical-grade alginate to propagate chondrogenesis in a 
murine mesenchymal C3H10T1/2 progenitor cell line [172].

Another study comparing chondrocyte cells (CC) seeded in 2% and 3% 
agarose showed that, at 28 days of culture in 20% (v/v) fetal bovine serum, 
2% agarose constructs were stiffer and had a higher collagen content [173]. 
Agarose has been useful for investigating the effects of mechanical loading 
on cartilage formation [174]. Rahfoth and colleagues performed allograft 
transplants of CC in agarose gel into osteochondral defects in the knees of 
rabbits. They reported no graft vs host rejections or foreign-body immune 
responses and, after 18 months, 47% of grafts developed a morphologically 
stable hyaline cartilage.

In recent years, cross-linked collagen has been popularized because of its 
improved mechanical characteristics and slower degradation rates. Collagen 
may be polymerized by cross-linking agents such as epoxy compounds or 



581985-L-sub01-bw-Garcia581985-L-sub01-bw-Garcia581985-L-sub01-bw-Garcia581985-L-sub01-bw-Garcia
Processed on: 31-8-2022Processed on: 31-8-2022Processed on: 31-8-2022Processed on: 31-8-2022 PDF page: 59PDF page: 59PDF page: 59PDF page: 59

59

Targeting Polymeric Nanobiomaterials as a Platform for Cartilage Tissue Engineering

carbodiimide groups, and the collagen may be prepared in water or acetic acid 
[175]. Collagen I sponge seeded with fetal bovine epiphyseal chondrocytes 
showed comparable chondrogenesis in the native and cross-linked form, 
with notably lower matrix accumulation of GAGs than that which is found 
in normal cartilage [176]. When combined with chondroitin sulfate, collagen 
II appears to promote more diffuse chondrogenesis and matrix production 
than does collagen I [175].

Mesenchymal progenitor cells (MPCs) can be evenly distributed onto 
Gelfoam® (a patented gelatin construct manufactured by Pharmacia 
and Upjohn) and, using a chondrogenic medium containing TGF-β3 
(transforming growth factor β3), will produce cartilaginous matrix and 
maintain chondrocyte morphology [177]. As with cell-pellet culture, a 
thin fibrous capsule forms around the neocartilage. This may interfere 
with the integration of the implant in vivo. Unseeded Gelfoam® constructs 
implanted into osteochondral defects in rabbits have demonstrated good 
biocompatibility. At 4 weeks, post-procedure, these defects were 10-20 
% of their original size, but the predominant repair tissue was bone with 
some cartilaginous regions. Good biocompatibility was demonstrated 
by minimal inflammation and giant-cell infiltration in the explant from 
which the gelatin sponge had completely disintegrated. Quintavalla and 
co-workers made an autologous implant for osteochondral defects in goats 
using Gelfoam® and MPCs labeled with a fluorescent dye [178].

Chondrocytes and stem cells suspended in fibrin glue and implanted into 
a thymic and severe combined immunodeficiency disease mouse resulted 
in the production of hyaline neocartilage [179]. Cartilage formation was 
reported in 87% of these specimens, but a parallel study including insulin-
like growth factor-1 and basic fibroblastic growth factor in the scaffold 
resulted in minimal cartilage production. Peretti et al. found that when 
devitalized cartilage was added to a fibrin chondrocyte construct, the mass 
was maintained and new matrix formation was promoted [180].

CONCLUDING REMARKS

After the vast literature consulted, we can conclude that the growth in 
the development and production of nanoparticles worldwide has been 
exponential, mainly due to their excellent physicochemical properties 
[181,182]. In this era, the inventors, producers and consumers of almost 
all sectors have the opportunity to link nanotechnology to their work. 
Nanoparticles have reached applications in almost all products in the market 
from pharmaceuticals, electronics, cosmetics, fabrics, sports equipment to 
almost any space. As compared to the bulk material, nanoparticles show 
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higher surface to volume ratio, resulting in an enhanced contact area 
with their surroundings and specially designed nanoparticles can be used 
for immunomodulatory purposes to serve specific functions like anti-
inflammatory, vaccine adjuvant and immunosuppressive drugs [183].
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