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Tissue engineered cartilage constructs have potential clinical applications in human healthcare. Their effective utilization is,
however, hampered by the lack of an optimal cryopreservation procedure that ensures their availability as and when required
at the patient’s bedside. Cryopreservation-induced stress represents a major barrier towards the cryopreservation of such tissue
constructs, and they remain a scientific challenge despite the significant progress in the long-term storage and banking of isolated
chondrocytes and thin cartilage tissue slices. These stresses are caused by intra- and extracellular ice crystallization, cryoprotectant
(CPA) toxicity, suboptimal rates of cooling and warming, osmotic imbalance, and altered intracellular pH that might cause cellular
death and/or a disruption of extracellular matrix (ECM). This paper reviews the cryopreservation-induced stresses on tissue
engineered cartilages and discusses how they influence the integrity of the tissue during its long-term preservation. We have
also reported how various antioxidants, vitamins, and plant extracts have been used to inhibit and overcome the stress during
cryopreservation and provide promising results. Based on the reviewed information, the paper has also proposed some novel ways
which might help in increasing the postthawing cell viability of cryopreserved cartilage.

1. Introduction

Defects and diseases of articular cartilage are common ail-
ments in humans. Osteoarthritis, the most common form of
arthritis involving the inflammation of the articular cartilage,
is observed in 60–70% of the people above the age of 65
[1]. In the USA alone, over 27 million people are known
to be suffering from these articular defects [2]. Cartilage
also has a limited regeneration capacity, and hence, available
therapeutic modalities provide a temporary relief and have
a limited clinical success. In recent years, with the rapid
advancement in the tissue engineering, artificial cartilages
engineered from biopolymers and stem cells have shown
promising clinical results, and therefore, they have been
envisaged as a future therapy for an effective and long-term
clinical outcome.

Preservation of tissue engineered articular cartilage is
also essential for their widespread commercialisation so that
they can be provided to patients as and when required. The

growing need and limited availability of viable transplantable
cartilaginous tissues have necessitated the development and
optimization of the preservation techniques and banking of
tissue engineered cartilage constructs. Preservation of tissue
engineered constructs also enables the tissue to undergo
extensive immunological testing, size/contourmatching, and
optimal timing for supply whenever demanded by patient or
surgeon [3].

There are various techniques of cryopreservation such
as preserving at 4∘C to −80∘C and storing by a con-
trolled rate freezing, or by plunging in LN2, by vitrifica-
tion (Table 1). However, currently long-term preservation
of tissue engineered cartilage is achieved by two common
methods: controlled-rate freezing and vitrification [11, 12].
The vitrification method of preserving tissue engineered
cartilage is very efficient in tissue preservation but carries
a toxicity risk, and thus, could be hazardous to the patient.
High-concentration of CPA and CPA toxicity may affect
the structural integrity and functionality of the tissue. It
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Table 1: Existing methods for the cryopreservation of tissue engineered constructs.

Preservation
method

Storage
temperature

Storage
medium

Duration of
storage Advantage Disadvantage Reference

Domestic
freezer 4∘C

Culture
medium

often without
any addition

of CPA

14–28 days No ice crystal formation,
no CPA addition

Short storage period
which is insufficient to
carry out immunological
and biomechanical
assays which are to be
carried before
transplantation,
decrease in cellular
activity with an increase
in time

Bae et al., 2009 [4]
Williams et al., 2003

[5]

Deep freezer −80∘C CPA or
without CPA 30–60 days

No complex device
required, low running
cost

Critical temperature for
preservation of the 3D
construct and the
sensitive cells seeded on
it, uncontrolled freezing,
ice crystals formation

Bakhach, 2009 [6]

Controlled rate
freezing

A stepwise
method can be
up to −150∘C

CPAs are
added

As long as
desired when
sample is
plunged in

LN2

Low concentration of
CPA, cooling is carried
out at a constant cooling
rate so as to cause
minimum damage to the
tissue, allows the cells to
dehydrate in equilibrium
with the partially frozen
cryoprotectants and
other extra solutions
present in the
suspension

Optimized protocols
required for each
biological product,
needs a skilled and
experienced person to
handle the entire process
so that cooling is
optimized enough to
allow water to efflux out
from the cell during
extracellular ice
formation

Enneking, 1991 [7]

Liquid nitrogen
LN2

Ultra low
temperature
−196∘C

CPAs are
added

As long as
desired with
reliable LN2
back up

Rapid cooling method,
simple handling,
mechanically reliable

Risk of contamination
via LN2, LN2 is costly;
therefore, a high running
cost as regular supply of
LN2 is required

Salai et al., 1997 [8],
Cetinkaya and Arat,

2011 [9]

Vapour phase
LN2

Temperature
below −150

CPAs are
added

As long as
desired with
reliable LN2
back up

Eliminate the risk of
cross-contamination
from other samples and
microbes

Vapour phase varies
from protocol to
protocol and the
geometry of the tissue,
there is often
temperature fluctuation
within the vapour phase,
volume occupied within
the container is
nonplanned, regular
supply of LN2 is required

Tissue engineering
Clemens van

blitterswijk—chapter
13 by Lilia Kuleshova

and Dietmar
Hutmacher [10]

may also result in immune reactions and carcinogenesis
when inserted into the host. A combination of penetrating
and nonpenetrating CPAs which are considered to be less
toxic is also required in high concentrations which may
lead to conditions, of acidosis and osmotic stress in the
tissue and can also induce mutational changes due to the
chemical reactions amongst the CPAs themselves. Similarly,
controlled rate freezing or slow freezing method, which uses
low concentration of CPA and gradually cools the tissue in
a stepwise manner, though may sound to be attractive, has
its own disadvantages and often results in extreme cellular

dehydration. Moreover, cryopreservation has been effective
to some extent but only for the long-term preservation of
cells. Cryopreservation of tissue engineered construct is not
a simple affair; the already established protocols for the
cryopreservation of cells cannot be simply implied for the
preservation of complex tissue engineered constructs. The
tissue engineered cartilaginous construct which consists of
several chondrocytes surrounded by a unique extracellular
matrix and a framework or scaffold onwhich the tissue grows
and releases cartilage specificmatrix proteins are farmore dif-
ficult to preserve compared to cells and monolayer cultures.
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Figure 1: Commercial media used in cryopreservation of cartilage.

The methods that have been successful in the preservation
of cells may not maintain the same output when subjected
to tissue engineered constructs. Therefore, in recent years,
cryopreservation methods and outcomes have stimulated a
strong curiosity among researchers and scientists due to their
ease in manufacturing, storage, handling, and recovering
when required (Figure 1). On the other hand, another major
cause for the increasing curiosity among the researchers is
the poor outcome in the viability and functionality of the
tissue engineered cartilage construct after cryopreservation.
Though transplantation of preserved cartilage is thought
to have a great role in regenerative medicine, there are
various conflicting views and deviating opinions regarding
the outcome of the cryopreserved cartilage [13–15].

Many researchers have addressed the complexity and dif-
ficulty in the cryopreservation of tissue engineered cartilages
which continues to remain a challenge [15–17] due to the
potential interaction of the scaffoldmaterial and tissuematrix
[15, 18–24]. Several stresses causing conditions such as anoxia,
intra- and extracellular ice crystallization, poor permeation
of the CPA, CPA toxicity, suboptimal rates of cooling and/or
warming, osmotic imbalance, altered intracellular pH, nutri-
ent depletion, and withdrawal of essential growth factors
are believed to be responsible for the lowered viability of
cryopreserved cartilages. These conditions induce various
physiochemical, biochemical, and mechanical stresses on the
cartilage. These stresses can induce variety of changes in the
cartilage matrix and can also activate the cell death pathway
like apoptosis or necrosis and ultimately causing construct
failure [17].

In many cases, it is believed that when a cell commits
to cell death, first apoptosis is activated and continues via

the classical apoptotic pathway till the stress experienced by
the cell exceeds the normal limits or the energy reserves
become too low for apoptosis to continue. It is at this point
that the cell switches from apoptotic to necrotic pathway
(causing secondary necrosis) [25–27]. This paper, high-
lights and discusses the cryopreservation-induced stresses
on tissue engineered cartilage construct by further targeting
and inhibiting the molecules playing an important role in
bringing cell death, thereby improving the cryopreservation
outcome.

2. Types of Stresses Faced by
Tissue Engineered Cartilage Construct
during Cryopreservation

2.1. Physiochemical Stress. The physiochemical environment
within the engineered cartilage is determined by various
parameters such as matrix hydration, interstitial ion con-
centration, fixed charge density, and activity coefficients for
specific ions within the extracellular matrix (ECM) of the
cartilage [28] which controls the permeability, diffusivity,
and streaming potential of the chondrocytes [29]. Cartilages
provide a specialized physiochemical environment to the
homing chondrocytes and determine the viscoelastic and
physical properties of the tissue [30]. The metabolic activity
of these cells is highly influenced by biological factors such
as ionic concentration and matrix composition. As the tissue
engineered cartilage construct is sensitive and fragile the
microenvironment of each cell should remain physiologically
yet dynamicallymaintained in an intact, functional, andwell-
preserved cartilage construct. However, during freezing and
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thawing, a series of processes occur in the local surrounding
of the cartilaginous construct that cause physiochemical
stress on the delicate tissue.The changes in the physiochemi-
cal environment can also modulate the metabolic response of
chondrocytes, whether the cell is in the native tissue or in an
engineered construct [31].

2.1.1. Physiochemical Stress due to Ice Crystallization. In
healthy cartilage water, along with other extracellular com-
ponents, a gel-like matrix is formed which helps the cartilage
to perform its function of shock absorption. In diseases
such as osteoarthritis much of the water is lost from the
cartilage. Similar loss of water is also observed during the
cryopreservation of cartilages.The formation of extra-cellular
ice crystals during freezing compresses the tissue leading to
the exudation of water from the tissue. Release of water from
the cells and the ECM of the cartilage strongly affects the
transportation of ions and interferes with the physiochemical
environment of the tissue. With the increasing loss of water
the concentration of proteoglycans inside the tissue goes on
increasing; as a result, the fixed charge density and associated
interstitial ions also increase [30, 32]. Scientists have reported
that these changes within the tissue can induce a change in
the cell shape and volume [33, 34]. Cryopreservation-induced
volumetric and structural changes in the chondrocytes also
exert a strong influence on their biosynthetic activity. Schiller
et al. [35] reported a decrease in the rates of the synthesis of
various metabolic products such as aggrecan, collagen, and
noncollagen proteins and various other metalloproteinases
[35]. Long-term cryopreservation also causes changes in
other matrix macromolecules such as cartilage oligomeric
matrix protein [36]. These changes make the cartilage con-
struct weaker and its physiochemical properties poorer in
comparison to the native cartilage.

An immense loss of water from the tissue also causes a
breakdown in the proteoglycan aggregates to which chon-
droitin and keratin sulphate GAG chains are attachedmaking
the tissue saggy [37–40]. These undesirable changes in the
local environment along with the compression caused by the
extra-cellular ice crystals may also modify the mechanical
behaviour of the tissue, as the physicochemical factors have a
strong relationwith thematerial parameters such as hydraulic
permeability [28]. Since the articular cartilage is avascular
and receives its nutrition only through the synovial fluid,
then when such a stressed cartilage is transplanted into the
load bearing sites, diffusion of nutrients into the deeper
regions is deprived, leading to the degradation and necrosis
of the sensitive chondrocytes present in the delicate tissue
engineered cartilage construct.

2.1.2. Physiochemical Stress due to Osmotic Imbalance. Tis-
sue engineered cartilaginous scaffolds already have various
problems associated with biocompatibility, biodegradability,
and self-assembling. Such constructs during the process of
freezing and thawing further undergo an immense stress
from which the fragile constructs are not able to shield
themselves especially from the changes in osmotic pressure
which makes the subtle tissue on the scaffold susceptible

to swelling and cellular deformation [41]. During freezing,
the formation of extracellular ice takes place. Pure water
freezes first leaving behind a concentrated fluid of ions,
salts, and other proteins. This leads to the development of a
concentration gradient between the intra- and extracellular
spaces of the tissue. Changes in the pH conditions have a
potential effect on cellular functions [42]. Any change in the
ability of the cell to maintain its intracellular pH may affect
the functioning of the chondrocytes including the synthesis
of the matrix. There are various studies that have shown
that osmotic stress and fluid flow alter the calcium level of
chondrocytes. Calcium plays amajor role in the physiological
conditions. An alteration in the Ca levels in the cartilage can
affect the synthesis.

During extracellular ice formation, the extracellular fluid
becomes acidic, and the water from the tissue squeezes out
to maintain the concentration gradient, reducing the net
content of free water within the tissue. The flow of intra
cellular and intramatrix water out of the tissue generates an
increased osmotic pressure within the tissue which may lead
to the formation of fissures. These fissures may later develop
into sites of cell necrosis after thawing. Initially, it is only in
the inner and middle layers of the cartilage, which gradually
develops towards the articular surface.

It has been also reported by various researchers that
extracellular pH is a significant regulator of cartilage matrix
metabolism and activity of various enzymes. A slight change
in the extracellular pH (less than 6.9)may significantly inhibit
the matrix synthesis rate up to 50% [43].

Acidic pH conditions also activate various degradative
enzymes. Example of such an enzyme is cathepsin K that
shows an increased proteolytic activity in acidic environment.
Cathepsin K can cleave the triple helix of collagen type I
and II. Cathepsin K is also the only enzyme of the cytkosine
protease family known to cleave the telopeptide domains as
well as the 𝛼 chain present in various sites of the fibrillar
network of cross-linked collagen. Cleavage of telopeptides
causes the depolymerisation of fibrillar collagen network,
and cleavage of the triple helix present in collagen results in
depolymerisation accompanied by denaturation [44].

2.1.3. CPA Induced Physiochemical Stress. CPA addition or
removal is one of the most crucial steps in the cryopreser-
vation of cells, natural tissue, or engineered constructs. The
presence of CPA induces a series of solution effects and chem-
ical toxicity that cause chemical stress to the cell. CPAs usually
have a concentration higher than that of the intracellular fluid
when added to the tissue also causing a hypertonic shock
for the cell resulting in an osmotic stress on the cells and
the extracellular matrix. The cell shrinks necessitating the
membrane to contract. Hypertonic shock triggers the activa-
tion of many ion channels and transporters (PMCA, NCX,
NKCC etc.,) which may change the biosynthetic activity of
the cell. They pump in large concentrations of Ca, Na, K, and
Cl inside the cell, thereby increasing the ionic concentration
of the cell. The intracellular pH of the cell decreases leading
to an acidic condition inside the cell, and pH is also altered
during the removal of the CPA resulting in an increase of pH.
Furthermore due to cellular shrinkage multiple ion channels
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of the chondrocytes are known to undergo conformational
changes. Abnormal morphology of the chondrocytes is a
sign of cartilage degradation and cellular apoptosis. Extreme
physiological conditions such as osmotic pressure, cellular
shrinkage, and the increase in intra cellular Ca seem rea-
sonable during the process of cryopreservation though they
are the symptoms of cartilage degradation. Even intracellular
cryoprotectants which remain in the cells after thawing are
known to be toxic as they disrupt the acid-based equilibrium
of the cell. Thus, CPA can damage the cell either due to the
osmotic stress it renders on the cell, or due to the toxicity of
the cryoprotectant itself.

Physiochemical stress can be prevented by controlling the
ice crystallization and creating an osmotic balance within
the cell and its surrounding ECM. Zheng et al. [45] reported
that cryopreservation through rapid coolingmay be preferred
for tissue engineered cartilage. In case of rapid cooling, the
chondrocytes are unable to lose the intracellular cytoplasmic
fluid at the rate they did in case of slow cooling, and
therefore, ice formation is markedly reduced ice formation
[46]. A high cooling rate also delays molecular diffusion and
blocks the transition from a liquid to a solid crystalline state.
Consequently, the intracellular fluid turns in an amorphous
state rather than a solid crystalline state, and therefore,
theoretically the crystallization of tissue engineered cartilage
can be prevented by using a relatively rapid cooling [6, 46].
Increasing the viscosity of the liquid phase is yet another plau-
sible method of preventing the ice crystallization and, hence,
the physiochemical stress on the tissue engineered articular
cartilages. In addition, a CPA that does not react with the
3D construct preserves the chondrocytes and maintains the
integrity of the matrix that should be chosen. However, none
of the knownCPAs are specific for cartilage cryopreservation.

2.2. Biochemical Stress. Chondrocytes are the only cell type
present in the cartilage and are responsible for the synthesis
and degradation of the articular cartilage matrix. For tissue
engineered cartilage to be successful for clinical applications,
the chondrocytes in the engineered cartilage should be able
to synthesize normal ECM which primarily contains large
aggregating proteoglycans such as aggrecan, type II collagen,
and water. The type II collagen network provides strength
to the cartilage while hydrated proteoglycans provide com-
pressive resistance [47]. The ECM also regulates intracellular
communication, controls cell dynamics, and releases all the
essential growth factors. Any change in the intracellular
composition of the chondrocyte may prove to be fatal for
the entire matrix synthesized. For example, the Na and K
ions help various membrane transport proteins to carry out
a variety of physiological functions such as pH regulation,
uptake of sugars, and amino acids. In cartilage, the Na and
K ion pumps are maintained by the ionic composition of the
ECM and are sensitive to both ionic and osmotic changes of
the intra- and extracellular composition of the cell [48]. The
biochemical composition of a tissue engineered cartilage also
plays an important role in preserving the tissue integrity and
its mechanical properties [49, 50].

However, freezing and thawing is known to affect the
biochemical properties of the engineered cartilage. Cryop-
reservation usually results in changes at the molecular, cel-
lular, and tissue levels besides causing changes in hydrostatic
pressure gradient and fluid flow which in turn can modify
the synthesis and/or degradation of the macromolecules
present in the extracellular matrix [41]. Cryopreservation
changes the intra- and extracellular environment of the
tissue by increasing the ionic concentration and inducing
osmotic stresses.The intra- and extracellular pH also changes
during the process of cryopreservation.These stresses destroy
the membrane permeability and the integrity of the cell
membrane; they destroy various membrane transport pumps
such as the Na, K pumps present on the cell membrane,
and cause irreversible denaturation of various proteins. Other
cryopreservation-induced biochemical alterations reported
in the tissue engineered cartilage include the damage to
proteins like annexin V receptors which play an important
role in collagen binding and cartilage metabolism [51–53].

2.2.1. Biochemical Stress due to Ice Crystallization. Ice crys-
tallisation results in the increase of the ionic concentration
of ECM and, hence, changes the chemical environment of
the cell and its ECM. Various transport pumps present on
the cell membrane that are sensitive to ionic and osmotic
changes are denatured, and thus, membrane integrity gets
destroyed. The intracellular organelles also get denatured
due to changes in the ionic concentration, leading to cell
membrane deformation and the initiation of cell death
pathway. Extracellular ice is also reported to destroy the cell
receptors present on the membrane of the chondrocytes.
Formation of ice leads to the increase in the concentration
of salts that denatures many proteins and lipoproteins.
Integrins (𝛽-1 subfamily) which are special receptors present
on the cell membrane of the chondrocytes that help the
cell for various important biochemical reactions such as cell
matrix interaction, proliferation, attachment to the scaffold,
differentiation, and survival are reported to be damaged by
the process of cryopreservation. This, in turn, induces a
biochemical stress on the cell, thereby preventing the cell
from and further differentiation and directing the cell to
the apoptotic pathway. Investigators have also reported that
𝛽-1 deficient chondrocytes have an abnormal phenotypic
character and the loss of ability to adhere to type II collagen
after cryopreservation [51, 52].

2.2.2. Biochemical Stress due to CPA. Biochemical stress may
also be induced by the CPAs themselves. Many CPAs can
block the ion channels and can imbalance the physiological
ion homeostasis. Certain CPAs such as DMSO block the Ca+
and Na2+ ion channels within the chondrocyte membrane
and alter the mithocondrial membrane potential to cause
the mithocondrial dysfunction. These events aid in the
slowing down of the cellular processes related to energy
production, free radical detoxification, and maintenance of
the chondrocytes. Mitochondrial dysfunctionmay also cause
apoptosis, aging, and other cytopathic conditions leading to
tissue destruction [54]. Thus, CPAs can reduce the cellularity
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and matrix content of the engineered cartilage constructs by
causing biochemical stress [15, 51, 55]. The presence of CPA
is also known to cause a chemiosmotic stress on the cartilage
which finally results inmorphological and functional damage
to the cells causing subsequent necrosis.

2.2.3. Biochemical Stress due to Thermal Shock. During cry-
opreservation of tissue engineered cartilaginous constructs,
usually uneven cooling occurs due to complex nature of the
scaffold. In such a condition,when the temperature is reduced
from 35 to 15∘C or 0 to −80∘C, a series of chemical changes
occur in the components of the ECM and the cellular mem-
brane causing cell membrane lesions. This extreme change
in temperature from normal physiological temperature to
subzero causes a thermal shock to the tissue. It also causes
ionic and hydraulic imbalance in the cell. Even in the absence
of any intra- or extracellular ice this shock may cause a graft
failure.

Furthermore, changes in the template of temperature
cause various alterations in the ionic composition of the
extracellular medium of the chondrocytes. Imbalance in the
concentration of anions such as acetate, chloride, nitrate sul-
phate, and phosphate anions is another contributing reason
for cell membrane damage [6]. There are various theories
which have proven that a change in the circulating level
of phosphate causes hypertonic chondrocyte apoptosis. On
supplying additional phosphate for treatment of the cell it
results in the activation of mitochondrial apoptotic pathway
[56].

Cryopreservation protocols, thus, need to be developed
if the biochemical properties of the chondrocytes and the
extracellular matrix are to be preserved. One approach is
to add various nutrients and growth factors to the culture
medium to provide a fast recovery of the cryopreserved
chondrocytes [51]. Loading of CPAs in the right amount
is also an acceptable method to reduce biochemical stress.
Furthermore, various CPAs are added in lower concentration
forming a CPA cocktail, which is found to be significantly
less toxic than a single CPA solution in the same total con-
centration [57]. Addition of antishock proteins, antioxidants,
and other specific phospholipids with a slow uniform cooling
may also be a potential method for reducing the biochemical
stress. Certain changes may also be made in the chemical
composition and properties of the 3D scaffold for better cell
proliferation and migration. The topography of the scaffold
may also be modified (surface modification) by different
techniques for better cell attachment.

2.3. Mechanical Stress. Cryopreservation-induced mechani-
cal stress on tissue engineered cartilage is one of the least
studied areas in the field of cryopreservation. It can result
from the physiochemical and biochemical events that occur
during the process of cryopreservation. There are a few stud-
ies that have recently reported the microstructural changes
and ECM swelling of the tissue along with the unequal
distribution of interstitial fluid after thawing [41, 47]. Biome-
chanically, the collagen content provides a structural frame-
work for the tissue, while the GAG content is responsible

for the mechanical stiffness of the tissue as a load-bearing
media. Both collagen and the GAG in the cartilage are also
found in reduced quantities in cryopreserved cartilage.Thus,
the engineered cartilage becomes mechanically weakened
after the freezing and thawing process and their mechanical
properties are compromised [38, 58–61].

Although the mechanism is yet to be fully understood
[30], recent reports suggest that ice crystallization and
osmotic imbalance are the two main reasons for the mechan-
ical stress on the cell membrane and the ECMwhich, thereby,
leads to deformation [6, 62]. Since tissue engineered cartilage
loses heat at a lower rate at its centre than its edge, the rate
of cooling does not occur uniformly throughout the tissue
and affects the formation of ice during the freezing [63].
The differential ice crystallization within the tissue imparts
a mechanical difference, and thereby, causes a mechanical
stress on the physiology of the engineered cartilage [63].
With the progression in the differential ice formation across
the tissue, a differential osmotic gradient is also created
which further generates a mechanical force that disrupts the
cartilaginous tissue.

2.3.1. Mechanical Stress due to Ice Crystallization. Mechanical
injuries are obviously occuring due to intra- or extracellular
ice crystal formation. Ice crystallization is known for its
activation of stressors such as osmotic shock, hypothermia,
ischemia, and ionic dysregulation which trigger necrosis. In
cartilage cryopreservation, ice crystals have been reported
to disrupt the extracellular matrix of the articular cartilage
[38]. The profile of GAG distribution in cartilage which is
highest at the centre and lowest at the superficial layer gets
significantly reversed on freezing-thawing the cartilage. The
crystallisation of ice breaks down the proteoglycanswhich are
composed of several GAGs, predominantly the chondroitin
sulphate and keratin sulphate GAGs.The small broken chains
of GAG diffuse out from the ECM due to strong electrostatic
repulsions among the negative charges inside the tissue. This
reduces the concentration of GAG present in the ECM of the
cartilage resulting in a degraded cartilage which is mainly
proteoglycan depleted.This causes a severe physical injury to
the tissue, thereby decreasing its mechanical modulus.

In certain cases when rate of growth of ice is dependent
on the rate of diffusion of solutes away from the ice front, a
slight decrease in the temperature may lead to an amplified
supercooling of the innermass of the tissue leading to sudden
unplanned nucleation at various positions within the matrix
and also leads to the formation of a lesion.

2.3.2. Mechanical Stress due to CPA Loading and Unload-
ing and Resultant Osmotic Imbalance. The addition of cry-
oprotectants and their removal are two crucial procedures
followed during the cryopreservation of tissue engineered
cartilage constructs [64]. The optimal cryopreservation of
tissue engineered cartilage construct requires a clear under-
standing of the sequence and manner these CPAs distribute
themselves into the construct. Dehydration of the cells,
cellular shrinkage, changes in the extra- and intracellular
osmolality, and intracellular pH changes are common during
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CPA loading and unloading. Freezing and thawing process
in turn has a major effect on chondrocyte survival, tissue
physiology, and morphology. It also causes osmotic and
mechanical stresses on the matrix of the cartilage resulting
in poor mechanical properties of the tissue.

During CPA loading, there is an increase in the ionic
concentration of the fluid outside the cells. Chondrocytes
osmotically respond to the increasing concentration of extra-
cellular fluid by ejecting out most of the interstitial fluid
present. Movement of the intracellular fluid out of the cell
leads to cell shrinkage and ultimately dehydrates the cells.
This also results in an increase of the intracellular pH, and
as most of the interstitial fluid flows out of the cations,
the fixed charges get concentrated within the chondrocytes
[64].The increased ionic concentration causes severe osmotic
shrinkage, therebymaking the chondrocytesmore vulnerable
to permanent cellular damage. However, when CPA starts
diffusing into the cells the outflowing interstitial fluid slows
down. Eventually, as more and more CPAs penetrate into the
cell, the outflow of interstitial fluid through the membrane
is stopped and the direction of the flow is reversed. This
causes the swelling of the membrane of the chondrocytes,
thus swelling the cartilage tissue itself. This shrinkage and
swelling of cellular volume also damages the chondrocyte
matrix attachment which annihilates the normal functioning
of the cartilage. Cell matrix attachments are also expected to
be lost after cryopreservation.

The reverse mechanism occurs during CPA unloading.
The ionic concentration of the fluid outside the tissue is far
less compared to the concentration of the interstitial fluid.
The ionic concentration gradually increases as more and
more faces a gradual increase as more and more fluids from
the surrounding tissue penetrate into the cell to osmotically
balance the fluid conditions across the membrane [64, 65].
This often causes cell burst. This stress and strain on the cell
results in a weathered cell membrane.

2.4. Oxidative Stress. Cartilage is an avascular tissue, and as
a result the oxygen transport of matured cartilage is reduced
compared to vascularised tissues. Despite the minimal con-
sumption of oxygen by cartilage, oxygen is an essential
requirement for the chondrocytes to survive and carry out
other metabolic activities. Freezing the cartilage resists the
delivery of oxygen and essential nutrients, removal of waste,
and cell to cell communication. Under low oxygen conditions
the ATP level of the cells, glycolysis, and matrix production
also fall, damaging the cell physicochemical reactions. Low
oxygen conditions are also known to damage the glucose
transporters that cause changes in the synthesis of the extra-
cellularmatrix [66], growth factors, expression ofmRNA, and
integrins in cartilage.

Another kind of oxidative stress is caused by the reactive
oxygen radicals released during the freezing and thawing
process. Reactive oxygen species (ROS) inhibit the synthe-
sis of the proteoglycan by the chondrocytes, collagen and
hyaluronic acid, and ECM degradation and initiates the
release of LDH by damaging the cell membrane and dam-
aging various transporters and pathways and depressing its
metabolic pathway for energy production. A damage caused

to chondrocyte membrane during freezing and thawing also
transfers the cellular membrane injury to the mitochon-
dria through the cytoskeleton. The mitochondria in turn
releases ROS in high amount causing chondrocyte death
andECMdegradation. ROS scavengers superoxide dismutase
is reduced in the cryopreserved cartilage. Levels of ROS
have been found to be greater in the cartilage of the people
suffering from joint diseases [67]. It is also a major cause
of cell necrosis. ROS, thus, may have an unfavourable effect
on tissue engineered cartilage preservation. ROS affects the
overall material properties of the tissue engineered cartilage
and influences its ability to respond to various stresses.
Therefore, decreasing oxidative stress is likely to be beneficial
to cryopreserved cartilage.

Excess of ROS and oxidative stress trigger the mito-
chondrial or intrinsic apoptotic pathway of cell death. These
stresses stimulate the opening of mitochondrial permeability
transition pore (MPT). The opening of MPT causes loss in
mitochondrial membrane potential and finally leading to the
release of various proteins into the cytosol. Cytochrome c is
an example of one such protein released by mitochondria,
which may cause the release of apoptogenic proteins, such
as cytochrome c, from mitochondria [68, 69]. These proteins
transduce the apoptotic signal via the caspase-dependent
pathway, which leads to morphological changes associated
with apoptosis. The permeabilization of the mitochondrial
membrane is regulated by the BCL-2 class of proteins which
thereby regulate the activation of the caspase. Targeting and
silencing the proapoptotic members of the BCL-2 family may
block the cryopreservation induced apoptosis.

2.4.1. Use of Cryoprotectants. A number of cryoprotectants
have been discovered since 1949, when Polge Smith and
Parks discovered the cryoprotective nature of glycerol for
bull sperms [70]. Cryoprotectants are mainly of two types
the permeating and the nonpermeating cryoprotectants.
Non permeating cryoprotectants include starches, such as
hydroxyl ethyl starch, sugars, such as dextrose, glucose
and sugar alcohols, such as erythritol, and sorbitol, and
other compounds such as polyvinylpyrrolidone. The role
of nonpermeating cryoprotectants is mainly cell membrane
preservation. These large molecules exert a colloidal osmotic
pressure, thus rendering support to the cell membrane.These
molecules also form a hydrogen bond with the unfrozen
intracellular water, thereby altering its activity and preserving
the cell membrane. Permeating cryoprotectants such as
DMSO,Glycerol, andEthylene glycol are smallmolecules that
can penetrate the cellmembrane. Permeating cryoprotectants
are generally preferred during controlled rate freezing and
they preserve the entire cell including the intracellular cell
organelles. These substances replace the intracellular water,
thereby reducing the chances of intracellular ice formation
and the damage caused by it. Whether penetrating or
nonpenetrating, cryoprotectants should always be used in
the right amount just enough for the tissue protection and
preservation.The amount of cryoprotectants to be added for a
particular geometry of tissue varies from protocol to protocol
depending on the preservation technique being used.
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2.4.2. Use of Osmotic Buffer. By the time a tissue engineered
cartilage construct is subjected to thawing, the tissue has
already been comprised with various critical temperatures
and have gone under various stresses. Therefore, CPA must
be mixed with other agents that may render a protective
effect on the cells and tissues during freezing and thawing.
Such agents are called extenders. Citrates, FBS, FCS, and
BSA are examples of such compounds. These substances are
added in the CPA along with buffers like PBS and HEPES
in a particular amount, such that the concentration of the
resultant solution is similar to that of the physiological
solutions [71].

2.4.3. Use of Antioxidants. To overcome this problem, sub-
stances which act as free radical scavengers or inhibit gener-
ations of oxidants or compounds that induce the production
of antioxidants are used. Scavengers of nonradical oxidants
include catalase, n-acetylcysteine, and thiols; free radicals
such as superoxide, hydroxy radicals, hydrogen peroxide,
hypochlorite radicals, nitric oxide, and singlet oxygen are
neutralized by the free radical scavengers such as ascorbic
acid, superoxide dismutase (SOD), vitamins A, E and C, glu-
tathione, carotenoid, flavonoid, polyphenols, and saccharide;
and minerals such as selenium are mixed along with the
cryoprotectants to defend the cartilage against oxidation or
oxidative injury and to allow the tissue to undergo multiple
free thaw cycles.

3. Conclusion

Cryopreservation of tissue engineered cartilage is an emerg-
ing field of tissue engineering and its importance is increas-
ingly realized owing to its potential clinical importance
and the vast commercialization scope. It is envisaged to be
indispensible when tissue engineering becomes a common
practice among scientists, researchers, and clinicians. How-
ever, a cryopreservation-induced stress remains to be amajor
hurdle in the effective application of the tissue engineered
cartilages, and overcoming these stresses may enhance the
success of cartilage cryopreservation. The problem faced
during the cryopreservation of tissue engineered cartilage
constructs is not limited to the maintenance of chondrocyte
viability but, is also faced in maintaining functionality.
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