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Ice-templating techniques, including freeze-drying and freeze casting, are extremely versatile
and can be used with a variety of materials systems. The process relies on the freezing of a
water based solution. During freezing, ice nucleates within the solution and concentrates the
solute in the regions between the growing crystals. Once the ice is removed via sublimation,
the solute remains in a porous structure which is a negative of the ice. As the final structure
of the ice relies on the freezing of the solution, the variables which influence ice nucleation
and growth alter the structure of ice-templated scaffolds. Nucleation, the initial step of freez-
ing, can be altered by the type and concentration of solutes within the solution, as well as
the set cooling rate before freezing. After nucleation, crystal growth and annealing processes,
such as Ostwald ripening, determine the features of the final scaffold. Both crystal growth
and annealing are sensitive to many factors including the set freezing temperature and solutes.
The porous structures created using ice-templating allow scaffolds to be used for many diverse
applications, from microfluidics to biomedical tissue engineering. Within the field of tissue en-
gineering, scaffold structure can influence cellular behavior, and is thus critical for determining
the biological stimulus supplied by the scaffold. The research focusing on controlling the ice-
templated structure serves as a model for how other ice-templating systems might be tailored,

to expand the applications of ice-templated structures to their full potential.

Contents

1 Introduction 2
1.1 Ice-Templating . . . . . . . . . . 3
1.2 Biomedical Applications for Ice-Templated Structures . . . . . . .. ... .. 3
1.3 Outlineof Review . . . . . . . . .. .. 4



1 INTRODUCTION 2

2 Nucleation 5
2.1 Mechanism of Primary Nucleation . . . . . ... ... ... .......... 6
2.2 Mechanism of Secondary Nucleation . . . . . . . ... .. ... .. ...... 7
2.3 The Effect of Solute Addition . . . . . . ... ... ... .. .......... 8
2.4 The Effectof CoolingRate . . . . .. ... ... ... ... ... ....... 9
3 Crystal Growth 9
3.1 Crystal Growth Kinetics . . . . . . . ... .. ... ... .. .. .. ... 10
3.2 Ice Crystal Growth within Solutions . . . . . . ... ... ... ........ 12
3.3 Crystal Structure Changesover Time . . . . . .. ... ... .......... 13
4 Biomedical Scaffold Structure 15
4.1 Change in Scaffold Architecture with Set Freezing Protocol . . . . . . . . . .. 18
4.2 Relating Scaffolds to the Physics of Solidification . . . . . . . ... ... ... 20
S Conclusion 24
6 Acknowledgments 24

1 Introduction

The phase transition from water to ice is one which often occurs in the daily world around us.
In fact, the transition from water to ice is unique in several ways and a process which continues
to fascinate scientists in its complexity. At normal pressures, ice exists as a hexagonal crystal
structure which is held together via hydrogen bonding [1]. In comparison to the disordered
liquid, molecules within the crystal structure of the solid are further apart, causing the density
of ice to decrease during the transition from a liquid to a solid [1]. As the structure of ice forms,
it has a tendency to exclude impurities or solutes rather than incorporating them into the crystal
lattice [1]. Thus, ice is “self-cleaning” and solidification results in the spaces between ice
grains being enriched in solutes. The self-cleaning nature of ice makes it useful for a number
of applications, such as purifying solutes and creating porous structures, both of which are

accomplished through a broad technique called ice-templating.
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1.1 Ice-Templating

The term ice-templating applies to any technique which utilizes ice to form a three-dimensional
structure, such as freeze-drying and freeze casting. During the ice-templating process, ice
nucleates within a solution. As it grows it excludes solute, and when subsequently removed
via sublimation, only a porous structure, which mirrors the ice crystal structure, remains. The
ice-templating technique is versatile, and has been used with a variety of materials systems:

from polymers to colloids and ceramics [2—4].

The end product of ice-templating is a porous material, with a structure that can be either
isotropic or anisotropic. The pore size can range from several hundred micrometers down to
fine structures of less than 1 um, depending on the way in which solidification occurs. The wide
range of structures adds to the versatility of the technique. By controlling the pore structure,
macroscopic properties, such as mechanical strength or surface area of the scaffolds, can be fine
tuned [5]. Tailoring the scaffold structure requires the control of ice nucleation and growth. It
is therefore important to understand the physics of ice solidification and the many variables

which can be altered during the process.

1.2 Biomedical Applications for Ice-Templated Structures

Applications of ice-templated structures are numerous. Not only can these structures be used
in diverse technologies such as microfluidics and continuous flow catalysts, but biomedical
tissue engineering scaffolds also require well defined porous structures to allow tissue regen-
eration [6—8]. Within biomedical applications, scaffold structure influences cellular behavior
through architectural cues such as pore size, isotropy, and inter-connectivity, all of which can

be controlled in ice-templating [8—10].

There are many types of polymeric biomaterials scaffolds, including synthetic polymers such
as polylactide-co-glycolide (PLGA), and natural polymers, such as chitosan and collagen [11].
Of the many natural polymers possessing inherent biocompatibility, collagen, the natural struc-
tural component within the body is ideal as a tissue engineering scaffold. Not only is colla-
gen biocompatible, but it can interact with a number of molecules normally found within the
ECM, such as hyaluronic acid and growth factors, such as insulin-like growth factor 1 [12, 13].
The mechanical properties of the material, important for guiding the biological interactions of
cells on scaffolds, depend on the scaffold composition and chemical modifications, such as
cross-linking [14—16]. Within the body, collagen is made as fibers, and scaffolds of collagen
fibers have been used for applications such as tendon and ligament tissue engineering [17,18].
Collagen scaffolds made from ice-templating have advantages over fibers for their ability to
encourage cell infiltration via an interconnected porous structure [9]. However, the two types

of collagen scaffolds can also be combined to create fiber reinforced scaffolds [19]. Thus far,
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the clinical outcomes for collagen biomedical scaffolds are encouraging, and diverse. It has
been shown that collagen scaffolds form an ideal network for creating in vitro models of tissue,
such as the mammary gland [20]. For the repair of the cartilage and bone interface in joints,
mineralized collagen scaffolds have also demonstrated good clinical results, and are currently

used as a viable therapy within regenerative medicine [21-23].

While chemical composition and mechanical properties are important for determining biolog-
ical response to tissue engineering scaffolds, architectural cues also play an important role.
Scaffold structure can be described by the pore size and the isotropy, or directionality, of the
pores. Both factors affect cell response. Scaffold pore size has been shown to affect cell ad-
hesion which can alter the long-term outcome of tissue engineering constructs [9]. On the
other hand, many natural tissues possess an extra-cellular matrix with an inherent anisotropic
structure which allows them to perform their biological function. Tendon, for example, is
composed of aligned collagen bundles oriented parallel to the mechanical load [24]. Indeed,
anisotropic scaffolds which allow tendon cells to elongate, encourage a more characteristic
phenotype [25-27]. Through the use of specialized molds, scaffold isotropy can also be altered
to mimic natural tissues using ice-templating [10, 28]. As key features of scaffold structure,
both anisotropy and pore size must be fine-tuned for biomedical applications, and the process

is intimately related to the physics surrounding the ice solidification process [29, 30].

1.3 Outline of Review

The process of ice solidification can be broken up into two processes: nucleation and crystal
growth. Both phases of solidification impact the porous structure created through the use of
ice-templating. Thus, a portion of the review will focus on the crystallization of ice and how

the process is controlled, starting with an overview of nucleation.

At nucleation water molecules come together to form the first solid, which will then be subject
to crystal growth. Nucleation is stochastic by nature, and therefore can never be completely
controlled, although methods exist, such as addition of nucleation agents, which can narrow
the range of temperatures at which nucleation occurs [31]. While the nucleation event may
be stochastic, it is influenced by many different parameters including whether nucleation is

homogeneous or heterogeneous, solute additions and the set cooling rate of the system.

Once nucleation has occurred, crystal growth takes over. During the initial conversion of liquid
to a solid, the rate of crystal growth in ice is sensitive to both the heat flow within the sys-
tem and the solutes present. Even after all of the available liquid has been converted into a
solid, the scaffold structure continues to evolve. The remodeling of the ice structure below the
equilibrium freezing temperature (0°C) is a universal feature of ice solidification and is again

dependent on many factors, such as temperature, time and composition of the solution.
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Having examined ways in which ice solidification can be controlled, the impact on scaffold
structure in ice-templating will be defined for biomedical applications. In particular, the focus
is on biopolymer scaffolds for use in biomedical applications. While ceramics applications
are not within the scope of this review, they have been previously addressed by Deville [32].
Biopolymer scaffolds are playing a critical role in tissue engineering for their open, intercon-
nected pore structure which can be tuned to influence cellular behavior. As the scaffold struc-
ture is critical for controlling cell interactions, it is important to understand the ice-templating
process in order to tailor scaffolds to specific biomedical application [8]. As freezing is in-
timately associated with the set freezing protocol used during solidification, there has been a
focus in the literature on using the set freezing protocol to control scaffold structure. Aspects
such as the set freezing temperature, the set cooling rate, and the addition of thermal holds are
all ways in which to manipulate the final structure, and ultimately the biological properties of

biopolymer scaffolds.

2 Nucleation

The process of solidification, otherwise known as freezing, begins with the initial nucleation
of a crystal, called a nucleus. There exists a barrier to the formation of stable nuclei due to
several factors: the inherent lowering of entropy within the system by replacing a liquid with
an ordered solid, the increased strain energy, and the increased inter-facial energy at the solid-
liquid interface [33]. Thus, while all systems have an equilibrium temperature of freezing,
stable nuclei rarely, if ever, form at that temperature [33, 34]. Instead, liquid systems exist in
a metastable state below the freezing temperature, with clusters of molecules in an ordered

structure, but with no long range order, Figure 1 [34-36].

Once the small clusters of molecules grow large enough, stable bonds are formed, releasing ex-
cess energy in the form of latent heat [33,34]. The temperature at which this occurs is called the
nucleation temperature. The difference between this temperature and the equilibrium temper-
ature is defined as undercooling, also called supercooling [33,34]. As nucleation temperature
decreases, the size of a stable nucleus within pure ice-water systems decreases as well [37].
The excess energy released, termed the latent heat, flows into the liquid surrounding the sta-
ble nuclei, raising the temperature of the surrounding environment [34]. The initial nucleation
event, termed primary nucleation, releases latent heat, the amount of which is related to the
volume of liquid converted to a solid [33]. After primary nucleation, any further nuclei which

form are part of a process called secondary nucleation. [33].

Itis generally acknowledged that the final structure of the solid, whether isotropic or anisotropic,
is determined by the nucleation step. Thus nucleation is an important target to control scaffold

architecture, which mirrors ice crystal structure [38,39]. When a solution is cooled in such a



2 NUCLEATION 6

Figure 1: A computer simulation of the solidification of water at time (a) 208 ns, (b) 256 ns
(c) 290 ns, (d) 320 ns, and (e) 500 ns. After an initial nucleus forms, the circled region in (b),
longer lasting hydrogen bonds begin to form around it until the entire liquid has been replaced
with an ordered crystal structure. [35] Reprinted by permission from Macmillan Publishers Ltd:
Nature, 416(6879), 409 (2002). Copyright 2002.

Table 1: Variables which affect nucleation temperature

Influence on Nucleation

Variable Example System Reference
Temperature
. 0.001 wt/vol% Pseud. ..
Nucleating i wovoe ,0 seu ?moms addition of agents [41,42]
syringae, 1% silver Iodine (AgI)
Agents . . .
10% iron ore, 10% river sand increased temperature [42]
) 0.2-3.4 lumi rticles (28 decreased size, increased
Solute size pum alumina particles ( [43]
vol%) temperature
0.3 lumina (32 vol%) with increased sodium ions,
Solute type um a um'lna (32 vol%) wi [44]
0.2-1wt% sodium polymethacrylate decreased temperature
) 0.05 - 5 °C/min; 1-3 diamet increased set cooling rate,
Set Cooling T 1 T Crameter . s [45]
Rate water droplet increased temperature
0.05 - 1 °C/min; 2ml of 10wt%
L =it oF FUWE no change [46]

hydroxyethyl starch

way that stable undercooling is achieved throughout, nucleation and the accompanying crys-
tal growth occurs within the entire volume [38]. However, in non-equilibrium systems, only
a small volume may achieve sufficient undercooling and nucleate. After the initial nucleation
occurs, the remaining liquid is frozen by ice crystal growth, as seen in Figure 2 [38]. For this
reason, control over nucleation is of great importance during freezing and several variables are

known to affect it, summarized in Table 1.

2.1 Mechanism of Primary Nucleation

While the equilibrium freezing temperature of ice is 0 °C, the nucleation temperature reached
before stable nuclei form can vary from around 0 °C to -40 °C in special systems [33]. The
variation is linked to the amount of energy required to form a stable nucleus, which is partially
dictated by the method of nucleation [33]. Homogeneous nucleation requires a high driving

force to offset the additional energy of creating a new solid-liquid interface in pure ice-water



2 NUCLEATION 7

Figure 2: The evolution of crystal structure upon directional solidification of a colloidal alumina
suspension. The structure was viewed using x-ray tomography at time (a) 50, (b) 51, (c) 52.1,
(d) 53.6, (e) 59.7, and (f) 516.3 seconds. Scale bar: 500 mm. White arrows point to fast
growing crystals, while the black base is a copper surface [40]. Reproduced with permission
from J. Am. Ceram. Soc., 92 [40] 2489-2496 (2009). Copyright 2009 The American Ceramic
Society.

systems [33]. Thus, the lowest nucleation temperatures, around -40 °C in ultra-pure water
droplets, are found in water where all contaminants have been thoroughly removed [33]. Het-
erogeneous nucleation occurs where critical sized nuclei form at an impurity interface, which
can include mold walls, or solutes [33]. Heterogeneous nucleation is responsible for the major-
ity of solidification, and allows nucleation to take place with a much smaller undercooling, as
the energy of creating a new solid-liquid interface is offset by the inter-facial energy existing

between the surface and the nuclei [33].

Nucleation, whether homogeneous or heterogeneous, is a stochastic process [31]. Even when
the exact same sample is refrozen, the nucleation temperature can vary by several degrees
[31]. The stochastic nature of ice nucleation means that at every nucleation temperature, there
exists a probability of ice nucleating. In reality, this leads to a delay in nucleation at a given
temperature. At an undercooling of 8 degrees, an average delay of 1000 - 3000 seconds occurs
before nucleation is initiated, which was reduced with larger undercooling [47]. Within pure
ice-water systems, it has been found that the amount of undercooling depends on the sample

volume; larger volumes of water raise the nucleation temperature [38,39,42,45].

2.2 Mechanism of Secondary Nucleation

The relative rarity of primary nucleation events, and the considerable lag time between events,
means that primary nucleation is not responsible for every grain formed at nucleation. In-

stead, a phenomenon known as secondary nucleation plays an important role in the final crystal
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Figure 3: Secondary nucleation from dendrite fragments produced via ultrasound in a 15 wt%
sucrose solution. Ice dendrites were clearly visible (a) before ultrasound, and (b) after 1.36 sec-
onds of ultrasound, flow patterns and fragments of ice dendrites were visible in the liquid [48].
Reprinted from Ultrasonics, 41(8), Chow R, Blindt R, Chivers R, Povey M, The sonocrys-
tallisation of ice in sucrose solutions: primary and secondary nucleation, 595-604, Copyright
(2003), with permission from Elsevier.

structure, although the kinetics and root cause are not yet completely clear [33]. In secondary
nucleation, crystals originating from a parent crystal are dispersed within the liquid, and act as
new sites for crystal growth, forming new grains of ice [48]. Any process which results in the
shearing of ice crystal fragments from a parent crystal increases secondary nucleation, Figure
3 [48]. Several possible mechanisms, besides shearing of primary crystals, are believed to con-
tribute to secondary nucleation including high local concentrations of solute in the liquid phase

and uneven convection currents [33,49].

2.3 The Effect of Solute Addition

The dominant mechanism of primary nucleation is heterogeneous nucleation. The presence
of solutes and polymers within pharmaceutical solutions and collagen suspensions influence
not only the crystal growth of ice, but change nucleation. Nucleation agents are an extreme
case of controlling nucleation via additives. They are used to increase the probability that
nucleation will occur within a narrow temperature range [41,42]. Common nucleation agents
in pharmaceutical literature include silver iodide (Agl) and Pseudomonas syringae; however
nucleation agents within nature vary widely and can range from iron ore to river sand [41,42].
The mechanism by which nucleation agents act varies; a few, like silver iodide, have a crystal
structure which closely resembles ice and can act as a template for ice crystal formation, while

the majority of nucleation agents depend upon surface roughness to initiate nucleation [42].

In most cases, the effect of solutes, such as sucrose or nanoparticles, is not as marked as that
observed with nucleation agents. In dilute solutions, solutes can decrease the saturated va-
por pressure of the solution, via Raoult’s law, which results in lowering the freezing tempera-
ture [34]. It has been noted experimentally, within aqueous systems, that larger ice crystals are

formed with smaller solutes, an effect contributed to the increased surface area of solute which
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can participate in nucleation reactions [43, 50]. An increase in surface area per unit volume
provides more nucleation sites, thus catalyzing the nucleation of ice at higher temperatures,
leading to larger ice crystals [43]. Higher concentrations of solutes lower the nucleation tem-
perature and generally yield smaller ice crystals than low concentrations [5S0]. At high enough

concentrations, solutes may inhibit the formation of crystalline ice altogether [50].

The type of solute can also affect nucleation. For example, ionic solutes interfere with nucle-
ation, while non-ionic solutes, such as glucose, glycerol and nanoparticles have a less dramatic
effect [44,51]. Within collagen suspensions, both large polymers and small acidic solutes are

present and both may contribute to the nucleation of the suspension.

2.4 The Effect of Cooling Rate

While the changes to ice nucleation with solute addition, are relatively straightforward, the
dependence of nucleation temperature on the set cooling rate is much harder to unravel. When
considering the method of freezing and the effects on nucleation, a distinction must be made
between variables which can be directly controlled, defined as "set" , and those which occur
locally within samples and are indirectly controlled. For example, the "set" cooling rate refers
to the rate at which a sample is cooled from an external source, whereas the cooling rate of
the sample is due entirely to heat flow in and around the specific volume of interest. In turn, a
distinction must also be made between the set cooling rate, defined here as the rate of cooling
applied to a system before nucleation, and the freezing rate, or the rate of ice crystal growth
after nucleation which cannot be directly controlled [52]. Within the literature, no universal

definition exists, and freezing rate and cooling rate are sometimes used interchangeably.

Many different methods exist to cool samples, such as shelf ramping and quenching [52]. Ice
nucleation temperature can be influenced by the freezing technique,which differ in respect to
the applied cooling rates and heterogeneities in temperature which are introduced within sam-
ples [52]. Thus, the cooling rate effect is difficult to separate out, though various groups have
reported on it. When water droplets did not exceed 1mm in diameter, lowering the set cooling
rate from 0.05 °C/min to 0.5 °C/min resulted in a higher nucleation temperature, on the order
of 1-2 degrees [45]. However, when studying the freezing of 2 ml of 10 wt% (w/v) hydrox-
yethyl starch (HES) solution, it was found that moderate set cooling rates of between 0.05 and

1 °C/min had no effect on the nucleation temperature [46].

3 Crystal Growth

Once nuclei have formed, their size and shape is affected by the crystal growth. The formation
of porous structures, such as tissue engineering scaffolds, requires a disturbance of the solid-

liquid interface [53]. Perturbations leading to porous structures can occur from secondary
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Figure 4: The phase diagram of ice. Under normal conditions, ice is in a Ih form, however,
many possible structures exist [34]. Reprinted from Energy Conversion and Management 43
(2002), M Akyurt, G Zaki, B Habeebullah, Freezing phenomena in ice—water, 1773-1789,
Copyright (2002), with permission from Elsevier.

nucleation events, temperature inhomogeneities and non-equilibrium solute distribution in the
region of the solid-liquid front [53,54]. Like nucleation, crystal growth can be affected by
many variables, which are summarized in Table 2.

Many different ice crystal structures exist, especially at low temperatures and very high pres-
sures, Figure 4 [1,34]. At normal temperatures and physiological pressures, ice occurs in the
Ih form, which is described by a hexagonal unit cell [1]. Three a-axes, separated by 120°, lie
within a plane, which is orthogonal to the c-axis, Figure 5 [1]. Adding molecules onto the
a-axis requires the formation of fewer bonds than adding molecules to the c-axis. The result is

that crystal growth occurs 10?- 103times faster along the a-axes compared with the c-axis [1].

3.1 Crystal Growth Kinetics

The kinetics of crystal growth are dictated by several factors, including temperature, heat flow,
and solutes. The growth rate increases rapidly as the temperature moves below equilibrium
[36,55,57]. The environment also affects the rate of growth by governing how efficiently the
latent heat is removed [57]. A decrease of 1 degree, from -1 to -2 °C, can increase the growth
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Figure 5: The structure of oxygen atoms within Ih ice with hydrogen bonds represented as
rods [1]. (a) Perpendicular to the c-axis and (b) parallel to the c-axis. Ice Physics by Hobbs
(1974). By permission of Oxford University Press.

Table 2: Factors which affect the ice crystal growth rate

Variable Example System Influence on Crystal Growth Rate  Reference
Set Freezing  0.1-1 ml water droplet; frozen at 0 to -25°C decreased temperature, [55]
Temperature 20% sucrose solution; 0 to -15°C increased growth rate [56]
Thermal water droplets frozen on glass or brass increased thermal conductivity,
. . [57]
Conductivity plate increased growth rate
Crystal a-axis (the kinetically favorable
?] . a-axis vs c-axis ( y [40,58]
Orientation plane) grows faster
Solute S; > 125 um titanium particles no porosity; particles engulfed [59]
olute Size . .
polyethylene glycol (MW: 400 - 10,000; higher molecular weight, [60]
viscosity: 1.06-1.65 10°Pa-s) decreased growth rate
) ) increased ionic salt concentration,
Solute Type 0.15-0.3 M sodium chloride (NaCl) [61]
decreased growth rate
Solute 5-30wt% sucrose increased solute concentration, [56]
Concentration 2-6wt% carboxymethyl cellulose decreased growth rate [60]
) . 2wt% carboxymethyl cellulose (15-1012 increased viscosity, slightl,
Viscosity ’ ymety ( Y, SUBREY [60]

Pa-s",n=0.95-0.77)

increased growth rate
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rate from 0.2 to 1 cm/sec when ice is grown on a brass plate [57]. The growth rate is also
dependent on currents, which can vary within water due to natural convection or to forced flow,

and can limit the growth of ice in certain directions [62].

Crystal growth kinetics can affect the final structure of the solid formed. For example, when
the velocity of the ice front is increased, dendrite spacing has been shown to decrease in both
poly(vinyl alcohol) and ceramic scaffolds [2,63]. In addition, crystal growth is kinetically more
favorable on some crystallographic planes. Thus, crystals which nucleate with a kinetically
favorable growth plane along the temperature gradient, can overtake and eventually eliminate

other forms of ice crystals [40, 58].

Another result of favorable growth directions within the ice crystal, is a natural tendency for
ice to form anisotropic structures. This fact is exploited during systems of “directional” freeze
casting, which aim to produce structures which are often have aligned pores [64]. Within
anisotropic structures, growth appears to proceed in two stages, each with its own growth rate
[40]. Initially, as the Gibbs free energy of undercooling is transformed into crystal growth,
the growth rate is extremely fast, Figure 2. Due to a lag to reestablish undercooling of the
liquid, steady state growth follows. During steady state growth, lamellar crystals form, whose
orientation is influenced by both the favorable crystal direction and the temperature gradient
felt at the growing tip [3]. When the temperature gradient is high, crystals grow along the
direction of the temperature gradient regardless of favorable crystal orientations [3]. If the ice
front velocity is too low, aligned anisotropic structures do not form [65]. This evolution is
reflected macroscopically in crystal structures. The initial stages of growth are characterized
by two or more crystal orientations competing with a lamellar structure, oriented parallel to the
temperature gradient, eventually dominating, Figure 2 [3,40]. The transition volume, where
crystal orientations compete, is determined by the initial volume in which ice growth occurs
and is thus increased with increasing nucleation temperature [44]. While growth kinetics played
a role, other factors could also contribute: efficiency of solute exclusion from each orientation,

residual stress distributions, and the nature of the external thermal gradient [40].

3.2 Ice Crystal Growth within Solutions

As a self-cleaning structure, solute does not get incorporated into the ice crystal lattice at a high
rate [1]. However, even when solute is not incorporated into the structure, the grain structure
can change depending on the solute and freezing conditions of the aqueous solution [34, 66].
When polymeric solutes are present, dendrites form, due to perturbations in the solid-liquid
interface [54]. As the initial polymer concentration increases within the solution, dendrite
branches coarsen [66]. When the concentration of solutes is low enough and freezing is rapid,
irregular dendrites, whose thickness is affected by solute concentration, predominate [66—68].

Within alumina powder slurries, additional solutes, such as gelatin, changed the structure from
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lamellar to cellular, and additives such as sodium chloride could increase surface roughness [5].
Rapid freezing can cause dendrite formation. However, if the ice growth velocity is fast enough,
dendritic structures can break down, allowing solutes to become entrapped in the solid rather
than excluded to the inter-dendritic region [59]. In addition, when particle size or concentration
increases, the likelihood of entrapping solutes, rather than excluding them, also increases. For
example, in a study on freeze-casting titanium particles, when the particle diameter increased

from 45 ym to 125 um, the particles were engulfed within the growing crystal [59].

Solutes can change the rate of crystal growth in several ways. Some ionic salts have been found
to slow the kinetics of crystal growth by interfering with the ordered crystal structure [61].
Others, like sucrose and polymers, slow crystal growth as the concentration increases [56, 60].
Work done with carboxymethyl cellulose (MW 80,000), showed that an increase in concentra-
tion from O - 5 wt% had a large impact on the linear growth rate of ice, which was not due to
the increase in viscosity [60]. In addition to polymer concentration affecting crystal growth,
the molecular weight of the polymer also played a role in crystallization [60]. Increasing the
molecular weight of polyethylene glycol solutions, from 400-10,000 g/mol, significantly re-
duced the growth rate of ice. However beyond 10,000 g/mol, the molecular weight ceased to
impact ice propagation [60]. Given the minimal effects of viscosity alone on the growth rate,
even with a 500 times increase, polymer chains are believed to slow ice growth by mechanical

hindrance of the ice crystals [60].

Not only can polymers slow crystal growth, but in some cases, they can interact with water
molecules to impact the solidification behavior. Collagen, a natural polymer which has a close
association with water molecules, has been shown to retain a liquid like layer around it at all
times, even to -50 °C [69]. It is hypothesized that the freezing point of the water is lowered
by being trapped in the very small spaces within the collagen structure, leaving 0.6g of water

unfrozen per every gram of collagen fiber in solution [69].

3.3 Crystal Structure Changes over Time

During solidification, after the initial structure is formed, further remodeling can occur. Surface
and bulk diffusion of molecules has been demonstrated within a wide variety of systems, not
only ice [70]. The results of molecular movement are rearranged crystals and particle sintering

due to plastic flow caused by the stress of inter-facial tensional forces [71].

There are three broad categories of molecular movement: attrition processes, agglomeration,
and Ostwald ripening [72]. Attrition is a mechanical process, where pieces of existing ice crys-
tals are broken apart and moved within the solution to serve as secondary nucleation sites [33].
During agglomeration, smaller particles fuse together to create a few large particles [37]. The
agglomeration process only occurs at longer time points, of greater than 1 hour, and requires a

non-homogeneous particle size at initiation; very small, uniformly sized particles in solution,
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or high solute concentrations where no large ice particles form during nucleation, did not al-
low agglomeration to occur [37]. The solute itself did not appear to be incorporated within
the particles, but was only absorbed on the outermost surface layer during the process [37].
The macroscopic effect of Ostwald ripening is the growth of large crystals at the expense of
smaller crystals, Figure 6, due to a drive to reduce both the chemical potential of small radii of

curvature and the inter-facial energy within the system [33,38].

Ostwald ripening can be called recrystallization or even annealing in various branches of litera-
ture. Within this discussion, “Ostwald ripening” will refer to the phenomenon of large crystals
growing at the expense of smaller crystals and “annealing” is defined as a change to the overall
crystal structure. Also, to avoid ambiguity, the term “thermal hold” will be applied to any heat

treatment with the aim of changing the crystal structure at a constant temperature.

While attrition and agglomeration processes can be avoided, Ostwald ripening always occurs
to some degree during freezing. The coarsening of the ice structure occurs at temperatures
which are above the glass transition temperature: the temperature below which molecular mo-
bility becomes limited in solutions [46]. The glass transition temperature of aqueous solutions
is dependent on the concentration and type of solute. Solutions of 30 wt% sucrose have glass
transition temperatures below - 30 °C, while 10 wt% hydroxyethyl starch solutions have transi-
tion temperatures above -15 °C [46,73,74]. Annealing of ice structures has been demonstrated
inice as high as -1 °C [75]. At these relatively high temperatures, small crystals are above their
equilibrium temperature and dissolve, while larger crystals, below their equilibrium freezing
temperature, remain [72]. In order to maintain the equilibrium between liquid and solid within
the system, some of the liquid solidifies on the surface of larger ice particles, as the nucleation
of new nuclei is thermodynamically unfavorable [33,46]. The ice crystal volume increases
linearly with time, and some effort has been made to model the effects of Ostwald ripening on

ice crystals in solution [76,77].

Annealing is often believed to be a mixture of more than one mechanism [78]. Where the
change in crystal size is fast, in the initial stages, it has been suggested that mechanisms such
as agglomeration act, which then transition to the slower, diffusion controlled Ostwald ripening
[78]. The intricate process of ice growth and change over time is mirrored in the melting of
ice crystals which must first undergo Ostwald ripening to become a single crystal before finally

transitioning to a complete liquid [79].

Ripening of ice structures is highly dependent on the solution [76, 80]. As the concentration
of solute increases, the rate of Ostwald ripening decreases. This is believed to be linked to a
higher resistance to mass transfer with increasing solute [72, 80]. As sucrose solutions went
from 10-42% concentration, the growth rate of the crystals decreased from 2 mm/s to 0.5 mm/s
[80]. Solute type also influences Ostwald ripening. It was found that sucrose solutions had
a larger crystal growth rate than ethanol solutions, and also that large molecules reduce the

rate of ripening [76]. The reduction in the rate of Ostwald ripening with the addition of locust
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PECLIE

Figure 6: Ice crystals undergoing Ostwald ripening in a stirred, 4.9 wt% sodium chloride solu-
tion containing a constant 15 wt% ice after (a) 0, (b) 2, (c) 6, and (d) 22 hours [76]. Reprinted
from International Journal of Refrigeration, 28(1), Pronk P, Hansen TM, Infante Ferreira CA,
Witkamp GJ, Time-dependent behavior of different ice slurries during storage, 27-36, Copy-
right (2005), with permission from Elsevier.

bean gum, a 5000 kDa polysaccharide, was hypothesized to be caused by adsorption of the
polysaccharide onto the ice surface, slowing diffusion [81]. The addition of even small amounts
of polymer, up to 0.5% gelatin, decreases ice crystallization in sucrose solutions significantly
[80].

Thermal holds are often used in pharmaceutical literature to both crystallize glassy mixtures
and homogenize ice crystal size via induced Ostwald ripening [46]. In solutions of hydrox-
yethyl starch, a thermal hold of even 30 minutes above the glass transition temperature pro-
duced significant changes on the ice crystal structure, Figure 7 [46]. Being above the transition
temperature dramatically increases the rate of crystal growth, although even below the glass
transition temperature, crystal growth does not completely stop [73, 78]. In lamellar struc-
tures, crystals which form in the early stages of solidification are subject to coarsening over
time [49]. The coarsening of the ice structure also affects dendrite spacing, which increases as

crystals become thicker [3].

4 Biomedical Scaffold Structure

It has become apparent, through decades of research, that of all the tools available in regen-
erative medicine the supporting scaffold is one of the key factors ensuring a positive outcome

by inhibiting scar formation and wound contraction [8]. Tissue engineering scaffolds act as a



4 BIOMEDICAL SCAFFOLD STRUCTURE 16

Figure 7: Thermal holds result in a significant change in structure for liquid nitrogen frozen
hydroxyethyl starch solutions (10wt%). The outer top edge of the structure (a) before annealing
(b) after annealing and the interior (c) before annealing and (d) annealed [46]. Journal of
Pharmaceutical Sciences, Vol. 90, 872-887 (2001). Copyright 2001 Wiley-Liss, Inc. and The
American Pharmaceutical Association.

framework to surround and support cells [82,83]. As constructs which mimic native extra cellu-
lar matrix (ECM), biopolymer scaffolds created from natural polymers like collagen, have been
shown to be inter-connected structures which are effective as both in vitro models and in vivo
repair structures [20,23]. Many properties can be varied within the scaffolds, such as chemical
composition, mechanical strength, and degradation rate, to tailor the scaffolds for specific uses

for systems as diverse as mammary tissue and osteochondral defects [12,20,22,23].

The structure of tissue engineering scaffolds, described by pore size and architecture, has a
direct impact on biological response [8]. The structure must be able to allow nutrient diffusion
and cell migration throughout the scaffold. The ideal pore size varies between cell types, but the
lower limit on pore size remains relatively constant at 10-50 um in diameter [84]. In addition to
a defined pore structure, architectural cues allow biomedical scaffolds to mimic complex tissue
architecture, and in the process influence cellular morphology and phenotype. In the case of
tendon, a tissue organized into bundles of aligned collagen fibers, scaffolds with aligned fibers
consistently promote greater cell elongation, Figure 8, and up-regulation of tenogenic markers,

such as scleraxis and tenomodulin, when compared to un-aligned fibers [10, 85].

As the structure of ice-templated scaffolds is formed during the freezing stage, scaffold struc-
ture is heavily dependent on all of the parameters which affect ice growth. Changes to set
freezing protocols are known to affect scaffold architecture radically. Many different variables
can be adjusted independently, including: set freezing temperature, set cooling rate, and ther-
mal holds. While the principle of ice-templating is the same, there are a variety of techniques

for freezing the slurry. In the majority of tissue engineering scaffold systems, the set freezing
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Figure 8: The fiber orientation of electrospun poly(L-lactic acid) influenced the morphology
of human tendon stem/progenitor cells. On (a, c) aligned scaffolds, cellular morphology was
elongated. On (b, d) randomly oriented scaffolds, cells were not elongated. Scale bar in (a, b)
10um, (c, d) 50um; red was nuclei, green was cytosol [25]. Reprinted from Biomaterials, 31(8),
Yin Z, Chen X, Chen JL, Shen WL, Nguyen TMH, Gao L, Ouyang HW, The regulation of
tendon stem cell differentiation by the alignment of nanofibers, 2163-2175, Copyright (2010),
with permission from Elsevier.
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temperature is often dictated by the method used to cool the suspension, such as cooling in
liquid baths, quenching in liquid nitrogen, or placement in freezers [52,86]. A shelf-ramping
freeze drier is one of the most versatile methods of freezing, which allows both the set freezing
temperature and the set cooling rate to be varied independently [52]. Due to the variety of tech-
niques used to freeze scaffolds prior to lyophilization, it is often difficult to separate the effect
of set cooling rate and set freezing temperature of the system. However, both the set cooling

rate and set freezing temperature have been shown to influence the scaffold structure.

4.1 Change in Scaffold Architecture with Set Freezing Protocol
The Effect of Set Cooling Rate

Very fast cooling, such as quenching, can shift where nucleation occurs [86, 87]. This has
been demonstrated in systems with natural polymeric materials (alginate and cellulose), cooled
to -80 °C, where the pore structure changed from isotropic at a cooling rate of 0.83 °C/min
to an aligned architecture when quenched to -80 °C [86]. In another case, silk fibroin scaf-
fold architecture changed from equiaxed to lamellar when the freezing protocol changed from
quenching at -20 °C to a quench at -73 °C [87]. In both cases, the cooling rate had the power to
change where nucleation and the initial fast crystal growth occurred within the sample volume
and resulted in a shift from isotropic to anisotropic structure. Studies such as these support
the hypothesis that there exists a critical cooling rate for each system, below which the initial
equiaxed crystal growth occurs only within a small region [41]. However, it must be noted
that the set cooling rate applied to the slurry is not necessarily the cooling rate of the slurry
itself [88, 89]. It is often the mold which mediates how the slurry is cooled, and thus, also
affects the scaffold architecture [28, 90].

The effects of moderate set cooling rates, from 0.6 - 4.1 °C/min, have been examined in colla-
gen scaffolds [91]. Decreasing the set cooling rate of a 0.5 wt% collagen suspension reduced
the pore size. The homogeneity of the structure was also altered, with a set cooling rate of 0.9
°C/min leading to the greatest scaffold homogeneity [91].

Effect of Set Freezing Temperature

Set freezing temperature also has a direct impact on scaffold structure, independent of set cool-
ing rate. When the set freezing temperature of a 0.5 wt% collagen suspension was decreased
from -10 to -40 °C, holding the set cooling rate at 1.4 °C/min, it was observed that the scaffold
pore size decreased from 150 ym to 100 um, Figure 9 [88]. When the set freezing tempera-
ture of the collagen slurry exceeded -50 °C, the pore size remained constant at around 90 ym

pores [89]. It was shown that at -42 °C, using differential thermal analysis, that the collagen
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Figure 9: Micrographs of collagen-GAG scaffolds with set freezing temperature of (a) -10°C,
(b) -20°C, (c) -30°C, (d) -40°C [88]. Scale bar: 100 um. Reprinted from Biomaterials, 26(4),
O’Brien FJ, Harley BA, Yannas IV, Gibson LJ, The effect of pore size on cell adhesion in
collagen-GAG scaffolds, 433-441, Copyright (2005), with permission from Elsevier.

slurry underwent a glass transition, increasing the viscosity of the solution and limiting the dif-
fusion of molecules, and thus limiting growth of ice crystals [89]. It has been theorized that the
influence of set freezing temperature, independent of set cooling rate, stems from the temper-
ature difference seen by the suspension after primary nucleation, when the rejection of latent
heat has raised the temperature of the sample back to its equilibrium freezing temperature [92].
If the temperature difference between the equilibrium freezing temperature and the set freezing
temperature is large enough, freezing can be completed rapidly. If the set freezing temperature
is high, freezing time will increase, possibly allowing annealing of the pores to occur after the

initial nucleation event [41].

Addition of a Thermal Hold

Set cooling rate and set freezing temperature are not the only steps in set freezing protocols
which can be altered. Adding a thermal hold to the freezing cycle changes the pore size and
also improves the overall homogeneity of the pore structure, as the system attempts to reduce
the inter-facial energy [39]. At higher temperatures and after longer time periods, the effects of
the thermal hold on annealing are increased [39, 89]. An investigation of a thermal hold on the
pore size of 0.5 wt% collagen scaffolds found that the maximum pore size was reached at 18
hours, after which no further increase was recorded [89]. Not only can the pore size be changed
with longer periods at the set freezing temperature, but the isotropy of a scaffold can be altered.
After being held for 16 hours at -20 °C, it has been observed in frozen chitosan solutions
that ice architecture changed from equiaxed, interconnected porosity to lamellar and largely
disconnected pores [93]. The change in structure was hypothesized to be due to temperature
gradients within the system which could cause certain crystal directions to grow favorably as

smaller ice crystals were dissolved.
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4.2 Relating Scaffolds to the Physics of Solidification

Changes to set freezing protocol are a powerful way to tailor biopolymer scaffold architecture.
In addition, a large number of other variables can be altered during the ice-templating process,
including solute concentration and macroscopic aspects of production, such as slurry height
and mold design [29,90]. Underlying all of the different variables within biomedical scaffold
production, are the fundamental physics of ice nucleation and growth. In order to relate the
changes in scaffold architecture with set variables to ice solidification, it is first necessary to
observe how the ice freezes within the slurry. Using thermal profiles, a record of the freezing
events can be obtained, and from that, the behavior of ice nucleation and growth can be de-
scribed in terms of the slurry cooling rate, the nucleation temperature, and the freezing time,
Figure 10. It is important to note that the freezing behavior of an entire volume of slurry can-
not be defined by one point within the slurry, except in cases when the slurry volume is small
enough that no internal temperature gradients will exist. As seen in Figure 10, freezing param-
eters, such as the slurry cooling rate, change continuously within the slurry volume and are also

distinctly different from the set freezing parameters which can be externally controlled [29].
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Figure 10: An example of a thermal profile of a 1 wt% collagen slurry taken during freezing,
and the way in which it can be used to quantify thermal parameters and describe ice growth. The
thermal events within the slurry cannot be described by the set freezing parameters, which can
be controlled during freezing. The freeze-drying mold, in the schematic, is made from perspex
and was cooled from the base by the freeze-drier shelf [29]. Adapted from Materials Science
and Engineering C, 37, Pawelec KM, Husmann A, Best SM, Cameron RE, Understanding
anisotropy and architecture in ice-templated biopolymer scaffolds, 141-147, Copyright (2014),
with permission from Elsevier.
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The variations in solidification behavior of the slurry with changes in slurry volume and height
have been shown to have profound affects on the freezing of ice and the final structure of the
scaffolds created [29] In general, as the volume of slurry decreases, the nucleation temperature
decreases as well and the resulting structures are more homogeneous [38,39]. For example,
increasing the slurry volume from 1 to 1.7 ml of 5 wt% bovine serum albumin was shown to
increase the nucleation temperature from -8.9 to -5.3 °C [39]. This principle can be extended to
describe the formation of anisotropic structures [29]. While anisotropic scaffold architectures
are most commonly related to high set cooling rates, it has been found that anisotropy is dictated
by the local temperatures within the slurry volume at the time when primary nucleation occurs
[29]. If areas of the slurry are above the equilibrium freezing temperature, then no ice can
form within that portion of the slurry volume during the events at primary nucleation, which
involve the formation and rapid growth of ice crystals [29]. Thus, the key to creating anisotropic
structures is to vary the cooling within the slurry so that, when nucleation occurs, only a small
portion of the volume will be below the equilibrium temperature. Conditions conducive to
anisotropic scaffold architecture can be accomplished in several ways. Increasing the filling
height of the slurry, and thus decreasing the cooling rate at the slurry top relative to the base, is

one simple way to induce scaffold anisotropy [29].

Another important factor which influences scaffold architecture is the mold design, which can
affect both the nucleation and growth of ice independently [90]. Mold design affects when
and where ice nucleates within a collagen slurry, which dictates the scaffold architecture and
homogeneity of the final structure [28,90]. Even changing the diameter of a mold from 4 to 7
mm, keeping the slurry height the same, can change the pore size at the end of solidification
[39]. Anisotropic structures result when mold designs induce an internal temperature gradient
within the slurry during the cooling stage prior to nucleation. This can be done by incorporating
materials with a large difference in thermal diffusivity from the slurry, such as stainless steel or
copper [90]. After nucleation occurs, the mold can still alter the scaffold structure by limiting
the conduction of heat out of the slurry and allowing ice crystals more time to grow. Changes in
the contact area with the heat sink have been shown to alter the efficiency of heat removal, thus
affecting the range of pore sizes within the scaffold, and therefore the scaffold heterogeneity
[90].

Despite the plethora of independent variables which can alter scaffold structure, it has recently
been shown that the key to predicting the final pore size of isotropic structures is related to the
annealing of ice crystals during solidification [30]. Ostwald ripening has been shown to occur
within solidifying collagen slurries, causing changes in pore size even before the end of solidi-
fication. A parameter termed the “time at equilibrium” or the amount of time which the slurry
spends around the equilibrium temperature, when ice has the fastest annealing potential, has
been found to be a good predictor of scaffold pore size, Figure 11. The longer the slurry spends
near the equilibrium temperature, either through the use of higher set freezing temperatures or
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Relationship Between Pore Size and Time at Equilibrium
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Figure 11: The final pore size of an ice-templated collagen slurry is dependent on the amount
of time spent near the equilibrium freezing temperature, which encourages crystal growth and
annealing of the structure. Inset: pore size and time at equilibrium were related by a power
of 4.8, fit with a linear regression curve (p < 0.05, R2 = 0.8). Closed markers: measurements
at the top of slurry, open markers: base of slurry; colors correspond to filling height of the
slurry [30]. Adapted from J. R. Soc. Interface 11, 20130958, copyright 2014, with permission
from The Royal Society.

the addition of thermal holds to the freezing protocol, the pore size increases due to annealing.
The relationship was robust, even when the set freezing protocol, slurry composition, mold

design and filling height in the mold were altered [30].

All of the individual pieces which are known about how the physics of ice solidification influ-
ence scaffold pore structure, make a powerful set of design protocols for researchers, Figure
12. Not only can the anisotropy of the scaffold be controlled, but the pore size as well. By
relying on an underlying physical principle, researchers can tune scaffold structures to their
specific needs, and thus tune the biological properties of that scaffold as well. Given the broad
applicability of ice-templating to so many systems, a design protocol such as Figure 12, could
form a guideline for use with many materials systems and inform the many branches of science
which rely on ice-templated structures. With so many variables which can be altered to tailor

the ice-templating structure, there remain many avenues for continued exploration to usher in
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a new era of well defined porous structures for medical and engineering applications.

5 Conclusion

Ice-templating is a powerful and versatile technique which utilizes the freezing of a water-based
suspension to concentrate solids into porous scaffold structures. These structures are defined
by the structure of the ice which formed during solidification. This, in turn, is controlled by the
physics governing ice nucleation and crystal growth. At the start of solidification, the nucleation
of ice crystals, which is a stochastic process, defines the scaffold architecture, whether isotropic
or anisotropic. The final features of the scaffold, such as pore size, are influenced by crystal
growth. The rate of crystal growth is sensitive to the crystal orientation, solutes and freezing
protocol, and the ice structure is further modified by annealing. Ice-templating has many uses,
one of which is tissue engineering scaffolds, which rely on architectural cues to dictate biolog-
ical responses. By looking beyond set processing conditions, and relating the physics of ice
nucleation to scaffold structure, it has been found that anisotropy of ice-templated scaffolds
and the final pore size and homogeneity can be predicted with the use of thermal profiles dur-
ing freezing. By combining this knowledge into a set of design protocols, a new generation of
tailored ice-templated structures is within reach to improve the many fields which utilize ice

templating.
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