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It is documented that human mesenchymal stem cells (hMSCs) can be differentiated into various types of cells to present a tool for
tissue engineering and regenerative medicine. Thus, the preservation of stem cells is a crucial factor for their effective long-term
storage that further facilitates their continuous supply and transportation for application in regenerative medicine.
Cryopreservation is the most important, practicable, and the only established mechanism for long-term preservation of cells,
tissues, and organs, and engineered tissues; thus, it is the key step for the improvement of tissue engineering. A significant
portion of MSCs loses cellular viability while freeze-thawing, which represents an important technical limitation to achieving
sufficient viable cell numbers for maximum efficacy. Several natural and synthetic materials are extensively used as substrates for
tissue engineering constructs and cryopreservation because they promote cell attachment and proliferation. Rho-associated
kinase (ROCK) inhibitors can improve the physiological function and postthaw viability of cryopreserved MSCs. This review
proposes a crosstalk between substrate topology and interaction of cells with ROCK inhibitors. It is shown that incorporation of
ionic nanoparticles in the presence of an external electrical field improves the generation of ROCK inhibitors to safeguard
cellular viability for the enhanced cryopreservation of engineered tissues.

1. Introduction

Tissue engineering originates from reconstructive surgery
where direct transplantation of donor tissue is practiced
to repair the function of damaged tissue [1]. Many difficul-
ties arise with direct transplantation due to insufficient
donor organs, rejection of the donor organ, and risk of
pathogen transmission. An autologous tissue engineering
transplant can therefore be an excellent alternative to direct
transplantation of donor organs. Molecular self-assembly in
biological systems provides the basis of a wide variety of
complex structures. These include the class of mechanically
superior biological structures based on microstructural

features occurring naturally. These in turn serve as a good
platform for the growth of cells and tissues. The biomate-
rials require some significant properties depending on the
functionality of the final tissue-engineered construct. Vari-
ous properties of the biomaterials such as biocompatibility,
shape, size, porosity, and thermal and mechanical charac-
teristics must be optimized prior to engineering the
required tissue [2–4]. Biocompatibility is the ability of a
material to perform with an appropriate host response in
a specific situation [5]. All biomaterials may not have the
same degree of biocompatibility. In many cases, surface
properties have to be altered in order to enhance the inter-
action of such substrates with the host or biological fluid

Hindawi
Stem Cells International
Volume 2017, Article ID 1380304, 9 pages
https://doi.org/10.1155/2017/1380304

https://doi.org/10.1155/2017/1380304


and suppress adverse immune response [6, 7]. The surface
properties of the bioengineered constructs can be altered by
various physical modalities such as UV irradiation, plasma
etching, and corona discharge. Various chemical methods
have also been used such as covalent attachment, chemical
grafting, photografting, plasma polymerization, grafting with
ionization radiation, and self-assembled monolayer forma-
tion to improve the host response and the biocompatibility
of the materials.

Degradability is also a major parameter that must be
considered for materials that are used as implants in tissue
regeneration. For instance, it might result in excessive drug
release and possible severe side effects. Moreover, diffusion
may cause swelling and leaching of the implants. During
swelling, ions or fluid from the tissue is transported into
the biomaterial resulting in reduced elasticity of the sub-
strate causing static fatigue or crazing. Similarly, leaching
is the process in which one component of the biomaterial
dissolves into the surrounding fluid phase and can cause
local biological reactions to the released products, reducing
both fracture strength and Young’s modulus of the material
[7]. Furthermore, dissolution of polymers and ceramics is a
more frequent phenomenon. Depending on the nature of
the polymer, ceramics and calcium-based materials such as
calcium hydroxyapatite, calcium phosphates, and bioactive
glasses [8] also tend to undergo dissolution. In spite of the
advantages that are apparent in the field of tissue engineer-
ing, one of the major drawbacks is the long-term storage
and transportation of devices for transplantation procedure.
Thus, cryopreservation is the method of choice to address
the issues of long-term storage and transportation with
maximum efficacy of storage procedure. It is anticipated that
a broad range of tissue-engineered products such as ready-
made and patient-specific devices as well as new cell-based
services will be in high demand. The potential future appli-
cation of tissue engineering is however dependent upon the
timely provision of the regenerative medicinal products to
patients [9, 10]. Thus, the use of biomaterial-based tissue
constructs as regenerative medicines is important because
they can be preserved at low temperatures. An integral
approach to the clinical application should involve the
evaluation of cryopreservation performance for practical
production, that is, the manufacturing process must accom-
modate the presence of large number of cells in the matrix
or scaffold.

Using cryopreservation, priority is given to maintain-
ing the integrity of the membranous structure of cell
sheets, tissues, and laboratory-produced organs in a bio-
ethical manner. Several strategies for cryopreservation
include ultra-rapid freezing and thawing, controlled-rate
freezes, freezing with nonpenetrating polymers, vitrifica-
tion, and equilibrium freezing. Moreover, there are several
important factors for successful cryopreservation including
composition of the cryopreservation medium and nature
of the cryoprotectants, the freezing-thawing procedure,
and the intrinsic susceptibility of the cells to freeze dam-
age. We will discuss different types of substrates used in
tissue-engineered constructs and their effects on the func-
tionality of tissues following cryopreservation.

2. Substrates for Tissue Engineering Constructs

A scaffold is a three-dimensional (3-D) construct which
serves as a temporary support for isolated cells to grow and
differentiate into a new tissue that can be transplanted into
the organism. To a great extent, the design of the scaffold
determines the functional performance of the construct.
The optimum characteristics of a scaffold depend on its
porosity to allow significant transport of nutrients toward
the cells, while also allowing the removal of metabolites,
and the optimum in growth of cells into the matrix. Addi-
tionally, the scaffold should have suitable mechanical proper-
ties comparable to in vivo tissue at the site of implantation
and should be easily connected to the host vascular system
[11]. Furthermore, the scaffold material should also be bio-
compatible and degrade with tissue regeneration and remod-
eling of the extracellular matrix (ECM). The surface should
promote cell attachment and proliferation. Several natural
and synthetic materials are widely used as substrates for tis-
sue engineering constructs [12, 13]. In soft tissue applications
such as skeletal muscle or cardiovascular substitutes, poly-
mers are mainly used, whereas scaffolds for hard tissue engi-
neering applications such as bone substitutes are fabricated
from a wider variety of classes of materials, namely, poly-
mers, ceramics, composites, or metals. Copolymers of two
or more polymers are also commonly used [14]. Addition-
ally, reinforcement molecules are frequently added to
increase the overall mechanical properties of the substrates.
Various materials used for scaffold construction are listed
in Table 1 [15–20].

The design of a scaffold ultimately determines the func-
tionality of the grown tissue [21, 22], taking into account
the material, its fabrication, and appearance, that is, shape,
size, and micropattern. The different types of scaffolds
include membranes, cell sheets, microencapsulation, and
microcarrier beads. The membrane-based scaffolds have
ideal characteristics [23, 24] including optimal biocompati-
bility, good porosity to provide high hydraulic permeability,
a distinct molecular weight cut-off, surface morphology to
reduce interaction with body fluids, sufficient chemical,
mechanical and thermal stability to withstand the pressure
and the sterilization process, and a large surface area relative

Table 1: Materials commonly used in the construction of scaffolds.

Substrate type Substrate composition Reference

Natural
polymers

Cellulose
Agarose

Diamantoglou et al. [18]

Alginate Li et al. [9]

Synthetic
polymers

Polyetherimide Lützow et al. [28]

Polyimide Maenosono et al. [54]

Polylactic acids Mohammadi et al. [55]

Crystalline
substances

Ceramics Wiegandt et al. [56]

Calcium phosphates Zhang et al. [57]

Bioglass Jayabalan et al. [58]

Metals
Titanium Holtorf et al. [59]

Alumina Swan et al. [60]
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to volume that allows construction of small integrated
devices with high operational capacities. In contrast, biocom-
patibility, biodegradability, and flexibility are the ideal char-
acteristics of microcarrier beads. Chemical and mechanical
stability should be provided to encapsulate cells for their
optimal immobilization. At the same time, cellular sheet
integrity should be maintained. However, storage of the
encapsulated cells within construct requires mechanism of
cryopreservation. Thus, in process of ensuring cellular viabil-
ity during cryopreservation, physic-chemical responses of
substrates play a significant role for enriching construct with
enriched microenvironment.

3. The Role of Substrates in
Cryopreservation of Constructs

Cryopreservation of alginate fibrin beads along with bone
marrow-derived mesenchymal stromal cells has already been
studied [10, 25], allowing a significant rate of cell proliferation
and greater cell viability. The integrity of alginate beads was
found to be maintained as alginate hydrogel has high water
content. Moreover, no significant difference was observed in
the microstructure of the bead after cryopreservation. How-
ever, a slight crumpling of the beads was observed due to
dehydration that ultimately did not hamper the cell physiol-
ogy. The extracellular environments also remained unaltered.
Thus, alginate beads were found to be highly biocompatible
for cell encapsulation and could cater to immediate patient
needs and aid in the differentiation of bone marrow cells.

The vitrification method for chondrite sheets using
different cryoprotectant solutions was studied by Maehara
et al. [26]. The minimum volume cooling method, coating
of the sheets with poly-L-lysine (PLL), and exposure to liquid
nitrogen vapors were found to be the most efficient methods
for its cryopreservation [27]. The microstructure of the

sheets is not affected even if the sheet breaks. The mainte-
nance of membranous structure was found to be important
for the overall functionality of the cells. Table 2 summarizes
the effects of all substrate properties on the outcomes of
cryopreservation.

Li et al. [9] carried out in vitro and in vivo studies using
cryopreserved alginate-poly-L-lysine-alginate (APA) micro-
capsules containing erythropoietin- (Epo-) secreting myo-
blasts. The experimental outcomes show that higher cell
load resulted in a lower Epo reduction. This indicates that
a lower implant dose is sufficient to produce a therapeutic
effect in vivo. Higher cryoprotectant concentrations turned
out to have more favorable effects on microcapsule mor-
phology. However, a major drawback of using higher con-
centrations of cryoprotectant is its effect on cell viability.
Overall morphology was also assessed and cell size
remained stable. These results confirm the high chemical
resistance of the microcapsule. A significantly higher
hematocrit level was observed in all the animals implanted
with microcapsules when compared with Hank’s balanced
salt solution (HBSS) control group. Animals implanted with
the frozen microencapsulated cells stored using 10% DMSO
cryoprotectant solution showed higher hematocrit levels. The
angiogenic effects of Epo might be responsible for the pres-
ence of several blood capillaries surrounding the cell-loaded
microcapsule clump. This neovascularization may suggest
that the angiogenic molecule could play a major role in the
long-term functionality of this type of cell-loaded system.
The benefits of preserving the microcapsules for a longer
period of time were evaluated and no significant differences
were found, thereby confirming the safety of employing cryo-
preserved microcapsules. Despite the promising results
obtained in this study, the reduction in Epo release after cryo-
preservation of microcapsules should be minimized for
future improvement of cryopreservation protocols [28].

Table 2: Effect of substrate on cryopreservation outcome.

Substrate Reference Properties

Alginate fibrin beads Bhakta et al. [7]

(i) Dehydration of beads causes crumpling
(ii) Matricellular environment unaltered
(iii) Cell proliferation and viability not affected
(iv) Highly biocompatible

Chondrite sheets Maehara et al. [26]
(i) Structural integrity maintained
(ii) Microstructure is not affected
(iii) Membranous structure important for functionality

Alginate-poly-L-lysine Murua et al. [30]

(i) High chemical resistance and stability
(ii) Efficient therapeutic effect in vivo
(iii) Aided in neovascularization leading to higher haemocrit levels
(iv) Biosafety and long-term functionality of microcapsules

Agarose microencapsulation Carlos et al. [61]

(i) Young’s modulus reduced
(ii) Diffusion coefficient varied
(iii) Occurrence of cryopreservative damage
(iv) Insulin secretion increment with respect to glucose concentration

Hydroxyapatite scaffolds Altankov et al. [3]

(i) Detrimental cell surface interaction
(ii) Cell detachment
(iii) Altered thermal properties
(iv) Postthaw viability enhanced correspondingly with number density
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Hang et al. [29] compared the vitrification and freezing of
microencapsulated islets in agarose beads. Crank’s equation
was used to determine the diffusion coefficient values of sol-
utes in the beads. The diffusion coefficient varied with their
increase in molecular weight after cryopreservation as com-
pared to unpreserved normal agarose beads. Moreover, vari-
ation in effective diffusion coefficients produced an alteration
in the structure of the molecular network within the agarose
hydrogel after cryopreservation. In the case of substances
with lower molecular weights, such as urea and glucose,
and higher molecular weight such as bovine serum albumin,
the diffusion coefficients were practically unchanged in aga-
rose beads before and after the cryopreservation process.
However, the diffusion coefficients for intermediate molecu-
lar weight compounds such as vitamin B12, insulin, and lyso-
zyme exhibited a significant change in their values in the case
of agarose beads after cryopreservation. Deformation and
failure behaviors of the agarose hydrogel before and after
cryopreservation were performed using a compression test-
ing machine. After freezing and thawing, the agarose gel
membrane showed cracks and about 4% of the islet cells were
either partially or totally naked. In comparison, the agarose
membrane was found intact in vitrified encapsulated islet
cells. It was also shown that cryopreservation causes the aga-
rose beads to form crystals and they exhibited several cracks
and general damage, whereas agarose beads exhibited normal
morphology by vitrification using VS55.

The mechanical properties of 5% agarose hydrogel were
examined after cryopreservation and thawing processes. It
was noticed that failure stress, failure strain, and Young’s
modulus all decreased for agarose after freezing and vitrifica-
tion in comparison to noncryopreserved agarose. It was also
seen that the mechanical properties of vitrified agarose beads
were comparable to the normal agarose beads.

In a bioartificial pancreas [30], a proper molecular weight
cut-off protected encapsulated islets against immune rejec-
tion. There was also a rise in insulin secretion with respect
to the glucose concentration in the case of vitrified microen-
capsulated islets compared to frozen encapsulated islets. In a
study conducted by Lai et al. [31], it was suggested that
cryopreservation processing detaches osteoblasts from the
hydroxyapatite (HA) scaffold and the cells suffer significantly
higher damage than those cryopreserved in liquid suspen-
sion. Thus, some aspect of cell surface interaction is detri-
mental and involves thermal modulations when osteoblasts
grown over HA scaffolds are exposed to cryoprotective
agents for two-step freezing. Without temperature change,
however, few morphological changes were observed.
Enhanced postthaw attachment and viability were achieved
for higher densities of osteoblasts grown over the HA scaffold
surface, indicating that some aspect of cell-cell interaction is
also beneficial. The HA scaffolds with higher porosity were
better for cell attachment; however, porosity was not an
essential factor for postthaw viability. Other than the desired
substrates used in cryopreservation, Rho-associated kinase
also acts as a regulatory mechano-transistor to control cellu-
lar viability. They stimulate ligand-kinase activator, thereby
initiating chain of mechano-sensing cascades in response to
cryoprotectant during cryopreservation process.

4. Rho-Associated Kinase (ROCK) in
Cryopreservation

Apoptotic cell death is dependent on energy and results in
shortening of chromatin, cell shrinkage, and fragmentation.
Apoptotic death is controlled by two different intrinsic and
extrinsic pathways [32, 33]. In the extrinsic pathway, ligands
Fas L and tumor necrosis factor-alpha (TNFα) bind to death
receptors on the cell membrane and activate caspase-8.
Caspase-8 further triggers procaspase-3 which ultimately ini-
tiates the death cascade by cleaving nuclear DNA and cyto-
plasmic proteins. Caspase-8 is also reported to be involved
in the intrinsic pathway by triggering a signaling cascade
throughmitochondria for activating Bid that in turn activates
Bak and Bax. In this pathway, many stress stimuli such as
DNA damage, oxidants, pressure overload, and toxin-
induced hypoxia activate proteins such as Bad, Nix, Bim,
and Bid (as shown in Figure 1). These proteins activate Bak
and Bax, releasing cytochrome c (Cyt c), Smac, and HtrA2
from mitochondria [34–37]. The Cyt c forms a complex with
procaspase-9 and Apaf-1 and stimulates the formation of
apoptosome that further activate caspase-9. Caspase-9 acti-
vates procaspase-3 to initiate the death cascade. Rho-
associated kinase (ROCK) is a small Rho-binding protein
that belongs to the Rho family with protein kinase activity
of threonine/serine along with a molecular mass of nearly
160 kDa [38–41], and a pleckstrin homology (PH) domain
rich in cysteine at the carboxyl terminal of the protein. The
ROCK family contains two ROCK isoforms, ROCK 1 or
p160 ROCK, and ROCK 2. ROCK 1 and ROCK 2 share
65% and 92% of amino acid sequence homology and kinase
domain, respectively.

Autoinhibition is also a unique activity of ROCK protein.
The carboxyl-terminal region of ROCK acts as an autoregula-
tory inhibitor of the amino terminal of the kinase domain. In
an inactive state, the Rho-binding domain (RBD) of ROCK
and the carboxyl-terminal PH domain interact with amino-
terminal kinase domains thereby forming a closed autoinhi-
bitory loop. The dynamic form of ROCK is obtained by cross-
talk of active GTP bound form of Rho with ROCKRBD that
results in suppression of carboxyl-terminal RBD-PH domain
by the kinase domain, which leads to an active open kinase
domain of ROCK. In addition, caspase-3 is responsible for
cleaving the C terminus end of ROCK by which loses its auto-
inhibitory properties and becomes hyperactive. This hyper-
active form of ROCK is a major cause of apoptosis as it acts
on various substrates resulting in activation of apoptosis
[42]. Terminal domains of both classes of ROCK act differ-
ently for generating apoptotic signaling mechanism for cells.

5. Targets of ROCK in Apoptotic Signaling

The amino-terminal domains of ROCK 1 and ROCK 2 con-
tain the consensus sequence for phosphorylation of protein
targets by serine/threonine protein kinases. The consensus
sequence for phosphorylation is R/K-X-X-S/T (R-arginine,
K-lysine, S-serine, T-threonine, and X-any amino acid).
Moreover, most ROCK marks are cellular macromolecules
involved in regulatory actin cytoskeleton. The most common
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targets of ROCKs are myosin light chain (MLC), and
myosin-binding subunit of MLC phosphatase (MYPT1),
LIM kinase-1, and kinase-2 at preserved threonines within
the activation loop leading to phosphorylation of cofilin pro-
teins, altering the G-actin and F-actin equilibrium. ROCK
acts in two ways—either by increasing MLC phosphorylation
by directly acting onMLC or by an indirect inhibition ofMLC
phosphatase activity. The increase of MLC phosphorylation
results in actomyosin contraction, whereas inhibition of
MLC phosphatase results in smooth muscle contraction [43].

The activation of contractile actomyosin controls the
morphological apoptotic events which include blebbing
of the plasma membrane, disintegration of the nucleus,
and fragmentation.

The phosphatase and tensin homologue (PTEN) is
another target for ROCK. The phosphorylation of PTEN
using ROCK triggers the phosphatase activity of PTEN,
which results in reduction in phosphorylation of Akt, which
is crucial for cell survival. This negative regulation of Akt
pathway leads to the onset of apoptosis. Another target of
ROCK is increased phosphorylation of ezrin, which leads to
clustering of Fas and expression of membrane protein result-
ing in an activation of extrinsic pathway that further initiate
apoptosis (as shown in Figure 2) [44]. It leads to investigating
another class of substrates to inhibit the apoptotic role of
ROCK during the process of cryopreservation.

6. ROCK Inhibitors in Cryopreservation

Cryopreservation is a technique which is being used since the
1970s, and its applications have grown immensely [9]. This

technique can be employed for the preservation of different
cell types, tissues, or even organs at very low temperatures
which may fall even below −140°C. However, the process is
not that simple and the success rate is very low in postthaw
culturing due to the severe toxic conditions and physical
stresses created by such low temperatures. At these tempera-
tures, there is natural tendency for intracellular ice formation
as well as harmful changes to the chemiosmotic balance of
the cell membrane [9]. To overcome this situation, a wide
variety of cryoprotective agents such as DMSO and glycerol
has been used which certainly increased the survival rate
but not to appreciable limits. Thus, there was a real need to
look for other protective agents, accelerated by a study con-
ducted by Baust et al. [45]. This group found a marked
increase in a cell survival rate when an inhibitor of caspase-
3 was added to DMSO [45]. This paper changed the focus
of the researchers from studying simple cryoprotective agents
to the mechanisms which result in cell death. This has led to
much advancement in increasing the survival rate of cells and
cultures at the postthaw stage. One such advancement was
the use of ROCK inhibitors. Recently, many inhibitors have
been used to inhibit the activity of ROCK cleaved by caspase
but only two are in wide use. Y-27632 and Fasudil have
showed a marked improvement in postthawing viability of
the cells. These are compounds which target the ATP-
dependent kinase site of activated ROCK without which, it
cannot phosphorylate MLC, thus reducing membrane bleb-
bing [44]. Since membrane blebbing is an essential condition
for cell apoptosis and is the result of phosphorylation of differ-
ent substrates such as LIM kinase and MLC, it was observed
that Y-27632 efficiently impairs the phosphorylation and
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Figure 1: Two distinctive apoptosis pathways. Extrinsic pathway death receptors present on the cell membrane ligate due to the binding of
their ligands, resulting in the recruitment of Fas-associated protein, activating caspase-8. The active caspase-8 then activates downstream
caspases-3 and Bid. Truncated Bid (tBid) activates proapoptotic proteins Bax and Bak on mitochondria. Intrinsic pathway triggers
permeabilization of the mitochondrial membrane, which further triggers release of cytochrome c, which binds to Apaf-1, which in turn
self-associates and binds procaspase-9, resulting in an apoptosome. Transactivation of the complex procaspase-9 to active caspase-9
follows, and the caspase then cleaves and activates downstream caspases.

5Stem Cells International



thus prevents apoptosis. Another novel ROCK inhibitor is
Y-39983 which is considered more effective than Y-27632
[46]. Fasudil is a selective RhoA/Rho kinase (ROCK)
inhibitor, which couples vascular remodeling and vaso-
constriction in pathogenesis of pulmonary hypertension
[47]. The act of ROCK inhibitors in combination with
dynamic (or functional) modeling of physic-chemical
state of substrates can be proposed for improving out-
comes of cryopreservation.

7. Crosstalk between Substrate
Morphology and ROCK for Improved
Cryopreservation Outcome

During cryopreservation, anhydrous cell membranes act as
phase-separated membranes under weak tension. The total
free energy of the cell membrane (F) regulates formation of
ROCK under increased concentration of cryoprotectant in
extracellular fluid. F can be represented as a cumulative
contribution of bending elasticity (Fb), membrane surface
tension (Fλ), and line tension between phases (Fα).

F = Fb + Fλ + Fα 1

Increasing bending elasticity of the cell membrane
enhances the ability of the cell to withstand greater stress
due to increased concentration of cryoprotectant. At the
same time, membrane surface tension needs to be controlled
as it regulates the initiation of ROCK synthesis process.

Bending elasticity, membrane surface tension, and line
tension between phases can be represented by (2), (3), and
(4), respectively [43, 44].

Fb = 〠
i=A,B

∬
Si

kci
2 2H − c0

2dS, 2

Fλ = 〠
i=A,B

λ∬
Si

dS, 3

Fσ = σ

∂S

∂l, 4

where i = 1, 2 represents the domains of the membrane occu-
pied by incompatible amphiphiles “1” and “2.” kci is repre-
sents bending rigidity. H and c0 are the mean and
spontaneous membrane curvature. λ and σ are the surface
and line tension [48].

On the other hand, increased concentration of cryo-
protectant also triggers ROCK formation, thus decreases
cell survivability.

Cell survivability can be regulated by the rate of nuclei
formation in cryoprotectant solution and by the speed of
thawing. Nucleation rate “J ’ can be calculated by

J = k Γz
η T

exp −ΔGnucl

kT
, 5

where ΔGnucl and Γz are activation energy for nucleation and
Zeldovich constant, respectively, and η is the viscosity of
cryoprotectant solution [49].

It has been observed that a slower rate of thawing
increases the temporal hypotonic environment of the cell,
but unfortunately, it also enhances cellular toxicity by
increasing oxidative stress in the extracellular environment
[50]. In order to reduce cellular toxicity, cryoaction can be
modified by introducing metallic nanoparticles like Ag and
Au. The effect of the mixes of cryoprotector thus obtained
leads to formation of amorphous ice. This is because the
modified absolute temperature of the vitrified sample goes
below glass-transition temperature. The prediction of glass-
transition temperature of the newly formed mixture of cryo-
protectant solution can be made frommixture property Ymix.
[50]. Here, in our proposed model, Ymix is the weighted aver-
age of the component properties of Yi (i=cryoprotectant,
Ag/Au nanocomposites).
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Figure 2: Role of ROCK in the regulation of cytoskeletal proteins.
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Ymix =
〠Yi f i
〠 f i

6

f i is the fraction of ith component within the mixture. Accu-
racy of mixture property can be enhanced by implementation
of Couchman-Karasz and Gordon-Taylor models.

In addition, the nucleation rate in cryoprotectants can be
enhanced or modulated by applying a pulsed transverse elec-
tric field (E) across the cryoprotectant solution [51]. When
molecules of cryoprotectants are polarized in an external
electrostatic field (E), then there is force moment “M” acting
on the molecules given asM = μoEsin θ , with μo as the elec-
tric dipole moment of the cryoprotectant molecules and θ as
the angle between dipole moment direction and the field
direction, and the potential energy of the interaction U is
μoEcos θ . As per the Boltzmann distribution law [49, 52],
the homogenous distribution of cryoprotectant solution can
be represented by

f U = Aexp −
U
kT

7

Thus, it has been shown that cell survivability is highly
regulated by nucleation rate, which again varies with activa-
tion energy, as shown by (2).

Lastly, input of activation energy enhances elastic defor-
mation of cellular membranes [53]. In combination with
the electropositive (or electronegative) treatment of the sub-
strate in the presence of Ag/Au nanoparticles, it increases
bending elasticity. Also, controlled reduction in ice-crystal
formation during slow thawing can be achieved by increas-
ing the surface roughness and porosity of the substrate.
Substrate porosity is also enhanced due to the interaction
between Ag/Au nanoparticles and the electropositive (or elec-
tronegative) coated substrate surface due to the phenomenon
of boundary layer theory.

Thus, increased surface porosity in combination with
increased cell membrane elasticity interrupts ROCK forma-
tion, which in turn reduces the need for ROCK inhibitors
during vitrification of cells following thawing, thereby pre-
venting cellular toxicity.

8. Conclusion

Various substrates used in tissue engineering constructs and
their ideal characteristics have been discussed. The role of
substrates (natural polymers, synthetic polymers, and crys-
talline substances and metals) in the cryopreservation of con-
structs is important in several cases where cell viability and
proliferation were not affected, and the integrity of scaffold
was maintained. Despite this, mechanical properties such as
elastic limits, diffusivity, permeability, and thermal proper-
ties of the scaffolds were altered resulting in reduced physio-
logical activity of the supported cells. Future challenges
should improve parameters such as molecular size, shape,
weight, surface to volume ratio, concentration, physical sta-
bility, solubility, and thermodynamic properties of the sub-
strates used correlating them with cell surface interaction,
growth, differentiation, migration, viability, proliferation,

and localization. These will enhance the longevity, endur-
ance, performance, and recovery of the cells/tissues from
the cryopreserved state enabling effective tissue banking
and transplantation. Despite recent advancements in
improving the postthawing survival rate of cells, problems
still need to be addressed. The most important factor is the
enhancement of cell attachment. Although ROCK inhibitors
have definitely improved the postthawing survival of cryo-
preserved cells, additional studies are still needed to enhance
the cell adhesion properties during cryopreservation. In addi-
tion, the altered shape of the cells in the presence of ROCK
inhibitors should be addressed as the cells regained their
original shape once the inhibitor was removed. Finally, we
must solve the problem of reduced tendency to differentiate
after cryopreservation. The present review elucidates the sys-
temic activation of ROCK through caspase enzyme leading to
apoptosis. Stress factors induced due to ultra-low tempera-
ture help to trigger this reaction. Incorporation of Au/Ag
nanomaterials to modify substrate had also been explained
which promises to establish optimized criteria for activation
of ROCK and its inhibitors.

Conflicts of Interest

The authors declare that they have no conflict of interest.

Authors’ Contributions

Arindam Bit and Awanish Kumar contributed equally.

Acknowledgments

The authors are grateful to the National Institute of
Technology, Raipur (CG), India, for providing the necessary
facilities for this work. This study was supported by a grant
from the Department of Science and Technology (ECR/
2017/001115 and YSS/2015/000618) New Delhi, India.
Albert A. Rizvanov was supported by state assignment
20.5175.2017/6.7 of the Ministry of Education and Science
of Russian Federation.

References

[1] C. M. Agrawal and R. B. Ray, “Biodegradable polymeric
scaffolds for musculoskeletal tissue engineering,” Journal of
Biomedical Materials Research Part A, vol. 55, pp. 141–
150, 2001.

[2] W. Albrecht, B. Seifert, T. Weigel et al., “Amination of
poly(ether imide) membranes using di- and multivalent
amines,” Macromolecular Chemistry and Physics, vol. 204,
pp. 510–521, 2003.

[3] G. Altankov, W. Albrecht, K. Richau, T. Groth, and
A. Lendlein, “On the tissue compatibility of poly(ether imide)
membranes: an in vitro study on their interaction with human
dermal fibroblasts and keratinocytes,” Journal of Biomaterials
Science, Polymer Edition, vol. 16, pp. 23–42, 2005.

[4] H. Baharvand, G. H. Salekdeh, A. Taei, and S.Mollamohammadi,
“An efficient and easy-to-use cryopreservation protocol for
human ES and iPS cells,” Nature Protocols, vol. 5, pp. 588–
594, 2010.

7Stem Cells International



[5] J. M. Baust, M. J. Vogel, R. Van Buskirk, and J. G. Baust, “A
molecular basis of cryopreservation failure and its modulation
to improve cell survival,” Cell Transplantation, vol. 10,
pp. 561–571, 2001.

[6] C. Bergemann, P. Elter, R. Lange et al., “Cellular nutrition in
complex three-dimensional scaffolds: a comparison between
experiments and computer simulations,” International Journal
of Biomaterials, vol. 2015, Article ID 584362, 12 pages, 2015.

[7] G. Bhakta, K. H. Lee, R. Magalhães et al., “Cryoreservation of
alginate–fibrin beads involving bone marrow derived mesen-
chymal stromal cells by vitrification,” Biomaterials, vol. 30,
pp. 336–343, 2009.

[8] M. N. Rahaman, D. E. Day, B. S. Bal et al., “Bioactive glass
in tissue engineering,” Acta Biomaterialia, vol. 7, no. 6,
pp. 2355–2373, 2011.

[9] X. Li, G. Meng, R. Krawetz, S. Liu, and D. E. Rancourt, “The
ROCK inhibitor Y-27632 enhances the survival rate of human
embryonic stem cells following cryopreservation,” Stem Cells
and Development, vol. 17, pp. 1079–1085, 2008.

[10] B. Liu, J. McGrath, L. McCabe, and M. Baumann, “Cellular
response of murine osteoblasts to cryopreservation: the influ-
ence of attachment to hydroxyapatite (HA) scaffolds,” African
Journal of Biotechnology, vol. 5, 2006.

[11] A. Bissoyi, B. Nayak, K. Pramanik, and S. K. Sarangi, “Target-
ing cryopreservation-induced cell death: a review,” Biopreser-
vation and Biobanking, vol. 12, pp. 23–34, 2014.

[12] J. Black, Biological Performance of Materials: Fundamentals of
Biocompatibility, CRC Taylor & Francis, 2006.

[13] S. R. Braam, R. Nauw, D. Ward-van Oostwaard, C. Mummery,
and R. Passier, “Inhibition of ROCK improves survival of
human embryonic stem cell-derived cardiomyocytes after dis-
sociation,” Annals of the New York Academy of Sciences,
vol. 1188, pp. 52–57, 2010.

[14] A. P. Broek, H. A. Teunis, D. Bargeman, E. D. Sprengers, and
C. A. Smolders, “Characterization of hollow fiber hemodialysis
membranes: pore size distribution and performance,” Journal
of Membrane Science, vol. 73, pp. 143–152, 1992.

[15] D. A. Claassen, M. M. Desler, and A. Rizzino, “ROCK inhi-
bition enhances the recovery and growth of cryopreserved
human embryonic stem cells and human induced pluripo-
tent stem cells,” Molecular Reproduction and Development,
vol. 76, pp. 722–732, 2009.

[16] C. Bueno, R. Montes, and P. Menendez, “The ROCK inhibitor
Y-27632 negatively affects the expansion/survival of both fresh
and cryopreserved cord blood-derived CD34+ hematopoietic
progenitor cells: Y-27632 negatively affects the expansion/sur-
vival of CD34+HSPCs,” Stem Cell Reviews, vol. 6, pp. 215–223,
2010.

[17] J. G. Day and M. R. McLellan, Cryopreservation and Freeze-
Drying Protocols, Humana Press, 1995.

[18] M. Diamantoglou, J. Platz, and J. Vienken, “Cellulose carba-
mates and derivatives as hemocompatible membrane materials
for hemodialysis,” Artificial Organs, vol. 23, pp. 15–22, 1999.

[19] S. V. Dorozhkin and M. Epple, “Biological and medical
significance of calcium phosphates,” Angewandte Chemie
International Edition, vol. 41, pp. 3130–3146, 2002.

[20] J. R. Fuchs, B. A. Nasseri, and J. P. Vacanti, “Tissue engineer-
ing: a 21st century solution to surgical reconstruction,” The
Annals of Thoracic Surgery, vol. 72, pp. 577–591, 2001.

[21] K. Gauthaman, C.-Y. Fong, and A. Bongso, “Effect of ROCK
inhibitor Y-27632 on normal and variant human embryonic

stem cells (hESCs) in vitro: its benefits in hESC expansion,”
Stem Cell Reviews, vol. 6, pp. 86–95, 2010.

[22] T. Groth, B. Seifert, W. Albrecht et al., “Development of
polymer membranes with improved haemocompatibility for
biohybrid organ technology,” Clinical Hemorheology and
Microcirculation, vol. 32, pp. 129–143, 2005.

[23] P. A. Gunatillake and R. Adhikari, “Biodegradable synthetic
polymers for tissue engineering,” European Cells & Materials,
vol. 5, pp. 1–16, 2003.

[24] B. C. Heng, “Effect of Rho-associated kinase (ROCK) inhibitor
Y-27632 on the post-thaw viability of cryopreserved human
bone marrow-derived mesenchymal stem cells,” Tissue and
Cell, vol. 41, pp. 376–380, 2009.

[25] Z. Izadifar, X. Chen, and W. Kulyk, “Strategic design and fab-
rication of engineered scaffolds for articular cartilage repair,”
Journal of Functional Biomaterials, vol. 3, pp. 799–838, 2012.

[26] M. Maehara, M. Sato, M. Watanabe et al., “Development of
a novel vitrification method for chondrocyte sheets,” BMC
Biotechnology, vol. 13, p. 58, 2013.

[27] B. Krause, M. Storr, T. Ertl et al., “Polymeric membranes for
medical applications,” Chemie Ingenieur Technik, vol. 75,
pp. 1725–1732, 2003.

[28] K. Lützow, T. Weigel, and A. Lendlein, “Poly(ether imide)
scaffolds as multifunctional materials for potential applica-
tions in regenerative medicine,” Artificial Organs, vol. 30,
pp. 764–769, 2006.

[29] H. Hang, X. Shi, Y. Wu, J. Gu, and Y. Ding, “In vitro analysis of
cryopreserved alginate-poly-L-lysine-alginate-microencapsu-
lated human hepatocytes,” Liver International, vol. 30, no. 4,
pp. 611–622, 2010.

[30] A. Murua, G. Orive, R. M. Hernandez, and J. L. Pedraz, “Cryo-
preservation based on freezing protocols for the long-term
storage of microencapsulated myoblasts,” Biomaterials,
vol. 30, no. 20, pp. 3495–3501, 2009.

[31] W.-H. Lai, J. C.-Y. Ho, Y.-K. Lee et al., “ROCK inhibition
facilitates the generation of human-induced pluripotent stem
cells in a defined, feeder-, and serum-free system,” Cellular
Reprogramming, vol. 12, pp. 641–653, 2010.

[32] M. Movassagh and R. S.-Y. Foo, “Simplified apoptotic cas-
cades,” Heart Failure Reviews, vol. 13, pp. 111–119, 2008.

[33] R. Kim, M. Emi, K. Tanabe, S. Murakami, Y. Uchida, and
K. Arihiro, “Regulation and interplay of apoptotic and non-
apoptotic cell death,” The Journal of Pathology, vol. 208,
pp. 319–326, 2006.

[34] W.-X. Zong, C. Li, G. Hatzivassiliou et al., “Bax and Bak can
localize to the endoplasmic reticulum to initiate apoptosis,”
The Journal of Cell Biology, vol. 162, pp. 59–69, 2003.

[35] D. Ren, H.-C. Tu, H. Kim et al., “BID, BIM, and PUMA are
essential for activation of the BAX- and BAK-dependent cell
death program,” Science, vol. 330, pp. 1390–1393, 2010.

[36] K. A. Sarosiek, X. Chi, J. A. Bachman et al., “BID preferentially
activates BAK while BIM preferentially activates BAX,
affecting chemotherapy response,” Molecular Cell, vol. 51,
pp. 751–765, 2013.

[37] L. P. Billen, A. Shamas-Din, and D. W. Andrews, “Bid: a
Bax-like BH3 protein,” Oncogene, vol. 27, Supplement 1,
pp. S93–S104, 2008.

[38] K. Fujisawa, A. Fujita, T. Ishizaki, Y. Saito, and S. Narumiya,
“Identification of the Rho-binding domain of p160ROCK, a
Rho-associated coiled-coil containing protein kinase,” The

8 Stem Cells International



Journal of Biological Chemistry, vol. 271, pp. 23022–23028,
1996.

[39] T. Matsui, M. Amano, T. Yamamoto et al., “Rho-associated
kinase, a novel serine/threonine kinase, as a putative target
for small GTP binding protein Rho,” The EMBO Journal,
vol. 15, pp. 2208–2216, 1996.

[40] M. Maekawa, T. Ishizaki, S. Boku et al., “Signaling from Rho to
the actin cytoskeleton through protein kinases ROCK and
LIM-kinase,” Science, vol. 285, pp. 895–898, 1999.

[41] T. Shimizu, K. Ihara, R. Maesaki, M. Amano, K. Kaibuchi, and
T. Hakoshima, “Parallel coiled-coil association of the RhoA-
binding domain in Rho-kinase,” The Journal of Biological
Chemistry, vol. 278, pp. 46046–46051, 2003.

[42] M. Sebbagh, C. Renvoizé, J. Hamelin, N. Riché, J. Bertoglio,
and J. Bréard, “Caspase-3-mediated cleavage of ROCK I
induces MLC phosphorylation and apoptotic membrane
blebbing,” Nature Cell Biology, vol. 3, pp. 346–352, 2001.

[43] S. Elmore, “Apoptosis: a review of programmed cell death,”
Toxicologic Pathology, vol. 35, no. 4, pp. 495–516, 2007.

[44] S. Narumiya, T. Ishizaki, and M. Uehata, “Use and properties
of ROCK-specific inhibitor Y-27632,”Methods in Enzymology,
vol. 325, pp. 273–284, 2000.

[45] J. M. Baust, W. Corwin, K. K. Snyder, R. Van Buskirk, and J. G.
Baust, “Cryopreservation: evolution of molecular based strate-
gies,” in Biobanking and Cryopreservation of Stem Cells,
pp. 13–29, Springer International Publishing, Cham, 2016.

[46] T. Kaneko-Kawano, F. Takasu, H. Naoki et al., “Dynamic reg-
ulation of myosin light chain phosphorylation by Rho-kinase,”
PLoS One, vol. 7, no. 6, article e39269, 2012.

[47] M. F. Olson, “Applications for ROCK kinase inhibition,” Cur-
rent Opinion in Cell Biology, vol. 20, pp. 242–248, 2008.

[48] L. Vigh, P. V. Escribá, A. Sonnleitner et al., “The significance of
lipid composition for membrane activity: new concepts and
ways of assessing function,” Progress in Lipid Research,
vol. 44, pp. 303–344, 2005.

[49] S. Semrau and T. Schmidt, “Membrane heterogeneity – from
lipid domains to curvature effects,” Soft Matter, vol. 5,
p. 3174, 2009.

[50] N. Kimizuka, C. Viriyarattanasak, and T. Suzuki, “Ice nucle-
ation and supercooling behavior of polymer aqueous solu-
tions,” Cryobiology, vol. 56, pp. 80–87, 2008.

[51] I. I. Katkov and F. Levine, “Prediction of the glass transition
temperature of water solutions: comparison of different
models,” Cryobiology, vol. 49, pp. 62–82, 2004.

[52] N. J. English and D. A. Mooney, “Denaturation of hen egg
white lysozyme in electromagnetic fields: a molecular dynam-
ics study,” The Journal of Chemical Physics, vol. 126, article
91105, 2007.

[53] X. Sun and C. Xu, “Effects of H2O dipole polarization on ice
formation process under electrostatic field,” Hsi-An Chiao
Tung Ta Hsueh/Journal Xi’an Jiaotong University, vol. 41,
pp. 232–235, 2007.

[54] H. Maenosono, H. Saito, and Y. A. Nishioka, “A transparent
polyimide film as a biological cell culture sheet with micro-
structures,” Journal of Biomaterials and Nanobiotechnology,
vol. 05, 2014.

[55] M. S. Mohammadi, M. N. Bureau, and S. N. Nazhat,
“Polylactic acid (PLA) biomedical foams for tissue engi-
neering,” Biomedical Foams for Tissue Engineering Applica-
tions, pp. 313–334, 2014.

[56] K. Wiegandt, C. Goepfert, T. Richter, D. Fritsch, R. Janßen,
and R. Pörtner, “In vitro generation of cartilage-carrier-
constructs on hydroxylapatite ceramics with different surface
structures,” The Open Biomedical Engineering Journal, vol. 2,
p. 64, 2008.

[57] Y. Zhang, M. Ni, M. Zhang, and B. Ratner, “Calcium phospha-
te—chitosan composite scaffolds for bone tissue engineering,”
Tissue Engineering, vol. 9, no. 2, pp. 337–345, 2003.

[58] P. Jayabalan, A. R. Tan, M. N. Rahaman, B. S. Bal, C. T. Hung,
and J. L. Cook, “Bioactive glass 13-93 as a subchondral
substrate for tissue-engineered osteochondral constructs: a
pilot study,” Clinical Orthopaedics and Related Research®,
vol. 469, no. 10, pp. 2754–2763, 2011.

[59] H. L. Holtorf, J. A. Jansen, and A. G. Mikos, “Ectopic bone
formation in rat marrow stromal cell/titanium fiber mesh
scaffold constructs: effect of initial cell phenotype,” Biomate-
rials, vol. 26, no. 31, pp. 6208–6216, 2005.

[60] E. E. L. Swan, K. C. Popat, C. A. Grimes, and T. A. Desai,
“Fabrication and evaluation of nanoporous alumina mem-
branes for osteoblast culture,” Journal of Biomedical Materials
Research Part A, vol. 72, no. 3, pp. 288–295, 2005.

[61] A. G. Carlos, Y. Teramura, and H. Iwata, “Cryopreserved
agarose-encapsulated islets as bioartificial pancreas: a feasibil-
ity study,” Transplantation, vol. 87, no. 1, pp. 29–34, 2009.

9Stem Cells International



Submit your manuscripts at
https://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Anatomy 
Research International

Peptides
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 International Journal of

Volume 201

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Molecular Biology 
International 

Genomics
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Bioinformatics
Advances in

Marine Biology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Signal Transduction
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Evolutionary Biology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Biochemistry 
Research International

Archaea
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Genetics 
Research International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Advances in

Virolog y

Hindawi Publishing Corporation
http://www.hindawi.com

Nucleic Acids
Journal of

Volume 2014

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Enzyme 
Research

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Microbiology


