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Chapter 1

Figure 1.1 Schematic representation of a freezedrying process. The temperature and
time scales are approximate and for indication only.

Figure 1.2 The diagram shows the relation of primary drying time with the temperature
difference between the shelf temperature (T,) and the product sample temperature (ID)_.

Solid circles, low dry layer resistance (solids < 1%); solid square, medium dry layer
resistance (10% > solids > 1%); solid triangles, high dry layer resistance (solids >

10%).
Figure 1.3 Schematic representation of controlled freezing: random freezing (a) versus
directional freezing (b).

Figure 1.4 Examples showing different shapes and forms of freezedried materials. (a)

Monoliths in glass vials; (b) polvmer beads containing gold nanoparticles; (c) powders

of silica microplates; and (d) powder of porous microspheres.

Figure 1.5 Illustration of various morphologies of freezedried materials produced in

our laboratory. (a) Porous poly(lactide cogylcolide); (b) porous poly(vinyl alcohol)




with inorganic salt; (c) silica colloids with poly(vinyl alcohol); (d) sodium
carboxymethyl cellulose. (e) Nanowires consisting of gold nanoparticles. (f)

Microwire consisting of polystyrene colloids; (g) emulsion (with 50% oil phase)
templated porous poly(vinyl alcohol) with sodium dodecyl sulfate as surfactant; (h)
porous poly(ecaprolactone) microspheres in aligned porous poly(vinyl alcohol); and
(i) aligned porous poly(ecaprolactone) microspheres.

Figure 1.6 Photographs or diagrams show the setups that have been used. (a) Dip the
glass vial into liquid nitrogen manually; (b) fix the glass vial into the level of liquid
nitrogen dewar on a jack manually; (c) dip the glass vial via a syringe ;and (d) a

petri dish on a metal mesh which is stacked in a bowl. Liquid nitrogen is added from
the side. (Note: This photograph is for illustration only with the plastic bowl. For the

experiments, an openmouthed dewar is always used.)
Figure 1.7 (a) The diagram shows a solution/emulsion/suspension injected into liquid

nitrogen. (b) The photograph shows parallel injection into liquid nitrogen using a

eristaltic . In this case, a milkv oilinwater emulsion is injected into liquid

nitrogen contained in a few dewars. (c) Illustration of a solution/suspension/emulsion
being sprayed into liquid nitrogen using a simple aerosol sprayer. (Note: This

photograph is for illustration only with the plastic bowl. For the experiments, an open
mouthed dewar is always used.)

Figure 1.8 Photographs showing the setup used to observe the freezing process — an

optical microscope equipped with a computercontrolled freezing stage. (a) The
whole setup and (b) close view of freeze stage connections just under the optical

lens.

Figure 1.9 Observation of freezedrying an oilinwater emulsion (cyclohexane
emulsified into aqueous PVA solution) using an optical microscope. (a) The emulsion
as prepared, spread on a glass slide; (b) this emulsion is frozen in the freezing stage;
and (c) the same sample after freezedrying by subjecting the freezing stage
compartment to a vacuum pump.

Chapter 2
Figure 2.1 The solid-liquid phase diagram of ice (1 GPa =10 000 bars).

Figure 2.2 Morphology diagram of nonequilibrium growth patterns in v ~AT phase
space: °, dendrite; O, stable needlelike crystal; solid square, fractal needled branch;
solid triangle, compact needled branch; hollow triangle, platelet.

Figure 2.3 Schematics of a freezing stage setup used to directionally freeze the
aqueous silica colloidal suspension. (a) The sample is contained within two glass

walls and has depth h. (b) Initial and final positions of two thermocouples, represented

by square and triangle s ols, placed inside the sample.

Figure 2.4 Schematic diagram of the Mach—Zehnder optical interferometer.




Figure 2.5 Experimental observations of the development of global interface

instabilities and their impact on the ice structure when directionally freezing aqueous
alumina (0.2 um particles) suspension. (a) The radiograph showing bright bands (less

absorption of the beam, particlespoor region) and interface displacement direction.
(b) 3D local observation by Xray tomography of ice crystals, revealing lateral

growth of ice crystals from localized (white arrows) and global (black arrows)

instabilities.

Figure 2.6 Diagram showing the regions of SAXS profile and the type of data that can
be extracted from each region.

Figure 2.7 The SAXS profiles showing aqueous alumina slurry before freezing

(circles) and when frozen (squares). The solid curve represents the fit of the unfrozen
data to a polydisperse sphere form factor and monodisperse hardsphere structure
factor. For comparison, the dotted line shows only the form factor with the same
parameters but an arbitrary amplitude. For clarity, the unfrozen data have been offset

from the frozen data.

Figure 2.8 Schematic representation for the movement of a particle in front of the
freezing front.

Figure 2.9 Scanning electron microscopic (SEM) images of a sintered freezecast

alumina sample, showing the change of ice front morphology with varying distance
from the cold finger. The schematic on the right represents how the particles are

encapsulated in or rejected from the ice front.

Figure 2.10 The stability diagrams constructed from freezing aqueous alumina slurry as
observed by in situ Xray radiography. (a) The ice stability diagram. The hatched area
is an estimated domain where the metastable to unstable regime transition can occur.
(b) General stability and the structural diagram. The hatched area indicates the
conditions investigated. The diamond and triangle symbols indicate the data points that

are measured.

Figure 2.11 The schematic representation shows the tilted growth of ice crystals,

resulting from the relationship between the imposed temperature gradient and the
preferred growth direction.

Figure 2.12 Images show the quasisteady ice segregation patterns from directional

solidification of concentrated alumina slurries at different pulling speed. The
segregated ice appears black while the colloid appears grey. (a) At low velocity, the
ice bands are cracklike in the frozen region, illustrating the formation of ice lenses,
with compacted layers (dark grey) and partially frozen layer (light grey). (b) At
medium velocity, ice lenses become disordered, with diminishing compaction layer. (c)
At high velocity, periodic ice banding with a wavy appearance forms. Vertical ice

filled cracks can also be observed.
Chapter 3




Figure 3.1 The schematic representation shows the spray into vapour over a cold
liquid. The nozzle may be immersed into the cold liquid for the process of spray into
liquid.

Figure 3.2 The use of spin freezing in a continuous freezing and drying system.
Figure 3.3 A schematic representation of drug classification based on their molecular

weights.

Figure 3.4 Molecular structures of commonly used excipients. Many of them also serve
as cryoprotectants and/or lyoprotectants.

Chapter 4

Figure 4.1 Schematic representation of an icetemplating process for the preparation
of a porous material.

Figure 4.2 The phase diagram of tertButanol (TBA)water (compound a is a TBA
hydrate and L. = liquid) shows two eutectic points.

Figure 4.3 (a) The scheme shows the directional freezing process. (b) An optical

microscopic image shows the directional freezing of aqueous gold nanoparticle
suspension. The white stripes are the orientated ice crystals while the red lines are

excluded gold nanoparticles from ice crystals and concentrated between ice crystals.
The blue dashed line indicates the interface of the frozen pattern and the liquid
suspension.

Figure 4.4 Aligned porous BGAL prepared by directional freezing of its solution in
compressed CO,. The red arrow indicates the freezing direction.

Figure 4.5 An example of polymer nanofibers (SCMC, M,, = 250 K) prepared by

freezedrying the dilute aqueous solution (0.02 wt%). Scale bar 5 pm, inset scale bar,
600 nm.

Figure 4.6 The evolution of pore structures by emulsion templating and ice templating
based on porous sodium carboxymethyl cellulose. The emulsions are prepared with
different volume percentages of internal phase. (a) 0%, (b) 20% v/v. The white circle

indicates one of the emulsiontemplated pores. (c) 40%, (d) 60%, (e) 75% v/v.

Figure 4.7 Schematic representation of a PVA gel structure during freeze—thaw

cycling/aging/imaging. Starting with a fresh solution (a), primary crystallites appear
after the first freeze—thaw cycle (b), and these may be enhanced by secondary
crystallites after cycling/aging (d). Removal of the frozen water for microscopic

imaging collapses the amorphous chains, creating either a network of rounded pores
(c), or a network of fibrils (e).

Figure 4.8 Aligned porous polyTEGDMA prepared by UVirradiated frozen

polymerization from camphene solution (a,b), cyclohexane solution (c), and dioxane
solution (d).




Figure 4.9 Cell growth in the presence of aligned structures. (a) Confocal microscopy

image of the aligned growth of DRG neurite in a 3D laminincoated porous chitosan;
(b) Fluorescent image of the DRG neurite seeded on an isolated lamella from the 3D
chitosan. ; (c) SEM image showing the growth of mMSCs parallel to ridges of the
aligned PLGAchitosan substrate. ; (d) SEM image showing aligned porous PCL

microspheres; (e) SEM image showing aligned porous PS microspheres; and phase
contrast photomicrographs showing the growth of mESCs after 72 h culture in the

resence of (f) PS microspheres: and PCL microspheres.

Figure 4.10 Dualcontrolled release of curcumin from porous silica/chitosan
composite. (a) SEM image showing the network of chitosan fibers with embedded
silica microspheres (with equal mass of silica and chitosan); (b) The release profiles
of curcumin from the composites with different loadings of curcuminloaded silica
microspheres (50% and 91%, based on chitosan).

Figure 4.11 Absorption of oils/organic solvents by trimethylsilylated cellulose
nanofibrous scaffolds. (a) Graph of the massbased absorption capacity for different
solvents with different densities. The upper dashed line represents the theoretical
volumebased absorption capacity based on total porosity of the scaffold while the
lower dashed line is for 80% of the capacity. It can be seen that most of organic phases
can reach ~90% of theoretical volume capacity. (b) The reusability tests for diesel oil
over 10 rinsing—absorption cycles.

Chapter 5

Figure 5.1 The schematic representation of the experimental setup used for
directional freezing by cold finger.

Figure 5.2 The relationship between the porosity in porous ceramics and the
concentration in the slurries used to prepare such ceramics by freeze casting.

Figure 5.3 Effect of antifreeze protein (AFP) in the slurry on the pore structure of

porous alumina prepared by freezing at —40 °C: (a) the pore structure from the slurry

containing no AFP and (b) the pore structure prepared from the slurry containing
0.5 wt% AFP relative to gelatin (99.5 wt%).

Figure 5.4 Effect of charged additives on the pore structure of porous silica prepared
by directional freezing: (a) silica colloids with PVA; (b) silica colloids with

PVA + anionic surfactant SDS; (c) silica colloids with PVA + cationic surfactant
CTAB:; and (d) zeta potentials measured in these three aqueous suspensions.

Figure 5.5 The schematic diagram for a freezetapecasting process.
Figure 5.6 (a) The scheme for surface vacuum freezing. (b) Porous alumina prepared
by surface vacuum freezing, h indicating the relative height of the sample.

Figure 5.7 The pore structure of porous hydroxyapatite prepared by a directional
freezing process using the cold finger setup described in Figure 5.1.




Figure 5.8 Gradient porous PVA—silica composite prepared by freezing the centrifuged

emulsion. (a) The evolution of the pore structure in the material, replicated from the
centrifugeinduced distribution of oil droplets in the emulsion. (b—d) The expanded

views of the pore structures at different parts of the materials. This pore structure
remains after calcination to remove PVA.

Figure 5.9 Porous ceramics prepared by freeze casting with magnetic fields. (a) The
images of different ceramics containing 3 wt% Fe;0, nanoparticles with a rotating

magnetic field of 0.12 T at 0.05 rpm. For each ceramic, the left image is after freeze
drying and the right image after sintering. (b) The scanning electron microscopy (SEM)
image shows a magnetically aligned porous ZrO, with bridges after sintering formed
from 10 vol% 7rO, + 3 wt% Fe;0, nanoparticles with a transverse magnetic field of

0.09 T (see the direction of the orange arrow); and (c) element map of this structure.

Figure 5.10 Hierarchically porous zeolite monoliths by crystallization treatment of
icetemplated silica gels. (a—c) The icetemplated silica gel at different
magnifications; and (d—f) the macropore structure and the zeolite crystalline particles

for the zeolite monoliths.

Figure 5.11 Schematic representation of heat transfer in the randomly porous material
(a) and the aligned porous material (b). The blue colour in (b) indicates a better
thermal insulating efficiency.

Chapter 6
Figure 6.1 Multiple pathways to mechanical failure of different types of bones. (a)

Bone fracture may occur by a single large load, a single modest load with preexisting

damage in the bone, or accumulated damages by many cycles of loading. (b)
Representation showing the likely mode of mechanical failure from different types of

bones.

Figure 6.2 The diagram showing a typical tensile stress—strain profile with some
important stress parameters indicated. o, the elastic limit stress; gy, the tensile yield

stress; 0p the ultimate stress; and OF the fracture stress. The solid straight line

indicates the linear part of the stress—strain curve that can be used to calculate the
Young's modulus (E). The dotted line indicates the deformation at 0.2%.

Figure 6.3 The diagram shows the difference between the true stress—strain curve and
the nominal stress—strain curves by compression or tension.

Figure 6.4 The diagram illustrates the creep behaviour under constant load and
temperature.

Figure 6.5 The schematic representation of flexural tests. (a) Threepoint bending test.
(b) Fourpoint bending test.

Figure 6.6 The schematic diagram shows the various toughening mechanisms in terms
of intrinsic (plasticity) toughening versus extrinsic (shielding) toughening.




Figure 6.7 The structures of porous silica—polymer composites. (a) Aligned porous

silica (HS30 colloids)PVA and (b) the magnified area shows the packed silica
colloids. (c) The emulsiontemplated and icetemplated porous silica (HS30)
PVA and (d) the mesopore size distribution measured by N, sorption. (e) Porous

silicaPVA microspheres prepared emulsionsprayfreezing. (f) Porous chitosan

silica.

Figure 6.8 Graph of elastic moduluscomposite strength for porous composites in the
context of porous polymers, dense polymers, dense ceramics, and bones.

Figure 6.9 Porous alumina—polymer composites prepared by freeze casting of alumina
platelets and alumina particles. (a) Diagram showing the platelets, the size of alumina

particles, and the bimodal particles. (b) Diagram showing how the particles and
platelets assemble during the freezing process. (c—f) Show the structures of the

composites formed, comparable to the diagram in (b).

Figure 6.10 The effects of PVOH (polyvinyl alcohol)/clay and PVOH/SiO, on heat

release rates, compared to PVOH only and the commercial expanded polystyrene
(EPS).

Figure 6.11 A representative stress—strain curve for nacre.

Figure 6.12 The plots of the stress intensity, K}, as a function of crack extension, show

the crackresistance behaviour of (a) lamellar alumina—PMMA composites and (b)
brickandmortar alumina—PMMA composites.

Figure 6.13 Addition of SCMC promotes the formation of bridges between alumina
layers as shown by SEM images (a—d) with the SCMC concentrations of 4, 5, 7, 9

wt%, respectively, and the schematic description (e).

Figure 6.14 The diagram illustrates hydrophobic hydration and transformation into
clathrate hydrates via a freezing path, based on the example of npropanol molecule.

Figure 6.15 Helixreinforced zirconia—epoxy composites via a magnetically assisted

freezecasting process. (a—c) Show the images of 40 : 60 composites under a rotating
magnetic field of 0.12 T at the speed of (a) 0.05 rpm, (b) 0.20 rpm, and (c) 0.40 rpm.
The helix angles are also illustrated in the images. (d—f) Show the structure by SEM

imaging of (d) 40 : 60 composite, (e) 60 : 40 composite, and (f) the magnified structure
of the 60 : 40 composites.

Figure 6.16 The SEM images show the initial cracks of the composite (a and b) Al/15
vol% TiC, (c) Al/25 vol% TiC, and (d) Al/35 vol% TiC after the threepoint bending

test.

Figure 6.17 The columnar motifs in the teeth of (a) human tooth enamel, (b) beak of
Octopus vulgaris; (c—e) tooth enamel from the Odobenidae family (c), from

Tyrannosaurus rex (d), and from Albertosaurus spp (e). (f) The structure of the
composites fabricated by layerbylayer (LLBL) coating of vertical ZnO nanowires.




Figure 6.18 Fabrication of all ceramic composites via a freezing path. (a) Self
organization of particles of different shapes and sizes during the freezing procedure. (b)
Schematic representation of the densification of the composites by sintering with
pressing. (c) Linear shrinkage of the composites with different components during the
densification process.

Figure 6.19 PZT/epoxy composites show anisotropic piezoelectric strain coefficient
along the longitudinal (freezing) direction (d3;) and the transverse direction (dy;).

Figure 6.20 (a) The plot shows the relationship of thermal conductivity of the
epoxy/BN composites with different BN loadings. (b) The thermal conductivity
enhancement of different types of epoxy/BN composites based on the thermal
conductivity of pure epoxy matrix.

Chapter 7
Figure 7.1 Molecular structures of the common organic precursors used for the
preparation of carbon cryogels.

Figure 7.2 Examples of carbon cryogels with different pore structures. (a) Randoml
fibrelike pore structure. (b) Aligned porous carbon structure. (¢) The carbon cryogel
with microhoneycomb structure.

Figure 7.3 Molecular structures of commonly used polymers for icetemplated
carbons.

Figure 7.4 Pore structure of the icetemplated carbon prepared from polyacrylonitrile

at various magnifications. (a) x300. (b) x700. (c) x1400. (d) x3700. (e) x6500. (f)

x30k. Scale bar = 10 pm unless otherwise stated.

Figure 7.5 (a) Poly(acrylonitrile) fibres prepared by electrospinning into liquid
nitrogen. The inset shows the end of a broken fibre, clearly indicating a highly porous
structure. (b) Porous carbon fibres obtained by carbonization of the poly(acrylonitrile)

fibres.

Figure 7.6 The scheme shows the synthesis of perylene diimide derivatives (PDI
COOQOH) and the preparation steps for nanofibrous microspheres. The fibrous monoliths

can be readily formed via the gelation of a bulk solution (see Figure 7.7).

Figure 7.7 The morphologies of nanofibrous gel and carbon monoliths prepared from
dissolving the PDICOOH in water with triethyl amine. (a) and (b) The gel monolith
and the carbon monolith. (c) and (d) Ndoped gel and carbon monoliths by adding

melamine in the PDICOOH solution. Insets show the photos of the relevant
monoliths, scale bars =5 mm.

Figure 7.8 Different forms of carbon nanomaterials.

Figure 7.9 Schematic representation of the C arrangement in a carbon nanotube. (a) The
armchair structure. (b) The zigzag structure.




Figure 7.10 (a) Macroscopic monoliths of different shapes composed of

MWCNT/chitosan fabricated by the icetemplating process. And the pore structures at

different magnifications; scales are 1 mm (b), 200 pm (c), 20 uym, (d) and 5 um (e).
Figure 7.11 The chemical structure of graphene oxide.

Figure 7.12 Porous graphene materials fabricated by directional freezing of GO
suspension and subsequent freezedrying. (a)—(c) Representative pore structures. (d)

The preparation scheme.
Figure 7.13 Porous graphene monolith fabricated by freezedrying of a graphene (GO)
gel. (a) Photos of GO dispersion, functionalized GO hydrogel (FGH) in water and

picked up using a tweezer, and the freezedried aerogel. (b) and (c) The pore structure
of the aerogel.

Figure 7.14 (a) Porous graphene scaffolds by freezedrying of oilinwater

emulsions with aqueous GO (or chemically modified graphene, CMG) dispersion as
the continuous phase. (b) The overview of the pore structure. (c¢) Porous wires by
injecting the emulsion.

Figure 7.15 Porous graphene papers by freezedrying the wet film formed by filtration
assembly of GO suspensions. (a) The schematic representation of the filtration

assembly process. (b) The pore structure of the graphene paper.

Figure 7.16 Porous graphene spheres by electrospraying into a cryogenic liquid. (a)
The schematic preparation process. (b) The optical microscopic image of graphene
spheres.

Figure 7.17 Dynamic piezoresistive behaviour of the superelastic cellular graphene
material and the relation of sensitivity versus density. (a) and (b) Hi equenc

response of the graphene material with a density of 0.54 mg cm=2. (c) Electrical

response of the graphene materials with different densities. (d) An example of the

graphene material with a density of 0.54 mg cm=2 detecting ultralow pressure (1 mg

weight on an area of 113 mn?? is equivalent to 0.082 Pa).

Figure 7.18 The pore morphologies and structures of (a)—(c) 3D porous graphene
aerogel and (d)—(f) the graphene/CNT aerogel with similar initial density.

Chapter 8

Figure 8.1 The biopharmaceutics classification system (BCS) as proposed.
Figure 8.2 The biopharmaceutics drug disposition classification system (BCS) as
proposed.

Figure 8.3 The schematic representation of the pharmacokinetic ADME for drug
nanoparticles.

Figure 8.4 The absorption process for orally administered drug nanoparticles.
Figure 8.5 The schematic representation for the permeation pathways across the




intestinal membrane.

Figure 8.6 The effect of particle size on the deposition of aerosol particles in the human
respiratory tract following a slow inhalation and a 5 s breath hold. Larger particles
deposit in the airways or mouth and throat, whereas smaller particles deposit in the
alveolar region. The optimal size range for deposition in the alveolar region is 1-3 pm.

Figure 8.7 The scheme describes the delivery of drug nanoparticles from blood
circulation to the target cell.

Figure 8.8 The scheme shows the fate of drug nanoparticles in the body.

Figure 8.9 The schematic representation of formation of organic nanoparticles by

emulsion templating and freezedrying and the release of organic nanoparticles. (a) An
O/W emulsion is formed with a hydrophobic dye (Oil Red O) in the internal droplet
phase and monomer/initiator in the continuous aqueous phase. (b) After polymerizing
the emulsions followed by freezedrying, organic nanoparticles are formed in the
porous polymeric matrix. (c) For temperaturesensitive polymer PNIPAM, when the
temperature is less than the low critical solution temperature (ILCST), the nanoparticles
remain inside. (d) When the surrounding temperature is greater than the LCST, the
organic nanoparticles are squeezed out into the aqueous medium. (e) The plot shows
the linear release of organic nanoparticles for the hydrophilic polymer polyacrylamide
(PAM) and the burse release in response to the temperature for PNIPAM.

Figure 8.10 Characterization of solid nanocomposites and nanodispersions. (a—c)
Visual comparison of aqueous nanodispersion of Qil Red (OR) (a), OR powder added

to water (b), and OR dissolved in acetone (c). (d) Hi orous nanocomposite beads
containing OR. (e) SEM image of the internal porous bead structure. (f) Higher
maghnification showing nanoparticles on the edge of a pore. (g) STEM image of OR
nanoparticles after drying the nanodispersion onto a porous carbon grid. (h) Dynamic
light scattering analysis of the OR nanodispersion showing an average particle size of

90 nm.

Figure 8.11 Schematic representation of the formation of drug nanoparticles by solvent
evaporation within porous polymers.

Chapter 9

Figure 9.1 Pore structures of the freezedried CNC I at the concentration of (a) 0.5
wt%, (b) 0.1 wt%, (c) 0.05 wt % and the freezedried CNF I at the concentration of

d) 0.5 wt%, (e) 0.1 wt% 0.05 wt%. In both cases, nanofibrous structures are
formed from aqueous suspensions with a concentration of 0.05 wt%.

Figure 9.2 Xray diffraction investigation of freezedried CNF and CNC foams. (a—

c) 2D detector images; (d—f) azimuthal intensity profiles for the samples prepared from

crash frozen 0.5 wt% CNF (a and d), directional freezing of 0.5 wt% CNF (b and e),
and directional freezing of 1.5 wt% CNC (c and f).

Figure 9.3 Porous structures made from Pd nanoparticles and Au nanoparticles. (a)




Photo of the Pd aerogel. (b) The Pd nanoparticles assemble together (in direct contact)
to form the structure. ; (c) The structure of the porous bead prepared by injecting Au
nanoparticle suspension into liquid nitrogen and subsequent freezedrying. (d) The
aligned structure from the radially aligned part of the bead in (c). (e) The randomly

porous structure consisting of nanowires in the outer shell of the beads in (c). (f) The

freezeinduced nanowire consisting of aggregated Au nanoparticles.

Figure 9.4 Selfassembly of Au nanoparticles and Au nanorods on Si substrate by ice
templating and the encapsulation within polyaniline. (a and b) A typical chain and a
nodeshaped structure obtained from 40 nm Au nanoparticles; (c and d) Single chain
and multiplelayered chains formed from Au nanorods; (e) A single line chain of Au
nanoparticles formed by freezing the nanoparticle suspension in —80 °C ethanol; (f—h)
The chain of Au nanoparticles encapsulated by polyaniline.

Figure 9.5 Aligned surface patterns fabricated by directional freezing of liquid
suspension thin film on substrates. (a) The spacing between the ridges decrease with
the increase of freezing rate, demonstrated with the aqueous suspension containing 5
wt% HS30 silica colloids and 5 wt% poly(vinyl alcohol). (b) The structure prepared
from aqueous suspension of 15 wt% HS30 colloids and 1.5 wt% SCMC. (c) The

aligned patterns with the selfassembled silica microspheres fabricated from the
suspension containing 15 wt% silica microspheres and 5 wt% PVA.

Figure 9.6 1D structures fabricated by directional freezing of polymer

nanoparticle/colloid suspensions. (a—c) The structures prepared from polystyrene
nanoparticles (80 nm). (d) The nanofibers obtained from polypyrrole nanoparticles

(20-50 nm). (e—g) The structures fabricated from polystyrene colloids (450 nm).

Figure 9.7 3D structures fabricated from nanowires via ice templating. (a and b) The

porous structures from Ag nanowires. The inset shows the original Ag nanowires. ; (c

and d) Aligned nanofibrous networks from phenylalanine nanofibers. ; (e and f) The
nanofibrous networks generated from chitin nanofibers.

Figure 9.8 Freezeinduced selfassembly of boron nitride microplates. (a) The
structure obtained at the flow rate of 15 pms=!, (b) The structure from a fast freezing
rate of 25 pms=L, (c) The scheme showing the assembly of the microplates. Scale bar

10 ym.

Figure 9.9 The silica monoliths with microhoneycomb structure and ordered,
interconnected macroporous walls fabricated by ice templating with silica
nanoparticles and polymer colloids and subsequent removal of polymer colloids by
calcination. (a) The crosssectioned area parallel to the freezing direction; (b) the

crosssectioned surface perpendicular to the freezing direction; (c) the magnified area
parallel to the freezing direction; (d) the polymer colloidtemplated macropores.

Figure 9.10 Nanofibrous structures prepared by ice templating from core—shell

particles. (a and b) The structures made from silica nanoparticles (250 nm) with
poly(Nisopropylacrylamide) shell. (c) The scheme showing the selfassembly of




core—shell nanoparticles. (d) The nanofibers prepared from SiO, olvacrylonitrile

particles. Scale bar 50 pm. (e) The nanofiber consisting of hollow carbon capsules
after carbonization and etching silica with NaOH solution. Scale bar 200 nm. (c—€)

Chapter 10

Figure 10.1 SEM images show the porous structures prepared by freezedrying a

Pickering emulsion using silica nanoparticles (40 nm) and polymer microgel (250 nm)
as stabilizers. (a) and (b) The interconnected emulsiontemplated cellular pores; (c)

and (d) The pore structure of the cellular walls after removing microgel particles by
calcination at 950 °C for 2 h.

Figure 10.2 Scheme showing the freezinginduced selfassembly of P123 in water in
a concentration—temperature diagram.

Figure 10.3 Diagram of a solution containing two or more components under different
states.

Figure 10.4 Schematic shows the preparation of polypyrrole films via freezing
interfacial polymerization.

Figure 10.5 Polyaniline hemispheres synthesized via an icetemplating method with

the addition of diethyl ether into the aqueous solution containing reactants. (a) An
overview of the hemispheres, with the inset showing the surface of one hemisphere. (b)
The magnified internal structure of one hemisphere.

Figure 10.6 The morphology of polyaniline nanotubes synthesized via a frozen
polymerization approach. (a) and (b) SEM images at different magnifications. (c) and
(d) TEM images at different magnifications. The inset shows the XRD pattern of the

nanotubes.

Figure 10.7 The aligned porous organic cage (CC13) prepared by directional freezing

and freezedrying of CC13 solution in chloroform. (a) and (b) The pore structure. (c)
The macropore size distribution measured by Hg intrusion porosimetry. (d) The H, and

N, uptake of the CC13 monolith.

Figure 10.8 Characterization of aligned porous MOF (HKUST1) monolith fabricated
by an icetemplating approach. (a) The pore structure. (b) The surface morphology.
(c) The N, sorption isotherm with the inset showing the micropore size distribution. (d)

The macropore size distribution by Hg intrusion porosimetry.
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Preface

Freezing has long been used as a method for preservation and storage. Freezedrying has been
widely used industrially for the production of solid formulations of pharmaceutics, biologics,
and foods, aiming for easy transport and longterm storage while maintaining the stability
during preparation, storage, and reconstitution. Recently, freezing and freezedrying have been
employed to fabricate a wide range of porous materials and nanostructures. The key aspect is
the freezing stage, where ice crystals are formed and grow with tuneable size and morphology.
During freezing, molecules and/or particles are excluded from the freezing front. The freeze
drying process is then utilized to remove ice crystals from the frozen sample and produce ice
templated structures. This technique, thus known as ice templating, has been explored for the
fabrication of a wide range of porous materials and nanostructures. In addition to the wide use
of water as solvent, some organic solvents and even compressed CO, are also used to form

solutions or suspensions for the icetemplating process. Although freezedrying is usually
used to remove ice crystals, solvent exchange in the frozen state and ambient vacuum drying
after polymerizing or crosslinking the frozen samples have also been used, thus avoiding the
high cost of freezedrying. Ice templating, also known as freeze casting or simply freeze
drying among researchers, can be combined with other approaches in order to produce
functional materials with complex porous structures.

There seems to be confusion about freezedrying and icetemplating among researchers from
different research fields. However, due to the simplicity and versatility of the icetemplating
approach, it can be employed, in principle, by materials scientists from differing backgrounds
and expertise for the preparation of desired materials with target applications in mind.

There are several books published on freezedrying or lyophilization, on the topics of food,
pharmaceutics, and biological products. This book gives an extensive review of ice templating
and freezedrying and the use of ice templating for the fabrication of porous materials and

their applications. Chapter 1 introduces the freezedrying process, ice templating for porous
structures, and some practical points for ice templating based on our lab experience. Chapter 2
describes the fundamentals of the freezing process and the equations/parameters that are
investigated and may be used to guide materials fabrication. Owing to the close relationship
between ice templating and freezedrying, the use of freezedrying is discussed extensively

for pharmaceutics, biopharmaceutics, and foods in Chapter 3. The stabilization mechanisms
and the formulation tips described in Chapter 3 may be also applied for icetemplated
materials. Chapters 4-9 focus on the fabrication and applications of different types of ice
templated materials, covering porous polymers, porous ceramics and metals, ceramic
composites, porous carbon and carbonbased materials, drug nanoparticles, and

nanostructured materials from colloids/nanoparticles. Chapter 10 describes the combination of
ice templating and other techniques/systems for the fabrication of novel materials. A general
summary and perspectives are also given in Chapter 10.

It has been a long but highly exciting journey in compiling this book. I hope this book can



provide useful insights and knowledge for researchers who use freezedrying or ice

templating during their investigations. Furthermore, it is expected that this book can also give a
general overview and provide expertise and useful tips about ice templating for new
researchers coming into this field.

I am grateful to Dr Lifen Yang who has initiated the dialogue of writing a book about ice
templating. I thank the project editor Ms Shagun Chaudhary (at the early stage of my writing)
and then Mr Lesley Jebaraj for their suggestions, patience, and great support. This book has
been mostly written during the evenings and weekends. I am grateful to my family. It would not
have been possible to complete this book without their support, patience, and encouragement.

Liverpool, 19 November 2017
Haifei Zhang

University of Liverpool



1
Introduction to Freezedrying and Ice Templating

1.1 Introduction

Freezedrying is a widely used drying technique in pharmaceutics, biologics, and food
industries. It is a preferred drying technique when dealing with temperaturesensitive
chemicals/substances, as it can produce dry powders or cakes for easy storage and transport.
From the perspective of pharmaceutical applications, the freezedried products should also
have a reasonable shelf life and be readily reconstituted with the anticipated drug activity
[1-4].

A freezedrying process, especially for pharmaceutics and biologics, consists of three steps,
i.e. freezing on a cold shelf in a freezedryer chamber, primary drying, and secondary drying
[1, 4]. The freezedrying process is usually applied to aqueous solutions or suspensions.
When freezing aqueous solutions or suspensions (usually in small vials), the majority of the
water in the sample is either free water or gets frozen. However, a small percentage of the
water bound to or having strong interaction with pharmaceutics/excipients remains as liquid.
The amount of liquid water present in the frozen sample depends on the freezing temperature as
well as the components in the solution. The frozen ice crystals are sublimed in the primary
drying process, i.e. a change from solid state to vapour state to remove the ice crystals. In the
secondary drying step, the bound water needs to diffuse and transport outside of the porous
matrix to be removed. Therefore, the rate of primary drying may be controlled or enhanced by
careful control of the freezing temperature, the shelf temperature, and the vacuum, whilst the
nature and the porosity of the matrix is more important for the secondary drying stage.

In chemistry, biological and materials research, freezedrying is more commonly known as a
drying approach. The cool samples may be either directly placed on a shelf in a freezedryer
or frozen in a freezer or in liquid nitrogen before being placed into a freezedryer. The main
purpose is to keep the samples at low temperature (to maintain the component activity) and to
prevent dense aggregation or considerable shrinkage during the drying process. This is in
contrast to a conventional drying process of aqueous solution or wet samples, e.g. drying in
open air, N, flow drying or vacuum drying. Because of water's high surface tension, removing

liquid water can generate significant surface force that brings small particles together (hence
aggregation of particles) or the collapse of porous structure. For this reason, freezedrying
has been frequently used in materials science in order to prepare materials with highly
interconnected porosity and high surface areas.

During a freezedrying process, either in a pharmaceutical industry environment or in a
research lab practice, the process needs to be conducted so that the samples remain frozen,
avoiding partial melting and annealing, following which porous cakes or structures without
dense skin and shrinkage are prepared. This is, of course, not just intended to produce a



material with an ‘aesthetic look’ [4]. Such materials can have desirable properties for
subsequent applications. After the removal of ice crystals, the voids left behind are pores
within the materials, hence the porous materials. In the pharmaceutical industry and other
relevant research areas, good cakes with homogeneous structures are desirable for their
subsequent applications. The porous structures of such cakes are examined with the intention of
relating the quality of the freezedried materials with subsequent application performance,
rather than as a technique to prepare porous materials with controllable porosity and
morphology.

Porous materials are used in a wide range of applications and have been intensively
investigated [5, 6]. According to the IUPAC definition, the pores can be categorized as
macropores (>50 nm), mesopores (2—50 nm), and micropores (<2 nm) [7]. Templating is
probably the most common approach used for the preparation of porous materials. The
templates used may be hard templates (e.g. colloids, particles, sacrificial preformed porous
structures) or soft templates (e.g. assembly of surfactants, polymers, droplets, emulsions) [5].
In recent years, ice templating has been developed and intensively investigated as an effective
approach to the production of a variety of porous materials [8—11]. This templating method
exhibits some unique characteristics that the other techniques do not have. For instance, a
directional freezing process can be employed to prepare aligned porous materials. By careful
control of the freezing conditions, layered porous materials can be formed and can be
subsequently utilized to produce tough composite materials mimicking natural structures.
Furthermore, the ice templating method is not restricted to waterbased solutions or
suspensions. It can be used for organic solutions/suspensions, compressed CO, solutions, and

emulsions [8].

Sometimes, there is a misconception that freezedrying and ice templating may be the same, as
seen in some published articles. However, they are different but are related with each other. In
brief, freezedrying is a drying method (in pharmaceutical industry the freezing process is
usually completed on the freezedryer shelf). Figure 1.1 shows the schematic representation
of a freezedrying process. Ice templating is a templating method where ice crystals are used

as templates in order to produce the desired templated structures. A controlled freezing
process is usually required in order to control the orientation, size, and morphology of the ice
crystals. As in any other templating methods for the preparation of porous materials, the ice
templates need to be removed. The most common method to remove ice crystals is by freeze
drying. However, freezedrying is not the only method that can be used. Solvent exchange may
be employed in a cold miscible solvent (and it is an insoluble solvent to the solute in the frozen
solvent) where the temperature is below the melting point of the frozen sample. After the
frozen solvent is completely removed, the materials may be dried by usual drying methods such
as air drying or vacuum drying. There is another option when monomers and crosslinkers or
reactive reagents are included in the frozen samples. A frozen polymerization/crosslinking
process can be applied, which will lock in the frozen structure [12]. After polymerization, the
frozen samples may be warmed up to room temperature and then dried in air or by vacuum

drying.
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Figure 1.1 Schematic representation of a freezedrying process. The temperature and time
scales are approximate and for indication only.

Because of the close link between freezedrying and ice templating, in this chapter, we will
first introduce the basics and key aspects/parameters of a freezedrying process. The same
controls applied in freezedrying may be applied to the ice templating approach as well when
ice crystals are removed by a freezedrying process. However, it must be pointed out that
there is very limited research on the effects of the freezedrying process on porous materials
or nanostructures. Secondly, the key aspects, important parameters and progress of ice
templating method will be covered. The practice and experience of the Zhang group inice
templating and freezedrying for porous materials will be described last, hopefully to provide
useful and practical information for researchers who are new to this research area.

1.2 The Freezedrying Process

Water is essential for life. However, the presence of water tends to make materials or products
degrade fast. To preserve samples, to make storage longer and transport easier, suitable drying
methods are required. This is particularly important for biological and pharmaceutical
samples. Indeed, freezing itself is a drying technique. During the freezing process, water turns
into ice crystals, which can exclude any impurities, including polymers, particles, and
dissolving molecules. The freezing front rejects the solutions from forming ice crystals; this
concentrates the solution and makes the dissolved substances ‘dry’. However, the frozen ‘dry
samples have to be kept at low temperature (below the melting point) and are normally stored
in a freezer. This incurs storage costs and difficulty in transporting. Potential freezer break

]



down or power cut can melt and damage the samples. Thus, a freezedrying process is a
preferred drying process.

The use of freezedrying has a long history, tracing back to 1250 BCE for preserving

materials by dehydrating, which involves the freezing stage and drying at low temperature
under vacuum. Freezedrying is also widely known as © lyophilization’, a term mostly
attributed to Rey LR's work in 1976. Because the process produces a dry porous structure, its
high porosity and exposed surface can rapidly resorb the solvent, e.g. the water, vapour or
moisture in the surrounding environment. The freezedried materials exhibit such ‘lyophil’
characteristics towards the solvent (mostly water), hence the term ‘lyophilization’ process [4].

But it is not all positive for a freezedrying process. The disadvantages associated with
freezedrying processes are low scaleup potential, longer drying time and energyintensive
processing. This results in high operational costs. A freezedrying process is therefore only
viable for highvalue products, such as pharmaceutics and biologics. There is continuing

effort in developing new procedures and/or optimizing the freezing stage and drying stage in
order to reduce the operation costs. It is critically important for biological and pharmaceutical
samples not to be damaged or deactivated during the freezing stage as the growth of ice
crystals can be harmful.

1.2.1 Additives in the Solution

1.2.1.1 Additives to Maintain Integrity/Activity of Biological Samples

Freezedrying can be used for cryopreservation, i.e. longterm storage of biological
materials such as in biomedical applications and agriculture. The use of additives can help
stabilize biomolecules in the freezedried samples, probably more importantly to reduce the
damaging impact of growing ice crystals on biological samples.

During a freezing process, extremely low temperature (e.g. —196 °C of liquid nitrogen) may be
applied. The growing ice crystals can pierce (from outside) or tear apart the cells (from
inside) by mechanical force. Further, due to the freezing concentration effect, the composition
in the liquid phase may change, for example, leading to high ion concentrations or dramatic pH
change. This can be detrimental to the cells. Furthermore, because of the freezing dehydrating
and concentration effect, this can also cause the change of osmotic pressure across cell
membranes and dehydrate the cells [13].

To mitigate these adverse effects, additives acting as cryoprotectants are added to the solution.
These additives should be nontoxic or low toxic, can help balance the surrounding
environment of the cells, and reduce the size and amount of ice crystals during the freezing
stage. Alcohols, glycerols, and polymers (e.g. polyvinyl alcohol (PVA)) have been often used.
Antifreeze proteins, as observed in some arctic fish, may be also utilized [14]. It can help
lower the ice nucleation temperature and inhibit ice nucleation and crystal growth so to
produce small ice crystals without damaging cell activity.



1.2.1.2 Lyoprotectants to Prevent Denaturation of Biopharmaceutics or
Enhance Reconstitution of Pharmaceutics

In order to be effective, it is suggested that the lyoprotectants must be retained in the
amorphous state. Crystallization of lyoprotectants during the freezedrying process or
subsequent storage may potentially damage the stability of proteins. For this purpose, non
reducing sugars, especially sucrose and trehalose have been widely used. It should be
mentioned that the amorphous state in the freezedried product does not necessarily mean that
no crystallization occurs during the freeze stage and drying stage. Indeed, one study found that
trehalose could crystallize during annealing and form amorphous materials after freezedrying
[15].

As it is widely known, polymer excipients are processed with active pharmaceutical
ingredients (API) as tablets or in other formulations. Similar excipients, e.g. hydroxypropyl
methyl cellulose (HPMC), may be included in the solution, which can help to stabilize and re
constitute the freezedried formulations [ 16].

1.2.1.3 Stabilizer/Binders for Particulate Suspensions

Suspensions are frequently freezedried to produce porous structures. To ensure a high

quality freezedried product, a homogeneous and welldispersed suspension is required [ 10,
17]. In order to achieve this, polymeric stabilizers such as PVA, polyvinylpyrrolidone, and
industrygrade commercial stabilizers may be used. In order to produce samples with good
mechanical stability, binders are usually required in the suspensions. It is possible for the same
polymer to act as both a stabilizer and a binder. This part is particularly important for the
preparation of porous ceramics by freeze casting and more details may be found in Chapter 5.

1.2.2 Optimizing the Freezing Stage

It is recognized that freezedrying is a timeconsuming and energyintensive process. For an
industrial freezedrying process, freezing usually takes a few hours whilst the drying process
requires days with the primary drying taking much longer than that of the secondary drying. In
the primary drying stage, the driving force for the removal of ice crystals is the difference of
vapour pressure between the sample chamber and the condenser chamber. It is known that
vapour pressure is proportional to temperature. It is more efficient to raise the temperature of
the frozen sample rather than to reduce the temperature in the condenser chamber. Therefore,
designing a freezing stage that allows nucleation and ice growth at higher temperature can
considerably benefit the primary drying process [18, 19].

Freezing is a very complicated process. Water may look like a simple molecule but it has over
10 crystalline phases. The presence of hydrogen bonds between water molecules and the
interaction with solutes result in complex phenomena. The nucleation temperature determines
the size, number, and morphology of ice crystals. A good process should lead to homogenously
dispersed small ice crystals, which can in turn contribute to a faster drying process and a
highquality freezedried cake.



Typically, the process of freezing water or water solutions consists of four steps: (i) cooling
the solution below the equilibrium freezing temperature; (ii) formation of ice nucleus that acts
as primary nucleation; (iii) Secondary nucleation that allows the growth to ice crystals; and
(iv) complete freezing to form frozen solids [20]. However, formation of ice nucleus does not
occur just below the equilibrium freezing temperature. Pure water can be supercooled to —48
°C to initiate ice nucleation whilst impurities/solutes in a solution may act as nuclei and allow
growth of ice crystals under less supercooled conditions (often seen as —15 to —20 °C) [21,
22]. A higher freezing temperature that allows the spontaneous formation of ice crystals would
in principle lead to a faster primary drying process. Among different polymorphic forms of ice,
cubic shape and more often hexagonal shape crystals are observed under typical freezing
conditions. For the hexagonal ice crystals where each oxygen atom is tetrahedrally surrounded
by four other oxygen atoms, it can form dense structures with crystal growth thus excluding the
solutes from the ice front. Controlling the freezing condition is also important in tuning the size
of crystals, where the spontaneous formation of a large number of nuclei and higher
temperature gradient may contribute to small ice crystals. There is a link between the drying
rate and ice crystal size. Larger ice crystals, usually generated involving an annealing process,
increase sublimation rates. This is due to the larger pores left behind by the removal of large
ice crystals, which facilitate the transport of water vapours [19]. Controlling the freezing
process may also lead to the formation of more homogeneous ice crystals in the frozen
samples, which may result in freezedried pharmaceutical cakes of better quality.

In order to maintain and improve freezedried product quality whilst reducing freezedrying
time, different freezing methods have been developed. Some of the common ones are described
below:

i. Ice fog technique. This technique was first reported by Rowe [23]. After the vials are
cooled to the desired nucleation temperature, ice nuclei are introduced to facilitate ice
crystal growth by a flow of cold N,. N, gas is transported into the chamber through a metal

coil immersed in liquid nitrogen. Water vapour already present in the chamber can be
cooled by the cold N, and forms a vapour suspension of ice crystals (a ‘fog’). The N, gas

enters the chamber at minimum overpressure and passes the ice nuclei into precooled
vials to induce crystallization. Different types of ice fog techniques have been described in
the review paper by Geidobler and Winter [19].

ii. Electrofreezing. In this method, a high voltage pulse is applied to generate ice nuclei on an
electrode, which induces ice crystallization [24]. For this method to be successful, suitable
electrodes have to be developed and fixed into a freezedryer. Each vial requires one
electrode, which makes this method impractical and difficult to scaleup.

ii. Ultrasoundinduced freezing . Applying ultrasonic waves to liquids produces acoustic
cavitation, the formation of gasfilled bubbles with shortlived high temperature and
pressure [25]. The collapse of the cavitating bubbles results in the increase of equilibrium
freezing temperature due to very high pressures. This increases the supercooling level and
is the driving force for ice nucleation. The method can be easily realized by attaching an
ultrasound generator to an aluminium plate combined with the freezing shelf. Therefore,



there is no direct contact with the freezing solution, thus avoiding a potential contaminating
issue. This technique was demonstrated by freezedrying of pharmaceutical proteins. It

was found that larger and directional ice crystals were formed at high temperatures whilst
smaller and heterogeneous ice crystals were produced at lower temperatures [26].

iv. Directional freezing. In this case, ice nucleation is induced at the bottom of the vial by
contact with a cold stage. Ice propagation is orientated in the vertical direction and either
lamellar or vertical dendrite ice crystals are formed [27]. The directional freezing process
may also be realized by applying a gradient freezing stage which may allow the advance of
freezing front at a constant velocity, facilitating homogenous cooling of the samples. This
technique may be very important for cryopreservation of cells. When ice crystals grow
outside the cell, causing water to osmotically move out of the cells, as a result of which the
cells shrink and eventually get damaged and die. The directional freezing process
contributes to uniform cooling of the samples, producing lamella ice crystals between
which the cells are trapped [13]. To achieve uniform cooling, the dissipation of heat of
fusions during water freezing is very important, which can be done in two ways: the metal
block closely surrounding the sample and from the ice front into the unfrozen part.

Other freezing methods may also be used. For example, shelframped freezing, precooled

shelf freezing, and an annealing process (to make ice crystals more uniform) can be readily
performed by using different shelf temperature programs on a modern freezedryer. Quench
freezing is basically freezing a solution in a cool liquid such as liquid nitrogen or dry ice bath
with a chosen organic solvent (e.g. ethanol, acetone). The frozen samples are then placed in a
freezedryer. This is the typical method that materials researchers use to produce freeze

dried porous materials. By varying the vacuum in the chamber (evaporation of water to reduce
local temperature), pressurizing/depressurizing (using the principle of the freezing temperature
of water lowered at high pressure and vice versa) the chamber, ice nucleation can be induced.
But these methods are not practical or difficult to scale up [18, 19].

1.2.3 Primary Drying in Freezedrying

During the freezing process, the solute is excluded from the freezing front and the solute phase
becomes concentrated, which is termed as freeze concentrate. By the end of the freezing
process, the majority of the water in the solutions turns into ice crystals [28]. The primary
drying stage is to remove the ice crystals by sublimation.

During primary drying, the chamber is under vacuum and the pressure is used as the partial
pressure of the water vapour. In the chamber, the temperature of the sample is lower than the
shelf temperature. The driving force for the primary drying is the difference between the water
vapour pressure at the sample temperature and partial pressure in the chamber. Therefore, in
order to speed the primary drying process, the sample temperature should be as high as
possible without the collapse of the sample structure and a high level of vacuum is maintained
in the chamber. It should be mentioned that raising the sample temperature is more efficient for
a faster primary drying process. A very high vacuum is not only difficult to maintain but also
may hinder the drying process. This is because when ice crystals are sublimed, heat input into



the frozen sample is required (so to maintain the sample temperature). The heat transfer is
usually achieved from the shelf (higher temperature) to the sample (lower temperature) and by
radiation from the surrounding. At very high vacuum, a Thermos flask effect may be developed
in the chamber, which inhibits heat transfer from the shelf. The heat transfer by gas/vapour is
reduced as well at high vacuum. This leaves the heat for sublimation provided predominantly
by the inefficient radiation. It has been reported that moderate chamber pressure (100-150
mTorr, 100 mTorr is 13.3 Pa) could give optimal heat transfer in a set of vials [29].

Primary drying can take days depending on the freezedryer setup, much longer than the
freezing stage and secondary drying (both taking hours). To reduce the freezedrying cycle

time without an impact on product quality, the most important thing is to optimize primary
drying parameters. The fine tuning of the sample temperature and the shelf temperature is the
key to a fast primary drying process. It is known that each 1 °C increase in sample temperature
can reduce the primary drying time by about 13% [30]. Therefore, the sample temperature
should be as high as possible but below the temperature of sample structure collapse (usually
several degrees). The safety margin between the sample temperature and the collapse
temperature may be selected by considering the benefit of fast primary drying or higher risk of
sample collapse [28]. The shelf temperature is typically 5-40 °C higher than the sample
temperature. At constant chamber pressure and shelf temperature, the sample temperature
increases 1-3 °C from beginning to the end of primary drying [29]. The bigger the difference
between sample temperature and shelf temperature, the faster the primary drying process, but
the higher the risk of the sample collapse (Figure 1.2) [28].
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Figure 1.2 The diagram shows the relation of primary drying time with the temperature
difference between the shelf temperature (T) and the product sample temperature (T},). Solid

circles, low dry layer resistance (solids < 1%); solid square, medium dry layer resistance
(10% > solids > 1%); solid triangles, high dry layer resistance (solids > 10%).

Source: Tang and Pikal 2004 [28]. Reprinted with permission from Springer.

By the end of primary drying, all the ice crystals have been removed by sublimation. The
sample temperature increases to the shelf temperature because there is no more ice sublimation
and there is no heat removal by sublimation. Therefore, it signals the end of the primary drying
stage when a steep rise of sample temperature is observed. There are different ways to
measure sample temperatures [28], for example, thermocouples or RTD (resistance
temperature detector) temperature sensors in the sample vials (invasive, measuring the bottom
temperature), and manometric temperature measurement (MMT, measuring the temperature at
the sublimation interface, more relevant to the drying process). The temperature discrepancy
between the measured sample and the rest of the samples in the chamber should be noticed as a
result of the invasive impact of thermocouple and the layout/locations of the samples in the
chamber. The sample temperature is usually higher at the front and side but lower in the
interior due to additional radiation heat transfer from the door and chamber walls.

1.2.4 Secondary Drying in Freezedrying

The secondary drying is to remove the unfrozen water by desorption from the highly
concentrated solute phase. The water transports from the desorption site across the
interconnected porosity in the dry matrix and then vaporizes and is removed under vacuum. At
the start of secondary drying, there is still a relatively large amount of residual water (5-20%
on dry solid) present. With the increase of sample temperature, there is a great risk of sample



collapse. At the end of the secondary drying, the residual moisture content is usually less than
1%, which ensures a good stability and long storage capability.

Although there is an increase of sample temperature, the shelf temperature is still higher
because the heat of transfer is required for the vaporization of liquid water phase.
Corresponding to the increase of sample temperature, the shelf temperature should increase
slowly because the fast increase can cause the collapse of the not completely dry sample.
Owing to the high residual moisture content in the amorphous sample early in secondary drying
and thereby low glass transition temperature, the possibility of structural collapse is quite high.
It is usually regarded as a safe procedure if the shelf temperature increases at a rate of 0.1—
0.15 °C min! for amorphous solids. For crystalline solids, they do not have potential collapse
during secondary drying and, therefore, a higher ramp rate (0.3-0.4 °C min') is suggested
[28].

The shelf temperature is directly related to secondary drying time. It is better to run a high shelf
temperature for a short time rather than low temperature for a long period, provided that the
sample quality can be maintained. Longer drying period at this region of temperature may be
detrimental to the stability of biomolecules such as proteins. The drying time may vary
depending on the solution concentration. A higher solute concentration can lead to a solid with
smaller surface areas, less porosity, and enhanced barrier for water transport, and thereby a
longer drying time. Usually, secondary drying times of 3—6 h is probably best with the terminal
temperature varying in the region of 40-50 °C, even for protein formulations [31].

1.3 Ice Templating for Porous Structures

Ice templating has been used widely for the preparation of different types of porous materials.
This section describes the key but general parameters that have been investigated. Detailed
discussion and specific information are given in the following chapters. Unlike freezedrying
for pharmaceutics and foods, the icetemplating method is mainly used in research for the
fabrication of novel porous materials and their potential applications. There is either no mass
production or rare mass production of materials reported by the icetemplating approach, to
the best of the author's knowledge. As such, the preparation time and cost of icetemplated
materials have not been evaluated as a priority, as with freezedrying in industries.

1.3.1 Solutes or Particles

i. Solutions widely used for icetemplating processes . Small molecules, polymers or
biomacromolecules are dissolved in suitable solvents. The solutes are excluded from the
freezing ice front during freezing. To form a porous material, it is difficult to work with
only small molecules because powders with low porosity are usually formed. It seems like
a prerequisite to have polymer or large biomolecules in the solution to form porous
structures with tuneable morphology. The larger polymer molecules can entangle or
interconnect together to give stability and porosity.

ii. Particles suspended in liquid medium. These particles can include nanoparticles,
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nanofibres, platelets, and microparticles. To form a homogenous structure, a stable
suspension is required before freezing. Therefore, surfactants or stabilizers are always
present in the suspensions. For nanoparticles or nanofibres, because of their small sizes, it
is generally easy to form stable dispersions. For larger nanoparticles or even
microparticles, a higher concentration of stabilizer (usually polymeric, also to increase the
viscosity of the suspension) is normally required. This has been observed frequently when
using ceramic powders to prepare porous ceramic materials by ice templating.

Emulsions where liquid droplets dispersed in another liquid phase. An emulsion can be
formed, usually by stirring or homogenization, to disperse liquid droplets in another
immiscible continuous liquid phase [32]. A surfactant (either ionic or nonionic polymeric
surfactant) is added to stabilize the droplets by preventing them from coalescing. When
monomers or polymers are dissolved in the continuous phase, freezing the emulsion
followed by freezedrying can produce porous polymers, combining ice templating and
emulsion templating. Small molecules or polymers can be also dissolved in the droplet
phase, which produces complex materials after freezedrying the emulsion [ 33, 34].

1.3.2 Solvents

L.

ii.

Water. There is no doubt that water is the mostly used solvent. In the freezedrying
formulations for pharmaceuticals and biologics, water is the only solvent used although
some polar organic solvents may be added as additives. When employing ice templating
for porous materials, as the name ‘ice’ suggests, waterbased solutions or suspensions
have been mostly used.

Organic solvents. Organic solvents can also be frozen and the resulting frozen solvent or
ice crystals (‘ice’ here means the general frozen solvent) are used as templates to generate
porous materials. This is particularly important when preparing hydrophobic porous
materials or when the precursors are insoluble in water. Despite the potential toxicity,
flammability, and environmental concerns, similarly to the use of organic solvents in
chemical plants, it is sometimes necessary to utilize these organic solvents. When choosing
suitable organic solvents, their melting points and vapour pressures are important
parameters to be considered. Owing to the limit in shelf temperature or the temperature of
condensing chamber, only organic solvents that have relatively high melting points should
be selected, e.g. melting points higher than —60 °C, depending on vapour pressure, type of
solutes, freezing volume, and exposed surface area of the frozen sample. Table 1.1 shows
the organic solvents that have been used in literature. An important application is the use of
organic solvents including dichloroethane, oxylene, dioxane as templates for the
preparation of hydrophobic biodegradable poly(ecaprolactone) and poly(lactide  co
glycolide) materials. Dimethyl sulfoxide (DMSO) is often used because of its high melting
point and the ability to dissolve polar polymers. Tertiarybutanol has been employed quite
often for the preparation of silica and porous ceramics. Another unique solvent is
camphene, which is solid at room temperature with high vapour pressure. Camphene melts
at a moderate temperature of around 60 °C so it is still convenient to form solutions or
suspensions. The subsequent freezedrying process can be operated at room temperature



compared to the usual freezedrying process, thus reducing the operation costs.

ii. Compressed CO,. Supercritical CO, or compressed CO, has been regarded as a green and
sustainable solvent. CO, is not toxic, inflammable, and cheaper and has low critical points.

The solvent properties can be readily tuned by changing temperature and pressure. Below
the critical temperature, compressed CO, acts like an organic solvent and can be used as a

solvent for reactions or separation [35]. The very attractive point is that compressed CO,

can be easily removed by depressurization. Zhang et al. reported the freezing of
compressed CO, solution for the preparation of a porous organic material. The process

used no organic solvent, and there was no need for freezedrying because the frozen CO ,

could be just sublimed when the reactor valve was open and the frozen sample warmed up
gradually [36].

iv. Mixing solvents. Two miscible solvents may be mixed together. The point is that each
solvent may exhibit different sizes or morphology of ice crystals upon freezing. The mixing
solvents may be used accordingly to tune the pore morphology and pore sizes.

v. Emulsions. This is an extended use of organic solvents. Oilinwater emulsions have
been mostly investigated. In addition to the preparation of porous materials with
systematically tuneable porosity, the emulsionfreezedrying method has been explored
to form poorly watersoluble drug nanoparticles [ 33, 37]. Cyclohexane (high melting
point, high vapour pressure, low toxic) and chloroform (good solvent for many poorly
watersoluble drugs and relatively high melting point) have been mostly used for this
purpose [33, 38].

Table 1.1 Properties of common organic solvents used in the icetemplating approach.

Solvent Density (ml g~! at 25 °C) Melting point (°C) Vapour pressure (mmHg)
Dichloroethane 1.256 -35 87 at 25 °C

Chloroform 1.48 —63 160 at 20 °C

Oxylene 0.879 at 20 °C —26 to —23 7 at 20 °C

Dimethyl sulfoxide 1.10 16-19 0.42 at 20 °C

1,4Dioxane 1.034 10-12 27 at 20 °C; 40 at 25 °C
Cyclohexane 0.779 4-7 77 at 20 °C

tert Butanol 0.775 23-26 31 at20°C

Camphene 0.85 48-52 2.5at25°C

1.3.3 Controlled Freezing

1.3.3.1 Control Orientation of Ice Crystal Growth

i. Random freezing. This usually means freezing without control; for example, placing a



solution in a freezer, in a cold bath of dry ice/acetone, or even just immersing in liquid
nitrogen. There is no longrange order for the orientation of ice crystals. A schematic
diagram is shown in Figure 1.3a. This, however, does not exclude locally ordered
arrangement of ice crystals. As long as the temperature gradient exists, the local order of
ice crystals will be present. This is also reflected in the pore structure of the freezedried
materials.

ii. Directional freezing. In contrast to random freezing, directional freezing indicates the
orientated growth of ice crystals [22]. It has also been called unidirectional freezing by
other researchers [9, 10]. This is usually realized by applying a constant temperature
gradient to the liquid sample. The greater the temperature gradient, the faster the freezing
and the smaller the ice crystals (and hence narrower spacings). A schematic representation
of directional freezing process is given in Figure 1.3b. A directional freezing process can
be performed by a simple and manual way, for example, by dipping a test tube containing
liquid phase into liquid nitrogen slowly. In a more controlled way, one can use a motor to
lower the sample vial into liquid nitrogen or keep the sample vial still but use the motor to
push the liquid nitrogen dewar up. A dip coater may be used to dip a glass slide with the
spread of liquid phase into liquid nitrogen, thus forming a thin film on the glass slide. A
computercontrolled freezing stage can be employed to produce 2dimensional surface
patterns. A detailed description for this process is given in Section 1.4.
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Figure 1.3 Schematic representation of controlled freezing: random freezing (a) versus
directional freezing (b).

Source: Qian and Zhang 2011 [8]. Reprinted with permission from John Wiley & Sons.

1.3.3.2 Ways of Freezing Samples
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Freezing bulk samples. The solutions or suspensions contained in a vial, beaker, or mould
can be frozen and then freezedried to produce monoliths of different shapes (conforming
to the shape of the container). The sample volume may vary from 1 to 100 ml, or even
bigger volumes. The key point is that the fill depth or the thickness of the frozen sample
should be normally less than 2 cm. Otherwise there is a risk of pore structure collapse or a
very long drying time may be required. Indeed, in the freezedrying of pharmaceutics, it is
suggested that the fill depth in the vial should be no greater than 2 cm. Otherwise, the
quality of the freezedried cakes may be compromised.

Injection into liquid nitrogen. Instead of freezing the whole sample, the solution or
suspension can be injected using a syringe pump and dropped into liquid nitrogen. The
drops allow fast freezing and the resulting frozen beads contribute to fast freezedrying,
usually facilitating the formation of nice porous structures. For these freezedried beads, it
is very easy to transfer them into different vessels or weigh out the required amount. These
beads are usually quite uniform and can pack together nicely, e.g. for better separation. The
down side is that it takes longer time to inject the solutions compared to just freezing the
whole solution.

Spray freezing. This is quite often used for the production of protein or pharmaceutical
powders. Basically, a solution is sprayed into liquid nitrogen using a nozzle. The nozzle
can be either above the surface of liquid nitrogen [8, 33] or beneath it [39]. In the latter
case, the nozzle is usually pressurized to avoid freezeblocking or other measures are
taken to prevent nozzle blocking. The sprayed droplets are fast frozen, which may help
maintain the amorphous stage of pharmaceutics and avoid/reduce denaturation of proteins.
The frozen particles are usually in the micron range. The larger surface area and short
transport path allow a fast and uniform drying.

1.3.4 Removal of Ice Crystal Templates

L.

ii.

Freezedrying of frozen solutions or suspension . The common feature for this type of
samples is that upon warming up, the frozen samples melt and turn back into the liquid
phase. Pharmaceutical formulations, polymer solutions and colloidal suspensions are
normally in this category. The freezedrying process is performed to allow the complete
sublimation of ice crystals and the subsequent secondary drying to remove the unfrozen
bound water (or other solvent). If for any reason the freezedrying process goes wrong,
the frozen sample may completely collapse, partially melt or shrink significantly. As a
result, the icetemplated porous structure may be lost. Another general characteristic is
that these freezedried materials can be readily dissolved into the original solvent (and
other soluble solvents) and produce the solutions or suspensions again [1, 4, 8]. This is
what is called as reconstitution in freezedried pharmaceutics. This feature is also
employed to produce aqueous drug nanoparticle dispersions by the emulsionfreeze
drying approach [33, 37].

Freezedrying of gels or crosslinked samples . For this type of samples, precursors or
monomers are dissolved in a suitable solvent. After freezing the solutions, instead of



immediate freezedrying, a gelation process or crosslinked polymerization is allowed to
occur while the samples remain frozen to maintain the icetemplated structures. Reported
examples include the silica gelation in the frozen state [40], UVinitiated frozen
polymerization (a UV initiator and a crosslinker present with the monomers) [12], and the
crosslinking polymerization in the freezeconcentrated monomerrich phase in a frozen
sample [41]. After the gelation or polymerization, a freezedrying process is applied to
remove the ice templates with the main purpose of generating highly interconnected porous
structures with minimal shrinkage. Usually, if the materials are highly crosslinked, it is
possible to dry them using the traditional vacuum oven instead of freezedrying. To avoid
shrinkage or porestructure collapse by drying from water (due to the high surface tension
of water), an immiscible organic solvent may be used to replace water and then removed
by a common drying method. This can usually reduce the degree of shrinkage considerably.
There are instances where freezedrying is used as a technique to produce porous

materials with higher porosity and minimal shrinkage. Examples include the freezedrying
of metal—organic framework [42], gels [43], resorcinol-formaldehyde resins [44]. Under
these circumstances, the materials are chemically crosslinked, physically assembled or
stable frameworks containing solvents. The materials are not so flexible and hence a
freezing process is not thought to change the original material structures. Freezedrying is
only functional as a better drying technique but there is no ice templating involved that
leads to icetemplated materials.

ii. Solvent exchange with frozen samples. It is possible to prepare icetemplated porous
materials without performing a freezedrying process. Apart from the frozen
polymerization/reaction and subsequent conventional drying process mentioned in the
earlier section, a solvent exchange process may be employed. For this method to work for
a frozen sample, a second solvent that is miscible with the frozen solvent but which does
not dissolve the solute should be selected. The melting point of this second solvent should
be lower than the glass transition temperature (T,) of the frozen solvent. The frozen sample

is soaked in the second solvent at the temperature where the second solvent is still liquid
and the frozen sample remains frozen. After replacing with fresh solvent at regular
intervals, the frozen solvent is dissolved and completely removed. The materials can then
be dried by vacuum drying to produce icetemplated porous materials. This method has
been demonstrated by processing frozen DMSOpolymer samples with icy water [ 45]. It
is expected that this approach can be extended to other systems.

1.3.5 Icetemplated Materials

1.3.5.1 Shape and Form

When making bulky or monolithic samples, the shapes of the materials can be controlled by
choosing different vessels or moulds. This can be very important for engineering materials
where the materials may be too hard, brittle or soft to be cut into the desirable shapes.
Powered samples can be fabricated by a spray freezing process or by iceinduced self
assembly of colloids. Beads with diameters in millimetres can be prepared by injection into



liquid nitrogen. Figure 1.4 shows examples of the freezedried materials with different forms.

Figure 1.4 Examples showing different shapes and forms of freezedried materials. (a)
Monoliths in glass vials; (b) polymer beads containing gold nanoparticles; (c) powders of
silica microplates; and (d) powder of porous microspheres.

1.3.5.2 Pore Structure and Morphology

Freezedrying of a solution or suspension produces porous materials. By controlling the
freezing process, it is possible to generate porous materials with random pores, aligned
microchannels or layered porous structures (Figure 1.5a—c). It has been found that when a very
diluted solution or suspension (e.g. 0.1 wt%) is processed, onedimensional nanostructures

can be generated. For example, polymer nanofibres can be formed from dilute aqueous
polymer solutions (Figure 1.5d) [46]. In the case of nanoparticle suspensions,
microwires/nanowires consisting of assembled nanoparticles can be constructed (Figure
1.5e,f) [47]. When combining emulsion templating and ice templating, porous materials with
tuneable porosity exhibit both icetemplated and emulsiontemplated pore morphologies

(Figure 1.5g). Moreover, when a second polymer is dissolved in the droplet phase, a



composite of aligned porous microspheres embedded in an aligned porous matrix can be
formed (Figure 1.5h). Simply dissolving the porous matrix can generate the icetemplated
microspheres (Figure 1.5i).
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Figure 1.5 Illustration of various morphologies of freezedried materials produced in our
laboratory. (a) Porous poly(lactide cogylcolide); (b) porous poly(vinyl alcohol) with
inorganic salt; (c) silica colloids with poly(vinyl alcohol); (d) sodium carboxymethyl
cellulose. (e) Nanowires consisting of gold nanoparticles. (f) Microwire consisting of
polystyrene colloids; (g) emulsion (with 50% oil phase)templated porous poly(vinyl
alcohol) with sodium dodecyl sulfate as surfactant; (h) porous poly(ecaprolactone)
microspheres in aligned porous poly(vinyl alcohol); and (i) aligned porous poly(e
caprolactone) microspheres.

Source: Reprinted with permission from Ref. [47].

Source: Reprinted with permission from Ref. [46].

1.3.5.3 Type of Materials

As the icetemplating method can be used for solutions, suspensions or emulsions, and water
or organic solvents, a wide range of materials can be prepared. Some of the examples are



illustrated in Figure 1.5. Hydrophilic polymeric materials can be prepared from aqueous
polymer solutions whilst hydrophobic organic materials are formed from organic solutions.
Porous silica and metal oxides can be constructed either directly from the precursor or by
using the preformed polymer structures as templates [ 48]. For porous metals, usually porous
metal oxides can be prepared first and followed by reduction, e.g. in H, atmosphere [49]. It is

also possible to start with metal nanoparticles and fuse the nanoparticles into metal materials
by heating in an inert atmospheres. Porous carbon materials can be generated as well. This
may be achieved by freezedrying of carbon nanotubes or graphene suspensions [ 50]. Or a
porous carbonrich polymer may be prepared first followed by carbonizationin N , or argon

[51]. A large number of activities have been carried out on the fabrication of porous ceramics,
which normally starts with the suspensions of ceramic particles either in aqueous medium or in
a suitable organic medium [10, 17].

1.4 The Practice in Our Laboratory

These are the procedures and setups we have been using in our laboratory. It works well

from a research point of view but is not necessarily the optimized procedures or can work on a
large scale. The purpose is to give new researchers in this area or relevant research areas
basic practices and some ideas to start with.

1.4.1 Controlled Freezing

The controlled freezing process usually refers to directional freezing, in order to allow
orientated growth of ice crystals. This is in contrast to random freezing where we usually place
the solutions/suspensions in a freezer or a fridge depending on the freezing temperature of the
solvent or solution. The directional freezing may be simply carried out by using tweezers or a
tong to hold the sample vial and slowly dip into liquid nitrogen. It is still the practice we are
using when a new student needs to be familiar with the directional freezing procedure (Figure
1.6a). An alternative approach is to fix the sample vial and to raise the level of liquid nitrogen
(Figure 1.6b). It would be best to use a motor to raise the platform that supports the liquid
nitrogen dewar. It is also fine to use a jack and raise the level of the jack manually. This works
quite well for our experiments.
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Figure 1.6 Photographs or diagrams show the setups that have been used. (a) Dip the glass
vial into liquid nitrogen manually; (b) fix the glass vial into the level of liquid nitrogen dewar
on a jack manually; (c) dip the glass vial via a syringe pump; and (d) a petri dish on a metal
mesh which is stacked in a bowl. Liquid nitrogen is added from the side. (Note: This
photograph is for illustration only with the plastic bowl. For the experiments, an open
mouthed dewar is always used.)

To better control the directional freezing process, we have also used a syringe pump to lower a
sample vial into liquid nitrogen at a defined rate (Figure 1.6c). Of course, a motor may be also
used similarly. More precisely, a computercontrolled dip coater can be used. A sample vial

(or glass slide with spreading liquid) can be lowered into liquid nitrogen at the controlled
rates. But trial experiments need to be conducted before establishing a suitable procedure. This
is because when setting the sample up, the liquid nitrogen vapour may just freeze the sample
particularly when the volume is small. A suitable starting point and the lowering rate are key
parameters.

Directional freezing has been used to produce aligned porous materials. By contacting the vial
bottom with liquid nitrogen and then lowering down into liquid nitrogen gradually, nucleation
starts at the bottom and ice crystals grow upwards in a parallel way. To produce a uniformly
aligned porous structure, it is important to allow a continuous upward growth of ice crystals
and reduce disturbance from sample moving and from the sidewall. It is believed it is better to
have a sample vial with a good thermal conductive bottom (e.g. metal) and a poor thermal
conductive wall (e.g. plastic, PTFE). Another way is to use a vial with a large diameter to
reduce the sidewall effect to the majority of the samples. For example, a large petri dish can be
filled with solution or suspension at shallow depth and placed on a metal mesh that is just
located at the level of liquid nitrogen. Once nucleation and ice crystal growth starts (that can
be observed quite easily), more liquid nitrogen can be poured from the side (Figure 1.6d). The
raising level of liquid nitrogen contributes to the continuous freezing and growth of ice crystals
until completion.

The above procedures are used to produce relatively bulky or monolithic samples. Similar



procedures may be used to prepare thin films and twodimensional surface patterns,

especially with the dip coater approach. In our lab, we have used computeraided two
temperaturecontrolled freezing stages to prepare aligned patterns on flat substrates. This
instrument is largely used to observe the freezing process (see discussion in section 1.4.2). The
difference is that after the slide is completely frozen, it is moved to liquid nitrogen quickly (to
keep being frozen) and then transferred into a freezedryer.

In order to produce icetemplated beads, a solution or an emulsion can be simply injected into
liquid nitrogen using a syringe pump at a controlled slow rate (Figure 1.7a). It takes some time
to fully freeze the drops. Indeed, once the drops move off from the needle and hit the surface of
liquid nitrogen, the heat of fusion from freezing water leads to the rapid evaporation of liquid
nitrogen, which drives the drops moving around quickly on the surface of liquid nitrogen. The
drop will then fully freeze and sink into liquid nitrogen. The time taken to fully freeze the drop
varies depending on solvent type (or emulsion), solute, and concentration. In order to prepare
discreet beads, the injection rate should be slow enough to allow one drop to be fully frozen
and sinking before another drop hits on the surface of liquid nitrogen. When there are two
drops rapidly moving around the surface, it is highly likely they will collide and form fused
particles. Owing to this slow injection rate, the needle should be well above the surface of
liquid nitrogen to prevent the cold liquid nitrogen vapour to freeze the liquid in the needle and
block it. Even from a laboratory point of view, the production of beads by injection with one
syringe is very slow. To improve the productivity, a peristaltic pump can be used, where a
number of silicone tubes may be used to inject a solution (or emulsion) into multiple dewars
containing liquid nitrogen. Figure 1.7b shows the setup we have used in our laboratory.
Before using this setup, a suitable injection rate must have been established for the liquid
system in question.

Figure 1.7 (a) The diagram shows a solution/emulsion/suspension injected into liquid nitrogen.
(b) The photograph shows parallel injection into liquid nitrogen using a peristaltic pump. In
this case, a milky oilinwater emulsion is injected into liquid nitrogen contained in a few
dewars. (c) Illustration of a solution/suspension/emulsion being sprayed into liquid nitrogen
using a simple aerosol sprayer. (Note: This photograph is for illustration only with the plastic
bowl. For the experiments, an openmouthed dewar is always used.)

To produce icetemplated microspheres, we have used a simple aerosol sprayer (bought from



Fisher Scientific) to spray either aqueous solutions or emulsions into liquid nitrogen. The
spraying nozzle is above the surface of liquid nitrogen. Once the fine droplets are sprayed onto
the liquid nitrogen, they will rapidly freeze and settle into the liquid nitrogen. The frozen
powders can then be collected after decanting the liquid nitrogen and subjecting to normal
freezedrying.

1.4.2 Observation of Freezing and Freezedrying

Observation of the freezing process and more specifically the growth of ice crystals have been
investigated by various researchers, with the aim to understand the process and provide
fundamental evidence for freezing theories. The detailed discussion on this topic can be found

in Chapter 2.

We have used an Olympus CX41 microscope equipped with a digital camera and a computer
controlled freezing stage (Linkam software, shownin Figure 1.8, borrowed from Dr Michael
Butler of Unilever). There are two separately temperaturecontrolled metal plates (a gap of 2
mm between them) achieved by pumping liquid nitrogen at controlled rates. A sample holder
connected to a micromotor (which is controlled by the computer) can move a glass slide at
different rates (usually 10-200 pms™1). Thin metal rings (different heights) are placed on a
glass cover slide and a defined volume of solution is deposited in the metal ring (to control the
thickness of the liquid film) and then covered by another glass cover slide (to prevent solvent
evaporation for longer observation). This setup has been used to observe the directional
growth of ice crystals for aqueous PVA solution, aqueous PVA/silica colloidal suspension, and
aqueous gold nanoparticle suspensions. The study with the controlled freezing stage has
provided direct observation for orientated ice crystal growth and demonstrated the viability to
control the width of the aligned channels by varying the freezing rate.

Figure 1.8 Photographs showing the setup used to observe the freezing process —an optical
microscope equipped with a computercontrolled freezing stage. (a) The whole setup and
(b) close view of freeze stage connections just under the optical lens.

In extended studies, the freezing stage can be tightly sealed and connected to a vacuum pump.
After the freezing process is completed (no top cover glass slide is used), the vacuum pump is
switched on so that the freezedrying process can be directly observed using the microscope.



We did not observe the gradual sublimation of ice crystals (as we had hoped). It was difficult
to get clear optical images during the freezedrying process. After some time, suddenly, it
seemed that all the ice crystals have been moved and clear optical images could be obtained
(Figure 1.9). For easy observation, an oilinwater emulsion (cyclohexane emulsified into
aqueous PVA solution containing sodium dodecyl sulfate as surfactant) is investigated. The
emulsion is spread on a glass slide (no cover glass on the top used) and then subjected to
freezing and freezedrying. As can be seen from Figure 1.9, there is no visible difference
between the emulsion prepared and the emulsion frozen. However, after freezedrying, some
cellular pores are really bright because that allows complete light through them while the PVA
part looks a bit dark.

Figure 1.9 Observation of freezedrying an oilinwater emulsion (cyclohexane emulsified

into aqueous PVA solution) using an optical microscope. (a) The emulsion as prepared, spread
on a glass slide; (b) this emulsion is frozen in the freezing stage; and (c) the same sample after
freezedrying by subjecting the freezing stage compartment to a vacuum pump.

Because of the fine control on the freezing process using a computercontrolled freezing stage,
this setup has been used to produce aligned polymer (and with silica or metal oxide
nanoparticles) patterns and grid structures [52]. These patterned substrates can be used to
guide stem cell growth.

1.4.3 Freezedrying Procedure

We have rarely freezedried the samples with a total volume of >200 ml. In principle,

provided that the freezedrying capacity is sufficient, the frozen samples with large exposed
surface area and a thickness <2 cm (we usually freezedry samples with a fill depth of 1 cm or
smaller in the lab) can be freezedried to produce icetemplated porous materials with

minimal shrinkage. When the solvents other than water are used, the removal of cyclohexane or
DMSO can be equally efficient. For the solvents with lower melting point, a smaller volume
and higher exposed surface area should be used to ensure the production of freezedried

porous materials.

It is known that small molecules, particularly inorganic solvents, may considerably reduce the
freezing point (not the supercooled temperature) when dissolved in water. However, this has
not impacted the preparation of polymer materials in our laboratory. Indeed, the use of



polymers either as main solutes or as stabilizers is essential for the preparation of freeze
dried porous materials, both in aqueous and organic solutions. For a mixture solution of
polymer and inorganic salts, the melting point can be still much lower than frozen water or
polymer solution. This should be taken into account and a trial and error process may be
required for such types of solutions. The freezedrying process works well with nanoparticle
suspensions (usually > 15 nm) although stabilizers are still required.

Once the freezing process is completed, the frozen samples may be stored in liquid nitrogen for
a short while before being placed in a freezedryer. One may choose to leave the frozen
samples in a freezer overnight (depending on the solvents used) for freezedrying next day.

The icetemplated macroporous structures seem stable but we have not investigated the
possible annealing or other effects on the pore structures.

Below is the procedure adopted in our laboratory. We have used benchtop freezedryers.
The current freezedryer is CoolSafe 90.

1. Before switching on, check that any liquid in the condenser chamber has been completely
drained.

2. Switch on the freezedryer and keep running at least 15 min. Ensure that the vacuum level
and the required condenser temperature are reached.

e Close the draining valve.

¢ Ensure that the acrylic chamber is properly positioned

e Switch on the freezedryer.

e Switch on the pump, ensure that the valve between the pump and freezedryer is open.

¢ Ensure that the freezedryer is running stably when the yellow light (on the panel) is
not flashing and the condenser temperature is down to about —100 °C.

3. Place the frozen samples into the freezedryer.

¢ Ensure you have all the frozen samples ready (not one by one) beside the freezedryer.
The frozen samples should be stored in liquid nitrogen (it may be alright for water
samples to be stored in a freezer, but liquid nitrogen is recommended to avoid partial
melting during transferring because of the small volumes involved).

e Close the valve between the pump and the freezedryer.
¢ Open the draining valve to release the vacuum.

e Open the acrylic chamber, immediately place the frozen samples (it helps to have some
liquid nitrogen with the frozen samples) on the stack. Do not place the frozen samples
directly on the acrylic base because the low temperature may stiffen the plastics.

e Once the samples are placed, immediately reposition the acrylic chamber.
e Close the draining valve and open the valve to the pump.
4. Leave the samples to be freezedried normally for 48 h. Check the status of the frozen



samples in the first 30 min. If for any reason the freezedrying is not running properly, for
example, the acrylic chamber is misplaced, or is leaking somewhere, one will notice the
partial melting of the frozen samples. If this happens, stop the freezedrying process and
sort out the problems.

5. When the freezedrying is finished, it is alright to repeat procedure 3 and freezedrying
another batch of frozen samples. Because we only freezedry small volumes of frozen
samples, this should not exceed the cold chamber capacity or impact the freezedrying
process obviously. But this should be examined carefully if large volumes of frozen
samples are freezedried.

6. Switch off the freezedryer when no further samples are to be freezedried
e Switch off the freezedryer.
e Open the draining valve to release the vacuum.
e Take out the freezedried samples and store in a desiccator.
e Switch off the pump.

e Allow the condenser to warm up, melted solvent is drained, and flush the condenser
chamber using water (only do this at room temperature) if it does not look clean.

Other types of freezedryers can also be used. For example, we have also used a VirTis
AdVantage freezedryer where the shelf temperature can be programmed to facilitate the
freezedrying process. The important thing is to know the melting points of the frozen sample,
vapour pressure of the frozen solvent (or approximately judge based on the volatility), the
sample depth, and the volume. Different labs may have different freezedrying practices but
the overall target is the same—to produce icetemplated materials with desirable pore
structures and pore volumes.
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2
Fundamentals of Controlled Freezing for Icetemplated
Porous Materials

2.1 Introduction

Freezing has been known to be an effective way for food storage and cell cryopreservation [1,
2]. Because molecules, particles, or impurities can be rejected and condensed between ice
crystals during freezing, it has also been used as a drying technique or a method for cleaning
water [3]. Owing to the phase separation that results from freezing, the removal of ice crystals
by sublimation or washing after gelation of a concentrated solute phase can produce ice
templated porous materials or fibrous structures. This was probably first demonstrated by the
formation of silica fibres after Mahler et al. froze a silica sol [4]. More examples have been
reported on the preparation of porous ceramics, biomaterials, and polymers [5—7]. Some early
examples include the initial description of freeze casting by Maxwell et al. in 1954 for
fabricating dense ceramics [8], porous polymers from agar gels in 1984 [9], porous ceramics
in 2001 [10], and biomaterials from collagen [11].

The term ‘ice templating’ is referred to the process where ice crystals are used as template and
a porous material can be generated after removing such a template. This process is also widely
termed as freeze casting (particularly for preparation of porous ceramics) or simply freeze
drying (although this name does not accurately describe the process) [5-7, 12]. The ice
templating method has been widely used to produce a wide range of porous materials with a
variety of morphologies. Because ice crystals are used as template, the icetemplated

structure and/or pore morphology can be controlled by the various ice morphologies that are
formed during the freezing process. Therefore, the fundamental study on the formation and
behaviour of ice crystals under controlled freezing conditions is critical for the production of
advanced porous materials with desirable properties. Indeed, the investigation on freezing
aqueous polymer and particulate systems is of wider scientific interests such as in frozen soils,
freezing sea water/glaciers, and cryopreservation [12].

Although some organic solvents other than water have been used for icetemplated porous
materials, the fundamental study in controlled freezing in literature has been nearly exclusively
focused on the systems using water. In this chapter, the basics of ice crystals is first described.
In the freezing or solidification of aqueous systems, the majority of the articles in literature are
based on aqueous particulate systems, either experimentally or theoretically. Different
mathematic models describing the freezing phenomena have been developed, which are
evidenced by experimental observation. We will then introduce the instruments or techniques
used for observation or investigation of freezing phenomena and follow this by
description/discussions of models/equations and observations in the freezing of aqueous
particulate systems.



2.2 The Basics of Ice Crystals

Ice crystals may be formed when the temperature of the water is lowered below the
equilibrium freezing point (i.e. 0 °C) and nucleation can be started. In practice, ice crystals do
not form just below the equilibrium freezing point because a large energy barrier must be
overcome so that water molecules may move closer and become ordered [1]. Supercooled
water (e.g. as low as —40 °C) is usually required to initiate the nucleation and crystallization
[13]. Very often, foreign particles (or impurities) and even the wall of the container act as
nuclei to promote the growth of ice crystals.

There are about 10 crystalline phases available for ice crystals, as shown in Figure 2.1 [14].
Most of these phases are stable in a certain range of temperature and pressure. The structures
of these crystalline phases, mostly investigated by the neutrondiffraction crystallographic
method, can be rationalized in terms of fully connected tetrahedral networks of water
molecules, with each molecule donating hydrogen bonds to two neighbours and accepting two
hydrogen bonds from two others. Although the oxygen atoms are related to an underlying
lattice, the hydrogen atoms are in disorder [14]. The crystalline phases that are encountered
daily, which are formed from atmospheric pressure and a temperature not lower than —200 °C,
is the hexagonal ice (Ih). In the Ih, the O—O—0 angles are close to the ideal tetrahedral angle of
109.47° [14]. The density of Ih is lower than that of water, which is essential for the lift on
Earth. However, with the increase of pressure, other forms of ice crystals can be formed, with
a higher density than water [15]. As the pressure is increased, water molecules have to
rearrange themselves to occupy less volume. This can change the network structure (which can
still remain tetrahedral) and increase the distortion of the O—O—O angles, e.g. the angles
varying between 80° and 129° [14].
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Figure 2.1 The solid-liquid phase diagram of ice (1 GPa =10 000 bars).
Source: BartelsRausch et al. 2012 [  14]. Reprinted with permission from APS.

Ih shows a lattice of ‘puckered’ hexagonal crystal structure, with the basic ice crystal growth
form being the hexagonal prism [16]. The overall morphology of natural ice crystals (e.g.
snowflakes) or ice crystals formed under relatively ambient conditions can take different
forms, e.g. they can be platelike, columnar, or dendritic, depending on the relative growth
rate of ice crystals on the basal facet and prism facet. At ambient conditions, there exists
another crystalline form, the cubic ice (Ic). Ic is metastable and is thought to exist in the coldest
regions of the Earth. Ic is believed to be a benign form of ice crystals for cryopreservation.
However, the observation of Ic is difficult because it can rapidly transform to the stable
hexagonal phase Ih. The structures of both Ih and Ic consist of sixmembered puckered rings.
However, the difference between them lies in the stacking of these layers [13]. It is also
thought that Ic may be a poorly crystallized phase and may be placed between the crystalline
and amorphous phases [14]. From Xray diffraction data and Monte Carlo simulations,
Malkin et al. showed that ice crystals formed homogeneously from supercooled water (231.7
+ 1.0 K) were neither of Ih and Ic phases, but were composed of randomly stacked layers of
cubic and hexagonal sequences [13]. Based on this study, they argued that almost all ice that
had been identified as Ic was most likely stackingdisordered ice with varying degrees of
stacking disorder.

The morphologies of ice crystals have been mostly observed and investigated for snowflakes
or snow crystals. Snow crystals grow from water vapour and they have been known for their
beautiful and symmetrical patterns. When snow crystals are formed in air at atmospheric
pressure near 1 bar, the morphologies vary, depending on the change of temperature and water
vapour supersaturation [16]. Although the ice crystals are formed from a liquid phase in the
icetemplating technique, the morphologies of snow crystals grown from water vapour may be



controlled by careful selection of freezing conditions when freezing aqueous solutions or
suspensions. Indeed, most of the snow crystal morphologies have been observed in ice
templated materials, as discussed by Deville in the review article [12].

In a study related to the ice templating or freezecasting technique, Shibkov et al. established
the morphology diagram of ice crystal patterns growing freely in supercooled water [17]. The
study classified eight nonequilibrium macroscopic structures from heterogeneous nucleation
of ice in pure water at atmospheric pressure and the temperature range of —0.1 to —30 °C. The
morphology spectrum of nonequilibrium crystal of ice crystals includes fragment of dense
branching structure, dendrite, needlelike crystals, fractal needled branch, compact needled
branch, and the platelet, depending on the range of supercooling temperatures. Some of the
structures coexist. Three different scenarios, tipsplitting, dynamical tip oscillation, and
selective application of noise, were thought to induce the initial perturbations and the
formation of sidebranches. Based on the results of the realtime tipvelocity measurements,

the morphology diagram of ice crystals (average tip velocity v, vs supercooling temperature

AT) was constructed (Figure 2.2) [17]. It is clear that the ice crystal morphology could be
tuned by varying the supercooling temperature/tip velocity. The morphology transition between
different phases is achievable and can be investigated. For example, the transition between
stable needle and platelet was found to be a firstorder kinetic transition because there was a

v, (AT) jump by a factor of about 2 at about 7.5 °C.
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Figure 2.2 Morphology diagram of nonequilibrium growth patterns in v—~AT phase space: ¢,
dendrite; o, stable needlelike crystal; solid square, fractal needled branch; solid triangle,
compact needled branch; hollow triangle, platelet.

Source: Shibkov et al. 2003 [17]. Reprinted with permission from Elsevier.

2.3 Instruments and Techniques for Investigation of
Freezing Aqueous Particulate Systems

When the icetemplating technique or freeze casting is used to produce porous materials, the
dissolution of polymers/small molecules and the suspended particles can considerably impact
the growth of ice crystals. The morphologies of ice crystals and hence the icetemplated pore
structures can be directly related to the freezing system and the freezing condition. In order to
investigate how the ice crystals grow, the impact of particles (the studies on impact of
polymers are highly limited), and the interaction of particles and freezing front, a variety of
instruments and techniques have been employed and are described further.

2.3.1 Optical Microscope Equipped with a Freezing Stage



The sizes of ice crystals or ice lenses during freezing of aqueous suspensions are normally in
the micron range, which can be observed by a standard optical microscope. Of course, the
macroscopic ice lenses rather than single ice crystals are observed. A CCD camera can be
attached to the optical microscope to record the images or videos. The key element in the set
up is the freezing stage that should allow directional solidification or freezing of aqueous
suspensions. This is probably the most used technique discussed in literature to observe the
initiation and growth of ice lenses [18-21].

An example of such a freezing stage setup is illustrated in Figure 2.3 [18]. A similar system
was used by our group [19] and a photo of such a setup is givenin Figure 1.8. In order to
investigate the directional freezing of aqueous colloidal silica suspensions (average diameter
of ~1.5 pm), a Linkam GS350 stage was employed with a homebuilt Kéhler lens microscope
[18]. The temperature of the two metal plates, with a gap of 2 mm between them, is controlled
by electrical resistance heaters and a pumpcontrolled flow of liquid nitrogen. The

temperature gradient is created by the difference in the temperatures of the two plates. Usually,
the temperature of a cold plate (T,) is lower than the freezing temperature T; while the

temperature of a warm plate (T,,) is higher than T;. A computercontrolled stepper motor

holds the sample cell in contact with the plates and pulls along the temperature gradient (from
the warm plate to the cold plate) at a defined moving velocity. The sample depth is small so
that the ice lens can be clearly observed from the gap between the two plates. The sample cell
is usually contained within a sealed box to prevent the condensation of water vapour, which
could make the clear observation very difficult.
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Figure 2.3 Schematics of a freezing stage setup used to directionally freeze the aqueous
silica colloidal suspension. (a) The sample is contained within two glass walls and has depth
h. (b) Initial and final positions of two thermocouples, represented by square and triangle
symbols, placed inside the sample.

Source: Schollick et al. 2016 [18]. Reprinted with permission from American Chemical Society.

Different freezing stages may be used [19-21]. To allow the observation of directional
solidification of ice lens, they should always have two independently temperaturecontrolled
plates and a facility to allow the accurate moving velocity of samples across the plates.

2.3.2 Optical Interferometry

Optical interferometry is a good technique to study interfacial instability and dendritic ice
growth because of its ability to measure small relative changes in refractive index in two
dimensions. This method has been applied in the form of Michelson, Mach-Zehnder, wedge,
and holographic interferometry. For example, Mach—Zehnder optical interferometry (a
schematic diagram is shown in Figure 2.4) has been used to measure the concentration gradient
at the ice—solution interface and the ice—solution interface morphology [21]. Like the optical
microscope, a temperature gradient microscope stage (TGMS) is required to directly freeze
the sucrose and pullulan solutions. Similarly, the TGMS consists of two plates kept at different
temperatures with a gap of 5 mm. A drop of the solution is placed on a glass slide surrounded



by a 75 pm spacer on the top of which a standard cover slip is placed. The slide is placed
across the two plates and held by a movable sprung plate connected to a motor capable of
moving the sample across the gag at speeds between 0.5 and 80 pms ™. A constant stream of
dry nitrogen gas is passed over the sample to prevent condensation from forming on the top of

the coverslip.
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Figure 2.4 Schematic diagram of the Mach—Zehnder optical interferometer.

Source: Butler 2000 [21]. Reprinted with permission from American Chemical Society.

In the Mach—Zehnder setup, an interference pattern, consisting of dark and light areas, is
produced when the two beams are recombined, which can be analysed to obtain information on
the refractive index. Usually, reference fringes are set up prior to introducing the samples into
the sample path. The solution concentrations may be derived by analysing the optical
difference from fringe positions, using the following equation [21]:

C-C  AAy (2.1)
C  (n(C)—nyhw’

where C is the local solution concentration, C,, is the bulk concentration, A is the wavelength,

Ay is the deviation of fringe position from that of the reference fringe, n(C) is the refractive
index of the solution with concentration C, n is the refractive index of pure water (1.333), h is

the sample thickness, and w is the separation of the reference fringes.

The ice—solution interface morphology can be observed directly from the interference images
using the interferometer. The change of position of the interface as the planar interface
develops instability is used to calculate the growth velocity at the point of instability.

2.3.3 Cryogenic Transmission Electron Microscopy (CryoTEM)



Optical microscopy cannot be used to investigate the nanoscale structure or the crystalline
polymorphs of ice crystals due to its limited magnification power. Cryogenic transmission
electron microscopy (CryoTEM) is ideal for direct experimental observation of hexagonal or
cubic ice polymorphs. First of all, the aqueous solution or suspension must be frozen for the
observation. To allow the electron beam to go through the sample, the thickness of the sample
must be carefully controlled. However, because of the high vacuum in the CryoTEM system
and also because the high current density of the electron beam irradiation can generate heat at
the sample, the ice sample may be easily sublimed, thus causing great difficulty in observing
the ice sample.

Dillon and coworkers developed an in situ CryoTEM sample stage by joining an
environmental cell with a copper cold finger stage [22]. This platform could access nanoscale
information about ice crystallization. A gold nanoparticle (~30 nm) suspension was pipetted
(about 100 nl) onto a cleaned 50 nm thick SiNx window. A second SiNx window sealed the
liquid within the cell. An average thickness of ~300—500 nm was detected. A low beam current
density (~0.5-1.5 mA cm?) was used to minimize the heating and charging effects. Both
images and videos were recorded on the observation. The microstructures of ice crystallized at
220-260 K were imaged using this technique. It was found that the growth of nanotwinned

cubic ice aligned along the [211] plane with dendritelike morphology occurred between 220

and 245 K. Hexagonal ice was formed at 260 K growing along the (1100)

ice/water interface [22].

plane with a planar

A highresolution TEM was used by Kobayashi et al. to investigate the morphology and

crystal structure of ice nanoparticles [23]. Both Ih and Ic crystals were found and assigned.
The dynamic transition between Ih and Ic phases of individual ice nanoparticles was
monitored by in situ transmission electron diffractometry. The preparation of ice nanoparticles
was quite delicate. A TEM microgrid, wetted with distilled methanol, was held in a cryo
holder. The grid was quenched by dipping the tip of the holder into liquid nitrogen, and
subsequently cooled by supplying liquid nitrogen. The grid was then exposed to a moist
atmosphere with a specific water vapour pressure of 1.2 kPa and a temperature of 298.9 K for
20 s. The specimen was then directly induced into a TEM column (vacuum of ~107° Pa,
keeping the low temperature). The TEM was operated at 120 kV with the point resolution
better than 0.106 nm. The average size of the ice nanoparticles was around 390 nm and the
larger ice nanocrystals tended to be faceted. To avoid instant evaporation of ice nanoparticles
under the incident beam, the exposure time was minimized to 0.5 s, from a very thin region
with a rapidly moving and evaporating frontier.

2.3.4 Xray Radiography and Tomography

Compared to the techniques mentioned earlier (and also the scanning electron microscopy
(SEM) that can usually only image the surface of a freezedried and/or sintered sample), X
ray radiography and tomography provide obvious advantages: transparent materials are no
longer required because opaque materials can be imaged by Xray absorption contrast; a high
spatial resolution (pm) can be obtained on synchrotron instrument; and a threedimensional



(3D) reconstruction of the particle arrangement and the ice crystals after complete freezing is
possible [24, 25]. Xrays are at the high energy end of the electromagnetic spectrum, with the
energy level in the approximate range of less than 1 to over 100 keV. Although there is no clear
classification, Xrays with energy levels higher than 10 keV are termed as hard Xrays while
Xrays with energy levels lower than 10 keV are termed as soft Xrays. The wavelengths of
soft Xrays are in the order of 1 nm while the wavelengths are in the fraction of nanometres
for hard Xrays. Because of such short wavelengths (in the similar length region as atoms),
the reflection is minimal when the Xray hits a material surface. The Xray can penetrate
between the atoms and then interact with atoms and absorbed by the material. Different
materials exhibit different attenuation coefficients, which are determined by the electron
density of the material and the atomic weight of its chemical elements.

There are different modes of Xray imaging [ 26]. For Xray absorption imaging, as
traditionally used in medical applications, there is almost no distance between the sample and
the detector. However, for a homogeneous material with low attenuation coefficient or a
heterogeneous material with a range of small attenuation coefficients, it is insufficient to
produce absorption image with satisfactory contrast. Thus, Xray phase contrast imaging has
been developed where there is a fixed distance between the sample and the detector. Phase
contrast is possible because the beam is not only absorbed by the material but that the phase of
the wave is also affected, depending on the material's refractive index. This technique requires
a homogeneous and spatially coherent beam. Based on this, holotomography is introduced,
which uses a combination of several distances as well as combines the phase shift information
to produce phase maps that are subsequently used for the tomographic reconstruction. This
technique can be employed for the materials that have very small variations in attenuation
coefficients, which lead to insufficient imaging results even with phase contrast techniques.
Holotomography is defined as quantitative phase tomography with micrometre resolution using
coherent hard synchrotron radiation Xrays [ 27]. The approach is based on the Fresnel
diffraction approximation and is efficiently implemented using fast Fourier transform (FT)
functions. The use of different distances reduces the challenge of finding a local optimum or a
nonunique solution. It should be mentioned that only two dimensional (2D) images
(radiographs) can be produced by Xray imaging. However, once the phase maps are

obtained via holographic reconstruction (disengaging the phase map from the image), it is then
rather straightforward to bring many maps corresponding to different orientations of the sample
together and produce the 3D tomographic reconstruction with quantitative information. For
example, the quantitative phase maps of polystyrene foam from 700 angular positions were
used to produce a 3D tomographic reconstruction, giving the 3D distribution of the refractive
index decrement, or of the electron density [27].

The nucleation and growth of ice crystals during solidification of aqueous alumina slurries
were investigated by direct in situ highresolution Xray radiography and tomography on the
beamline ID19 of European Synchrotron Radiation Facility (ESRF) [25]. The energy was set
to 20.5 keV. The distance between the sample and the detector was 20 mm. A set of 1200
projections were taken within 180°. Radiographs taken with different viewing angles of the
sample provided a dynamic visualization of the solidification process. Using the HST program



at the ESRF, the computing reconstruction provided a 3D map of the local absorption
coefficients in each elementary volume of the sample from the set of absorption radiographs.
An example of the radiographs showing global instabilities and the 3D local observation by
Xray tomography of ice crystals are givenin Figure 2.5. With this study, it was possible to
establish global instabilities and the structure diagrams for the solidification of colloidal
suspensions [25]. The dynamics of the freezing front during the solidification of aqueous
alumina slurry was investigated by in situ Xray radiography, tomography, and modelling

[28]. Freezing of alumina slurry was carried out by pouring it into a polypropylene cylindrical
mould, invisible to Xrays, placed at the tip of a copper cold finger inside a cryogenic cell. A
set of 900 projections were taken within 180°. This work showed that the control of the
morphology of packed alumina structures in the freezing direction could be achieved by
choosing the suitable temperature profile at the base of the suspension. The effects of additives
during directional freezing of aqueous titania suspensions were investigated by synchrotron
Xray radiography on beamline 8.3.2 at the Advanced Light Source (Berkeley, CA) [ 29]. The
freezing stage consisted of a cylindrical Teflon mould placed on a copper cold finger with the
temperature controlled using liquid nitrogen via a thermocouple linked to a power unit and ring
heater. The cooling rate was 2.5 °C min! starting from the ambient temperature. Samples were
scanned with a 24 keV monochromatic beam. A field view of 3 mm was obtained using 5 X lens
and a voxel size of 1.7 pm. It was concluded that adding binder could induce a transition from
a disorientated structure to a lamellar structure. A depletion mechanism could be used to
explain the particle redistribution at the ice/water interface.



(b)

Figure 2.5 Experimental observations of the development of global interface instabilities and
their impact on the ice structure when directionally freezing aqueous alumina (0.2 pm
particles) suspension. (a) The radiograph showing bright bands (less absorption of the beam,
particlespoor region) and interface displacement direction. (b) 3D local observation by X
ray tomography of ice crystals, revealing lateral growth of ice crystals from localized (white
arrows) and global (black arrows) instabilities.

Source: Deville et al. 2009 [25]. Reprinted with permission from Nature Publishing Group.

2.3.5 Small Angle Xray Scattering

In general, the Xray scattering techniques collect the information on variation of a sample's
electron density to generate contrast. A spatial variation of electron density at the nanometre
scale scatters an Xray beam to low angles while the high angle scattering results from the
atomic scale [30]. Small angle Xray scattering (SAXS) is a technique used to characterize

the samples based on a spatially averaged intensity distribution between the scattering angles
of 0° and 5°. SAXS can provide detailed structural analysis and physical information for a
variety of 1-100 nm and beyond particles or polymers, in various states (e.g. gaseous, liquid,
solid) [30, 31]. SAXS uses small beams (submillimetre down to a micrometre). Thin samples
with low to intermediate atomic number density for low absorption or intermediate to high
atomic number density for scattering contrast can usually generate good quality data. This
technique can benefit from the extreme brightness of Xray synchrotron source that provides
excellent photon counting statistics [32]. The theoretical foundation for SAXS can be
correlated with both the form factor and structure factor. The SAXS profile has three distinct
regions [33, 34] that can be used to extract for information on the radius of gyration (the
Guinier region), crosssection structures (the Fourier region), and surface per volume (the
Porod region) (Figure 2.6). In the Guinier region, the radius of gyration R, may be obtained by

fitting a line to the natural log of the intensity as a function of the square of the scattering vector
q?. In the Fourier region, the pair distribution function may be determined by an indirect



Fourier transformation of the experimental form factor, providing significant information
regarding the particle shape P(q). In the Porod region, by determining the Porod invariant Q, it
can provide surface information such as the surface to volume ratio and specific surface
estimation for compact particles [33].
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Figure 2.6 Diagram showing the regions of SAXS profile and the type of data that can be
extracted from each region.

Source: Boldon et al. 2015 [33]. Reprinted with permission from Taylor & Francis.

During the process of freezing aqueous particulate suspension, the particles can be rejected
from the freezing front and pack densely between the ice crystals. Understanding the packing at
the particle scale is important both for the theoretical description and the potential for
production of advanced icetemplated materials. However, none of the above techniques
described can provide information about the particlescale structure during freezing or for a
completely frozen sample. CryoTEM would have the high resolution required to observe the
particles. However, the densely packed particles region will have very low transparence and
make it really difficult if not impossible to be observed by CryoTEM.

However, this structural information on the packing particles during freezing may be obtained
by SAXS, via a Fourierspace representation of the mass distribution within the samples on
the scale of one to several times the particle radius. The directional solidification of aqueous
silica colloidal suspensions (radii of silica colloids about 32 nm) was investigated by
Spannuth et al. using SAXS [35]. The sample chamber within the cell was formed by
sandwiching an approximately 400 pm thick aluminium washer between two copper blocks.
The actual thickness of the chamber could be varied between 200 and 400 pm due to the
flexibility of the windows combined with manual positioning of the cold finger abutting one
window. The Xray scattering experiments were carried out at beam line 8ID of the



Advanced Photon Sources at Argonne National Laboratory. It was first verified that the
scattering pattern was isotropic and did not change significantly while acquiring a set of
images. Thus, the images could be averaged azimuthally and over time to produce the intensity
as a function of scattering vector I(q). The normalized intensity curve is given as in the
following equation [35]:

I(q) = dT 8V, (Ap)*P(q)S(q) = AP(q)S(q), (2.2)

where d is the cell thickness, T, is the transmission coefficient, V,,, is the average particle

volume, and Ap is the electron density difference between silica and water or ice. The
coefficients are grouped to the amplitude A which is gindependent. P(q) is the particle form
factor and S(q) is the structure factor.

One typical example of the SAXS profile (the scattering intensity I(q) vs scattering vector) is
shown in Figure 2.7 [35]. The unfrozen data decrease smoothly as g increases, whereas the
frozen profile has two features: a peak at high g and an upturn at low q. By fitting the
intensities to a theoretical model for the unfrozen data and an empirical function for the frozen
data, the structural information about the samples can be obtained. By comparing with the
images acquired, the main peak from the SAXS profile from the frozen data can be attributed to
the close packing of the particles in the densely packed particle region. The close packing of
the silica colloids (so closely packed as to be touching) by freezing allows the shortrange
attractive interparticle interaction to dominate, thereby forming longlived particle

aggregates.
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Figure 2.7 The SAXS profiles showing aqueous alumina slurry before freezing (circles) and
when frozen (squares). The solid curve represents the fit of the unfrozen data to a polydisperse
sphere form factor and monodisperse hardsphere structure factor. For comparison, the dotted
line shows only the form factor with the same parameters but an arbitrary amplitude. For
clarity, the unfrozen data have been offset from the frozen data.

Source: Spannuth et al. 2011 [35]. Reprinted with permission from APS.

2.4 The Interactions Between a Particle and the
Freezing Front

2.4.1 Basic Models and Equations for the Critical Freezing Velocity

To obtain experimental evidence for theoretical studies, diluted particle suspensions are
usually being directionally solidified. In order to develop theoretical models to describe the
interactions between particles and the ice/water interface, the particles may be treated simply
as hard spheres and the models may be described based on the interactions of a particle and
the freezing front. This is, of course, not the real situation when ice templating is used to make
porous materials. But it can help to develop the basic theoretical models and work towards the
more complicated system.

During the freezing step, the advancing ice/water front pushes a particle ahead at a low
freezing velocity. Figure 2.8 schematically depicts a spherical particle being pushed away by
the freezing front [19]. The particle is not directly in contact with the freezing front. Instead,
there is a flowing liquid film around the particle that is present in order to maintain the



transport of molecules and growth of ice crystals around the particle. The particle experiences
two counteracting forces: an attractive force resulting from viscous drag due to fluid flow that
tends to trap the particle, and a repulsive force originating from van der Waals forces between
the particle and freezing front. Theoretical models have been developed based on, to be more
specific, nonretarded van der Waals forces where the separation between the particle and the
freezing front is small, compared to the particle radius.

e 2= e

Figure 2.8 Schematic representation for the movement of a particle in front of the freezing
front.

Source: Zhang et al. 2005 [19]. Reprinted with permission from Nature Publishing Group.

The attractive drag force can be expressed as in the following equation, derived for the case of
a flat interface [36, 37]:

F, = 6xnvr’/d, (2.3)

where n means the viscosity of the liquid suspension medium, v is the velocity, r is the particle
radius, and d is the vertical distance of the particle ahead of the freezing front.

By thermodynamics, a particle can be rejected from the freezing front if the interfacial free
energy between the particle and the solid phase, g, is greater than the sum of surface free

energies of solid-liquid, o

sp’
and liquidparticle, oy, Thatis:

sb

Aoy =0y, — (04 +0y,) > 0. (2.4)
If the above equation is not satisfied, the particle will be entrapped by the ice crystals to
achieve the state of lowest energy.
For a spherical particle of radius r, with a thin film of liquid between the particle and the
freezing point, the repulsive (disjoining) force can be expressed as:

dy

E 2maa{,(g )”, (2:5)

where qaj is the average intermolecular distance in the liquid film, d is the vertical distance



from the particle to the freezing front, and the exponent n ranges from 4 to 5 [36, 37]. However,
there are also reports on n = 2 for small d, n = 3 for larger d, or n = 1-4 sometimes used [[37],
and references therein].

The critical velocity, indicating the transition from particle rejection to encapsulation by
increasing freezing velocity, can be derived by balancing the attractive force and the disjoining
force (Fn =F,) [37]:

V.

Acod (g \" (2.6)
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This equation is based on a flat freezing front. The critical velocity is inversely proportional to
the particle radius. It is important to determine the values for d, n, and Ag,.

Another equation can be used to calculate the critical velocity. Based on the numerical
variation of some parameters affecting the shape of the solid/liquid interface, the critical
velocity can be determined from the critical distance, the ratio of thermal conductivities, and a
dimensionless parameter (X) including the solute concentration. It is assumed that the crystal
and the melt have the same thermal conductivity and no gravitational action, and that the
viscosity is independent of concentration and the surface free energies are independent of
concentration and temperature. In the case of a pure melt, the critical velocity can be expressed
as [38]:

e .&cr{}aul 2.7)
¢ 129 r’

where the critical distance is kept constant for all particle radii: d, = 2a,. When the thermal

conductivities of the particles and the liquid are different, a parameter p (the ratio of the
thermal conductivities of the particles and the liquid) can be introduced into Equation (2.7) in
the denominators.

2.4.2 Effects of Thermal Gradient, Particle Radius, and Viscosity on
Critical Velocity

For large particles, both the gravitational force and buoyance force cannot be ignored. During
a freezing process, the forces experienced by the particle include the attractive forces (gravity
and viscous drag forces), which favour settling and entrapment, and the repulsive forces
(buoyance and van der Waals forces), which facilitate the floating of the particles in the liquid
and hence more likely the particles being pushed along. By balancing these forces and
assuming that the velocities of the particles and the freezing front are the same, an equation to
calculate the critical velocity is given as [5, 39, 40]:

P —A* (2.8)
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where D is the particle diameter, 1) is the viscosity of the liquid phase, A* is the Hamaker
constant (= —7.0 x 1072°J for the ice—water—particle system) [41], d,, is the minimal distance
between the particle and the freezing front, g is the gravitational constant, and p,, p;, and p|, are
the densities of the solid frozen phase, the liquid phase, and the particle, respectively.

There are other forms of equations that take into account these factors. For a temperature
gradient G applied across the sample system, the critical velocity can be expressed as [37]:

U(_' — k”filG‘ (29)
nr
When the influence of surface curvature phenomena (Gibbs—Thomson effect) can be ignored
and for a ‘large’ particle, the equation can be given in Equation (2.10), where Bs is an

interaction constant [42]:

v, x —BYAG14, 2.10
nr

Equation (2.7) is based on a pure melt. When a solute is dissolved in the liquid phase, the

critical velocity is influenced by the temperature gradient as:

VG (2.11)

v, &x —,
r

The velocity can be independent from the particle radius if the solute concentration is very

high:

(2.12)
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C C‘ﬂ
When calculating the interaction energy between macroscopic bodies (the van der Waals force
for two polarizable atoms can be expressed as W= —C/r®, where C is the coefficient in the
atom—atom pair potential and r is the distance between the two atoms) it can be separated into

two independent parts, the Hamaker constant (generally, A* = m°Cp,p,, where p; and p, are the
number of atoms per unit volume in the two bodies; A is approximately 10~ J), containing
information about the materials involved, and a force equation taking into account the

geometric parameters of the interactions. Equations (2.7) and (2.10) can be compared or linked
by the interaction constant B, and the Hamaker constant A* as given in the equation below [42]:

B, = —6nA* = 72n%d> Ac,. (2.13)

In a study on engulfment of latex particles (negatively charged polystyrene microspheres with
the radii in the range of 1-10 pm), Lipp and Kérber proposed an empirical function of particle
radius r, temperature gradient G, and the viscosity 7 to fit the obtained data [42]:



x 2.14
v =P G _
‘ Py

The best fit of the data produced different values of x, y, z. When the value of x =0.25, y = 1.0,
and z = 1.0, Equation (2.14) corresponds to Equation (2.10).

The deformation of the ice—liquid interface and the presence of the liquid film (Figure 2.10)
may be attributed to interfacial premelting. When the particle is large enough, the effects of
interface curvature may be minimal. However, the thermal conductivity and density of the
particles can influence the freezing phenomena. It has been found that the critical velocity is
less sensitive to the temperature gradient and the precise dependence changes with different
interaction types. Particle buoyancy can enhance or reduce the tendency for the particle to be
captured [43].

2.4.3 Geometry and Interfacialcurvature Effects

When the particle is small, the effect of interfacial curvature is eminent. For a smooth spherical
particle and freezing fronts of different geometry, the critical velocity equation can be
generalized as [36, 37]:

= pll (2.15)
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where the exponent m varies between 1 and 2 and k' is a proportionality factor depending on

the geometry and Ao,

The interface curvature can be considered specifically when developing theoretical models.
When deviated from a planar freezing interface, the melting temperature of a pure substance is
reduced by an amount proportional to the interface curvature ¥ and the surface energy o,
(Equation (2.16)). This phenomenon is often called as the Gibbs—Thomson effect.
Intermolecular interactions can cause the formation of melted fluid between the particle and the
freezing interface, even when the interface is planar. The interface temperature T, can be

expressed as [44]:

Ty Tigm =20 i (B 248
fstIll d

where T, is the equilibrium melting temperature, p, and q,, are the solid density and the latent

heat, respectively, and A is a length scale characterizing the strength of the intermolecular
interactions. The exponent v depends on the type of intermolecular forces that dominate; v = 2
for longrange electrical interactions; v = 3 for nonretarded van der Waals forces; and v=4
for retarded van der Waals interactions [44, 45].

By comparing the relative importance of intermolecular interactions and interface curvature in
controlling the interface temperature, the characteristic radius of the particle r. can be given as



[44]:
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Typically, r is of order 10~ m. When the particle radius r  r, the curvature effects may be
neglected.

The calculated interface profile is used to evaluate the force balance and the particle
behaviour. Both the nonretarded van der Waals forces (controlling the thickness of the pre
melted film) and the longrange electrical interactions are considered. A generalized velocity
scale u, by balancing the counteracting forces, is expressed as [44]:

U= Us]}"'z (Pq"lr ) '_ (2.18)
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When longrange electrical interactions dominate (v = 2), this indicates that v, o r 1. When
retarded van der Waals interactions dominate (v =4), v, o r >, When nonretarded van der
Waals interactions dominate (v=3,r r.), this will give v, o r#3. It is noted that the velocity

scale is independent of the temperature gradient G. The film thickness in the inner region is
determined mainly by the balance between interfacialcurvature effects and nonretarded van
der Waals interactions. Because the lubrication force (attractive force) and the
thermomolecular force (disjoining force) are strongest here, the particle velocity is insensitive
to G [44].

2.5 Morphology Instability at the Freezing Front

During the freezing of particle suspension, the freezing front rejects and pushes the particles at
low freezing rate. With the increase of freezing rates (usually by applying a higher temperature
gradient across the liquid sample), the planar interface is disturbed and broken into dendritic
or cellular ice crystals while the particles are closely packed between the ice dendrites. This
is the key point that indicates that the icetemplating technique via directional freezing can be

The interface instability is a result of constitutional supercooling in the liquid phase just in
front of the freezing front. This indicates a lower freezing temperature in the local zone than the
equilibrium temperature. The reason for supercooling in a colloidal system is the higher
concentration of the particles close to the freezing front. In the constitutionally supercooled
region, a small protrusion of ice crystals experience a greater driving force than the planar
front and hence grow faster. With the protrusions becoming larger, a cellular or dendritic
morphology is formed [21].



2.5.1 Mullins-Sekerka Equation

A theoretical equation was developed by Mullins and Sekerka by calculating the time
dependence of the amplitude of a sinusoidal perturbation of infinitesimal initial amplitude
introduced into the planar shape. The critical mathematical simplification was the use of
steadystate values for the thermal and diffusion fields [ 48]. The equation was developed to
investigate the stability of a planar interface during solidification of a dilute binary alloy. But it
has also been applied to the freezing of aqueous colloidal suspensions. The equation is given
below [19, 21, 48, 49]:
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where 6 is the size of the perturbation,V is the growth velocity, w is the frequency, Ty, is the
equilibrium melting point, I' is the ratio of the surface energy and the latent heat of fusion, D is
the diffusion coefficient, k is the partition coefficient, G is the temperature gradient, G, is the

solute concentration gradient at the interface, m is the slope of the liquidus line on the phase
diagram, and kg and k; are the thermal conductivities of the ice and solution, respectively.

When using this equation to predict instability, there is always a sinusoidal perturbation of
certain wavelength A,, above which waves grow, below which waves decay, and at which the

wave must have constant amplitude.

Usually, the actual primary spacing of the formed ice dendrites is greater than the instability
wavelength, which is likely the result from some degree of coarsening of the structure during
growth. Different models have been developed to predict the primary spacing, based on
different assumptions. However, the expression for the primary spacing (A4) can be generally

given as [21]:
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where A is dependent on variables such as the diffusion coefficient, partition coefficient, and
liquidus slope; G is the temperature gradient and V is the ice crystal growth velocity.

In a directional solidification study of ice crystallization in sucrose and pullulan solutions, it
was found that the Mullins—Sekerka equation could provide a reasonable prediction of the
instability wavelength over a range of velocities. The primary spacing found is in agreement
with Equation (2.21). However, it was not good for the pullulan solution. The discrepancy was
attributed to the long polymer chains and hence the hindered diffusion mechanism [21].

From the investigation of freezing colloidal suspensions or polymer/colloidal suspensions [19,



46], the primary spacing or the lamellae thickness is inversely proportional to the freezing
velocity. That is, the faster the freezing velocity, the narrower the primary spacing. An
empirical dependence can be correlated between the primary spacing A (or wavelength) and
the freezing velocity v in parallel to the temperature gradient:

A=A0™", (2.22)
where n may be in the range of 1-4 [6, 50].

2.5.2 Linear Stability Analysis

It is well known that dissolution of ionic compounds can significantly reduce the freezing
temperature. The degree of freezing temperature depression is directly related to the
concentration of the particles. It has been noticed that a colloidal suspension can become
constitutionally supercooled as well. Peppin et al. developed a mathematical model for the
solidification of a suspension of hardsphere colloids [ 51]. It showed that the highly non
linear functional dependence of the diffusion coefficient on the volume fraction gave rise to a
range of behaviours. For small particles where Brownian diffusion dominates, constitutional
supercooling occurs at the interface. For larger particles where Brownian diffusion is weak,
the particles form a porous layer above the interface.

In a further study, following the hardsphere equation of state, a linear stability analysis of a
planar freezing interface has been described [52]. After solving steadystate configuration, the
steady profile is perturbed via normal modes. The governing equation in the perturbed
quantities is linearized and the resulting ordinary differential equation is solved to determine
conditions under which the interface is stable (perturbations decay in time) or unstable
(perturbations grow in time). Considering the dilute limit (the concentration C — 0 so that the
diffusion coefficient D — 0), the characteristic equation can be obtained as [51]:

V144 +a?)=1-2k —2(c+ k)M -1+ a’)7, (2.23)

where o is the growth rate of the disturbance and « is the wavenumber of the normal modes
along the interface. The growth rate o determines whether or not a particular perturbation will
grow in time. kg is the segregation coefficient that depends on the interfacial concentration and

the solidification velocity. M is the morphological number while I" is a surface energy
parameter (detailed definition can be found in Ref. [52]). This equation is similar to the
Mullins—Sekerka equation developed from dilute alloys, with an important distinction that here
the coefficients depend on the particle radius. It is found that the interfacial stability depends
strongly on the size and concentration of the particles. A stabilizing effect is observed when
increasing the particle sizes whilst increasing the concentration can destabilize the interface.

Experimental evidence has been obtained to verify the morphological instability [20]. The
compressibility (osmotic pressure) is measured to predict the freezing point depression as a
function of particle volume fraction (bentonite particles). The freezing point may decrease to
—8 °C at a volume fraction of about 0.5. Measurement of permeability is used to predict the



concentrationdependent diffusivity. By considering these parameters, for a given temperature
gradient, the critical conditions for the onset of constitutional supercooling can be obtained
from the following equation [20]:

a1 2 d'f*f.l .y (2.24)
T = dz =) = e fﬁb‘

where dimensionless temperature gradient and diffusivity are used. P, is the Peclet number and

(& is the particle volume fraction. This theoretical threshold can be determined experimentally,
demonstrating that the colloidal suspensions can be treated analogously to atomic or molecular
alloys [20].

2.5.3 Morphology Zones and Stability Diagram

From the initial freezing of a colloidal suspension to the steadystate freezing, the

morphologies in different zones can vary significantly. This may be shown by imaging the
freezedried and sintered samples ( Figure 2.9) [47]. When freezing aqueous alumina slurry by
contacting cold finger on two sides, the initial freezing rate is fast and the freezing fronts
encapsulate all the particles. This results into a dense layer of the materials. With the
increasing distance from the cold finger, the freezing velocity decreases gradually and the
microstructures of the resulting material change from columnar, lamellar, lamellar/dendritic, to
a more steadystate of lamellar/dendritic ice front with homogeneous lamellar thickness

(Figure 2.9). Two possibilities can be considered for the ice morphology transition from
planar to columnar [47]. The first possibility is the constitutional supercooling as described in
the Mullins—Sekerka theory. The second possibility for the breakdown of the planar interface
may be triggered by the presence of particles in the liquid. The breakdown may occur when the
velocity is below the threshold for the onset of constitutional supercooling [20].
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Figure 2.9 Scanning electron microscopic (SEM) images of a sintered freezecast alumina
sample, showing the change of ice front morphology with varying distance from the cold finger.
The schematic on the right represents how the particles are encapsulated in or rejected from
the ice front.

Source: Deville et al. 2007 [47]. Reprinted with permission from Elsevier.

The morphological change of ice front during the freezing of aqueous alumina slurry has also
been directly observed by in situ Xray radiography and tomography [ 53, 54]. The
morphology and evolution of the ice crystals are classified based on the presence and
percentage of crystal orientations. Two types of ice crystals are described: zcrystals where the
crystals are orientated to the freezing direction (zaxis) and are growing faster in this direction,
and rcrystals (r means random) where the crystals are more or less in the xy plane (radial



direction). In the zone very close to the cold surface, because nucleation is spatially
homogeneous, the populations of zcrystals and rcrystals are spatially homogenously
distributed. In the next zone, the crystals grow larger and the packing of the particles become
more efficient, the percentage of zcrystals slowly increase. In the zones further away from the
cold surface, the rcrystals stop growing and then only zcrystals grow from the suspension [53].
This leads to a steadystate freezing stage where the particles are rejected from zcrystals and
particle redistribution occurs in the xyplane. Particle redistribution depends on the interface
velocity. From moderate to slow velocities (1 pms™1), the particles migrate by Brownian
diffusion, leading to a builtup layer of concentrated particles ahead of the interface.

However, for the conditions normally used in the freezing of colloidal suspensions for freeze
cast materials, the Brownian diffusion may be neglected, as observed in this study [54]. The
concentrated particle layers observed in the radiographs may be due to the larger particles
approaching the crystal separation distance that cannot be accommodated between the primary
dendrites.

Theoretical models are often developed based on single particle in dilute colloidal
suspensions [36—52]. For real situations where freezing of colloidal suspensions is used for
the preparation of porous materials, those models cannot predict the complex behaviour. Direct
observation of such a freezing system and the corresponding explanation by multiparticle
models, where the possible interactions between the particles are considered, are required in
this research field. Global and localized interface instabilities have been observed by in situ
Xray radiographs ( Figure 2.5) [25]. The instability can be regarded as inducing growth of
ice crystals in the plane perpendicular to the freezing direction. The localized instabilities are
transverse crystals between the ice crystals. A stability diagram can be built based on this
study (Figure 2.10), including unstable domains and metastable domains. The metastable
domains are defined as those where no instabilities are observed and homogeneous crystals
are obtained at high interface velocity and/or large particles. The instability is attributed to
partial diffusion of the particles ahead of the freezing interface. Thus, the resulting higher
concentration of the suspension in front of the freezing front leads to the depressing of the
freezing point [20], hence a constitutional supercooling situation. For high freezing velocity,
the diffusion is very limited and the freezing zone (in a constitutional supercooling state) is
within the growing crystal tips. The zone ahead of the crystal tips is in a stable state, which
does not incur instability and yields homogenous materials. This situation is referred to be in
the metastable domains. At lower freezing velocities, the diffusion is enhanced. The particle
redistribution leads to the formation of a diffusion layer (still in a constitutional supercooling
state) appearing beyond the growing crystal tips. The nucleation of the crystals occurs in the
supercooled zone and hence the instability [25].
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Figure 2.10 The stability diagrams constructed from freezing aqueous alumina slurry as
observed by in situ Xray radiography. (a) The ice stability diagram. The hatched area is an
estimated domain where the metastable to unstable regime transition can occur. (b) General
stability and the structural diagram. The hatched area indicates the conditions investigated. The
diamond and triangle symbols indicate the data points that are measured.

Source: Deville et al. 2009 [25]. Reprinted with permission from Nature Publishing Group.

The traverse ice crystals caused by the localized instability can lead to porosities in the wall
of the freezecasting material. This may explain why many of the materials are prepared under
similar freezing conditions although the compression stabilities can vary considerably among
different reports [55]. The traverse growth of ice crystals can be regarded as ice lenses, which
is often observed in geophysics. Ice lenses are the ice crystals growing in the supercooled zone
in the direction perpendicular to the freezing direction or the temperature gradient. The
formation of the supercooled zone has been attributed to the partial diffusion of the particles.
During the freezing of alumina dispersions with varying concentrations of ionic additives,
different zones ahead of the crystals tips are observed [55]. At a low concentration of the ionic
additive (but in the optical range to obtain the strongest repulsion), accumulated particle layer
(APS), particledepleted region (PDR), and then the liquid suspension are in front of the
crystals tips in turn. With the increasing concentration of the ionic additive, the PDR becomes
thinner and then disappears. The formation of the PDR is quite unusual. This is explained by
the concentration of free ions rejected from the freezing front, increased ionic strength
compressing the repulsion charged layer of the alumina particles, and the flocculation and
aggregation of the particles. The settlement of large aggregates leads to the formation of a PDR
[55]. As such, the supercooled zone should originate from the particle flocculation rather than
the partial particle diffusion. The PDR is initially formed between the ice crystals but can
move above the crystals tips when the suspension contains low concentration of ionic
dispersants, favoured by low viscosity and high zeta potential. The ice lenses formed in the
PDR can explain the defects formed in the freezecasting materials. The growth of ice lenses

in the high velocity region, sometimes termed as ‘banding’, may question the credibility of the



assumption of local equilibrium at the freezing interface. In order to model this non
equilibrium segregation of ice crystals, the Boltzmann velocity distribution of a particle has
been used to derive an expression for the segregation coefficient at the interface as a functional
of the freezing velocity and particle radius [56]. A phase diagram can be constructed and used
to explain the formation of bandlike defects.

Timelapse, 3D in situ imaging shows that the thickness of the ice crystals and the horizontal
growth of ice crystals (ice lenses) increase with freezing time [57]. The thickness of the
horizontal crystals reaches a plateau of about 25 pm after about 60 s. A closeup view of the
3D reconstruction of the ice crystals shows the tilted growth of ice crystals from the imposed
freezing direction and also the dendrites on one side of the ice crystals. This is also observed
by SEM imaging of the sintered freezecasting alumina [ 47]. As schematically shown in
Figure 2.11, tilting of the ice crystals is the result of the direction imposed by the temperature
gradient and the favoured direction of anisotropic crystal growth [57]. Tilting of the ice
crystals becomes greater when the freezing rate (usually corresponding to the temperature
gradient) decreases. A threshold below which ice crystals tilt exists in the 3-3.5 pms ™! range
[57]. The dendrites grow on one side with respect to the temperature gradient direction.
Dendrite growing on the other side is energetically unfavourable [47, 57].

Direction imposed by
the temperature gradient
Actual ik
growth direction z

Direction
imposed \':
by the :
crystal growth
anisotropy

Figure 2.11 The schematic representation shows the tilted growth of ice crystals, resulting from
the relationship between the imposed temperature gradient and the preferred growth direction.

Source: Deville et al. 2013 [57]. Reprinted with permission from Elsevier.

Ice banding is a pattern of ice segregation that results from freezing concentrated colloidal
suspensions, which is a familiar phenomenon seen in geophysics such as frost heave.
Directional solidification of the concentrated alumina slurry (mean particle diameter ~0.32
um, 60 wt% or 27 vol%) was performed to investigate the ice segregation patterns [58]. As



shown in Figure 2.12, at the low freezing rate (0.5-2 pms 1), the segregated ice lenses are
formed in the frozen solid with a partially frozen layer and a compacted layer above the
freezing interface [58]. When the freezing velocity is increased (3—4 pms™), like the
breakdown of planar interface in the dilute system, the ice lenses become disordered with the
compact layer diminishing. In the high velocity region (5-10 pms 1), with no ice lenses or
compacted layer, the ice banding is highly modulated, giving a wavy and jagged appearance.
The compacted layer is randomly closely packed, with particle fraction @~ 0.64. The

compaction of the particles occurs as a sol—gel transition because they cannot be redispersed
in the solvent. It indicates an irreversible aggregation, overcoming the maximal repulsion
between the particles. According to the Derjaguin—Landau—Verwey—Overbeek (DLVO) theory,
there is a peak of repulsion force at a critical distance between the particles. Passing that
critical distance, the cohesive force is dominating and the particles are aggregated. The
cryostatic suction during ice segregation can easily produce compressive stresses that are
much larger than the typical repulsive force value (<10 kPa), ensuring the particles bond
together [59]. This is also evidenced by a SAXS study demonstrating the particles in touching
distance [35].

Figure 2.12 Images show the quasisteady ice segregation patterns from directional
solidification of concentrated alumina slurries at different pulling speed. The segregated ice
appears black while the colloid appears grey. (a) At low velocity, the ice bands are crack
like in the frozen region, illustrating the formation of ice lenses, with compacted layers (dark
grey) and partially frozen layer (light grey). (b) At medium velocity, ice lenses become
disordered, with diminishing compaction layer. (c) At high velocity, periodic ice banding with
a wavy appearance forms. Vertical icefilled cracks can also be observed.

Source: Anderson and Worster 2012 [58]. Reprinted with permission from American Chemical Society.

Quite importantly, the partial frozen layer can be regarded as a frozen fringe, which is an
interconnected liquid network maintained in the frozen fringe due to the existence of unfrozen
water near the particle surface and in the pendular region near the pore throat. This
supercooled water is the result of curvature near the throat of the pore and interfacial pre
melting. The thermomolecularly generated pressure gradient pushes the particles towards the
warmer region and drives the liquid moving towards the colder region to sustain ice lens
growth. When a new ice lens is nucleated within the frozen fringe, it can intercept the water



supply of its predecessor that will stop growing. The repeating of this process can eventually
produce a regular pattern of ice lenses and compaction layer [59].

Rigidice models have been developed for this ice segregation phenomenon (ice lenses and
compaction). It assumes that the pore ice and ice lens form a rigid interconnected body of ice
and the forces generated do not deform the poreice network [ 60]. A related theoretical
framework in the context of frost heave is developed, where the forces are derived directly
from the thermophysical interactions between the constituents of partially frozen suspension
[61]. This model is extended to allow for an evolving compaction front, where particles
aggregate and form a cohesive matrix. The developed model is able to elucidate the role of
compaction layer in ice segregation [59].

2.6 Effect of Parameters on the Structure and
Morphology of Icetemplated Materials

There are not many studies on how the freezedrying process impacts the structure of ice
templated materials, except the evaluation of freezedried cakes in the pharmaceutical and
food industries. The parameters that have been investigated extensively can be classified into
two categories: formulation of solution/suspensions and control of the freezing conditions.

2.6.1 Formulation of Solution/Suspensions

2.6.1.1 Solutes or Particles

A solute can be dissolved in a solvent (usually water) to form a solution, which is then frozen
and freezedried to produce an icetemplated material. Because small molecular compounds
would normally form powders after freezedrying, polymers are usually added to the solution.
The entanglement of long polymer chains can lead to the formation of stable porous structures.
The main parameters for polymers include molecular weight, hydrophobicity, and charges.
Stronger interaction between the polymer chains, e.g. H bonding, m—m interaction, and
electrostatic interaction, can have big impacts on the stability and pore morphology of the
resulting structures. Small molecules may be included in polymer solutions as additives to
introduce additional functions or properties into the icetemplated materials.

Both microparticles and nanoparticles have been extensively used for freezecasting
materials. Different solvents have been used but water is always the most preferred one
because of its low cost and green credentials. The main parameters for particles include:
particle size, nature of particle material (e.g. organic, metal, or metal oxide), and particle
shape. As particulate suspensions are the most commonly investigated systems both for
materials preparation and fundamental studies, the following discussion of parameters is
mostly relevant to particles.

2.6.1.2 Particle Size and Shape
For large particles, depending on their density (particularly the density difference compared to



the density of the solvent), the gravitational force/buoyance force can play an important role on
rejection/encapsulation of the particles by the freezing front, resulting in a significant impact on
the morphology and stability of the resulting materials. Although most models are based on
spheres, the shapes of microparticles (which are usually prepared by grinding or precipitation)
used in freeze casting may not be spherical. The irregular shape and larger size of the particles
can result in low packing efficiency and slow moving during freezing, which may have
significant effects on porosity, morphology, and stability of the prepared materials [5, 6, 62].
Nanoparticle suspensions are usually quite stable. They may be readily selfassembled into
microwire or nanowire structures by the icetemplating process [ 7, 12].

The size of the polymers can be varied by molecular weight. But the difference in the structures
can be quite subtle, providing that icetemplated materials can be formed.

2.6.1.3 Concentration of Polymers or Particles

The concentration of a polymer solution can have a distinct effect on the structure of the ice
templated polymeric materials. At medium or high concentrations (e.g. 5 wt% or higher),
aligned porous or randomly porous polymers can be produced [7, 19]. However, at very low
concentrations (e.g. 0.5 wt% or lower), polymeric nanofibres may be formed [63, 64]. This
effect of polymer concentration depends on the type and molecular weight of the polymers, and
also the type of the solvent used.

Similarly, the concentration of particulate suspensions may result in wire structures or porous
materials [7, 65]. Most of the reports have employed suitable concentrations in a view to
produce porous ceramics with controlled morphology and mechanical stability [5, 6, 12].
However, the concentrated particulate suspensions may generate porous ceramics with
periodic ice lenstemplated structures rather than the usual layered or unidirectional
microchannel structure [55, 58].

2.6.1.4 Additive or Binder

Additives and/or binders are required when processing particulate suspensions [5, 6]. First, it
helps to stabilize a homogeneous suspension which is crucial for the freezecasting process.
Common surfactants (e.g. ionic surfactants) or polymers with stabilizing effects, including
commercial polymers with trade names, poly(vinyl alcohol) and poly(vinyl pyrrolidone), can
be added for this purpose. The binder is to hold the particles together and maintain a stable
structure after freezedrying. A polymer additive may act both as a stabilizer for the

suspension and as a binder for the freezedried material. If the target is to produce porous
ceramics, the amount of additives used is usually kept to optimum and minimum. This is to
reduce the processing costs and also to reduce the potential shrinkage or defects after sintering
the freezedried bodies.

This approach can be further utilized to produce porous composite materials. Depending on
what is required, the main component can be polymer or particles. The distribution of particles
in the polymer and the interaction between polymer and particles are two important
parameters. Usually, it is required to have a homogenous distribution of particles and strong



interaction between the polymer and particles to generate porous composites with desired pore
structure and mechanical stability.

2.6.1.5 Solvent

In addition to the cost and environmental consideration, the selection of solvents mainly
depends on their suitability for freezedrying. In this regard, high melting point and high

vapour pressure are the criteria to be considered. There is no doubt that water is the most used
solvent. But other solvents have been used as well. For example, camphene, tertbutylalcohol,
naphthalenecamphor have been used as solvents for particle suspensions to produce freeze
casting materials [5, 6, 12]. Dichloroethane, oxylene, dimethyl sulfoxide (DMSO),
cyclohexane, and compressed CO, have been used for solutions or emulsions [7, 19, 66-69].

2.6.1.6 Emulsion

In addition to solution and suspensions, freezing and freezedrying of emulsions have also
been used to prepare porous polymers and composite materials. Emulsion is a mixture of two
immiscible liquids (usually water and an immiscible organic solvent), with one liquid as
droplet phase dispersed in the other continuous liquid phase. Surfactants are usually required
to stabilize the droplets in the emulsion. The volume percentage of an emulsion can be varied
in a wide range. This can be very powerful when emulsion templating is used to prepare
porous materials [70]. The emulsion structure is usually locked in by polymerization. Freezing
has provided an effective and alternative way of locking in the emulsion structure. Usually, a
polymer can be dissolved in the continuous phase with the droplets only consisting of solvent.
After the removal of the solvents from both the continuous phase and the droplet phase by
freezingdrying, porous materials can be produced. For an oilinwater emulsion (where oil
phase is the droplet phase), hydrophobic compounds may be dissolved in the droplet phase.
After freezedrying, hydrophobic nanoparticles in hydrophilic porous polymer matrix can be
formed [68, 69]. This nanocomposite can be readily redissolved in water, producing stable
aqueous nanoparticle dispersions, which have important applications for nanomedicine [71].
While particles can be suspended in the continuous phase for preparation of composite
materials, colloids or nanoparticles can also be used as surfactants to form Pickering
emulsions to make either inorganic or composite materials. By varying the percentage of the oil
droplet phase in an emulsion, combining emulsion templating and ice templating, a highly
efficient route can be established for producing porous materials with systematically tuned
pore morphology and porosity. This approach can also be extended to double emulsions [72].

2.6.2 Control of the Freezing Conditions

In order to produce the icetemplated materials with the desired pore structure and formats,

the freezing process may be carried out in different ways, as detailed in Chapter 1. The key
point in controlled freezing is the control of freezing velocity. Indeed, the theoretical models
described above are always related to the freezing velocity. Qualitatively, the freezing velocity
can be varied to tune the pore sizes [6, 19, 50]. In general, fast freezing leads to small ice
crystals and hence small pores in the resulting freezedried materials while the freezing rate



should be reduced if a material with larger pore sizes is required.

However, it is very difficult to accurately control the freezing velocity when preparing porous
materials via the icetemplating approach. It is generally accepted that the freezing velocity
may be determined by the temperature between the freezing front and the cooling plate and the
thermal conductivities of solid phases involved. For the fundamental studies in freezing, quite
often, a sample cell is placed across two separately temperaturecontrolled metal plates and

is pulled at certain speeds towards the cold plate. A temperature gradient is created between
the two plates (the temperature difference divided by the gap between them), which is the
driving force for the directional solidification of solutions or colloidal suspensions. However,
the same temperature gradient can be obtained from different temperatures of the plates, as
long as the temperature difference is the same. This may have a significant impact on the
removal of the heat generated by the freezing (solidification) of the solvent.

When a layer of liquid freezes at its thermal transition temperature T, the solidification

enthalpy hg, is given out as heat and has to be conducted away through the frozen solid to the

cooling plate. The velocity at a given time t where the solidification front progresses can be
described as [6]:

Al T=T X 2.25
v{s}:gz sUe ~ %) 5+E ’
de pLhe k

where s is the thickness of the liquid layer, Ag is the thermal conductivity of the frozen solid, k
is the heat—transfer resistance, p; is the liquid density, and T}, is the temperature of the cold

plate (or the temperature of the cold liquid that cools the plate). It is clear that to maintain a
constant velocity, T, should vary according to Equation (2.25).

When freezing a slurry, in order to calculate the thermal conductivity of the solidified particles,
the packed particles between the ice lamellae crystals can be treated as a bed of closed
particles. The thermal conductivity of such a packed bed can be predicted using the Krischer—
Kroll model, from the amount of the serial component, the volume fraction of the continuous
ice phase, and the thermal conductivities of the particles and ice. Assuming that the frozen
slurry has alternate ice lamellae and packed particle layers and the lamellae to be parallel to
the heat flow direction, the total thermal conductivity of the frozen slurry can be calculated by
the following equation [6]:

A = WA + (1 - ¥)4g, (2.26)

where W is the volume fraction of the ice phase and 4 is the thermal conductivity of pure ice,
while Ay is the predicted thermal conductivity of the packed particles between ice lamellae.
Once Ag is obtained, one can use Equation (2.25) to calculate the freeze velocity.

2.7 Summary



In this chapter, the fundamental aspects of controlled freezing for icetemplated materials

have been described. The basics of ice crystals, the instruments used for the fundamental study;,
and the different theoretical models to predict particle fate and ice morphology and dimensions
when freezing aqueous colloidal suspensions are covered. The important processing
parameters, with the aim to fabricate the icetemplated materials of desired structures and
properties, are outlined.
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3
Applications of Freezedrying in Pharmaceuticals,
Biopharmaceuticals, and Foods

3.1 Introduction

Freezedrying is usually an essential procedure when the icetemplating technique is used

for the preparation of porous and nanostructured materials. However, this technique has so far
rarely been used to produce materials in industrial sectors. However, as a drying technique, the
freezedrying method has been widely used in pharmaceutical, biopharmaceutical, and food
industries. The objectives are usually to prepare welldefined cakes with interconnected
macroporous structures (to ensure easy and highstandard reconstitution) and improved

stability for storage and transport. Different types of excipients and/or control of pH have been
investigated to maintain the activity or native state of the active ingredients in these materials
whilst still producing the fine macroporous structures [1, 2]. Although the focuses are not on
the porosity and properties of these materials, the freezedried products in these industrial
applications can be linked with or can provide insights into the preparation of porous materials
by ice templating. Indeed, many of the icetemplated materials, particularly polymeric
materials, show similar pore structures or characteristics as the freezedried pharmaceutical
cakes [3, 4]. In this chapter, the purposes are twofold: (i) to give readers a general idea on
how freezedrying processes have been employed in relevant industries, focusing on

excipients, stability, and processing parameters and design and (ii) to provide thoughts/ideas
for the preparation of icetemplating materials, particularly polymeric materials and
nanomedicine.

3.2 Excipients in Pharmaceutical Formulations

In brief, pharmaceutical excipients are components in a pharmaceutical dosage formulation
other than the active pharmaceutical ingredients (APIs). The role of the pharmaceutical
excipients is to guarantee the dosage, stability and bioavailability of the APIs [5, 6]. The
excipients can be any component added intentionally to the medicinal formulations and the
impurities in the formulations. More specifically, the excipients can act as fillers, binders,
diluents, bulking agents, lubricants, wetting agents, solvents, preservatives, flavours, colouring
agents, antiadherents, sorbents, coating agents, surfactants, etc. [5]. Excipients can be obtained
from different sources, including animals (e.g. gelatin, stearic acid, lactose, natural polymers),
plants (e.g. starches, sugars, flavours, cellulose, polymers), minerals (e.g. silica, buffer
solutions, inorganic salts, oxides) as well as synthesized polymers and stabilizers [5, 6].

In a pharmaceutical formulation, the percentage of excipients is usually very high. These
excipients have their own properties and, similarly to APIs, may participate in adsorption and



biodistribution. Therefore, the safety of the excipients is equally important. The excipients
should be subjected to the same toxicity studies as demanded by APIs. When choosing certain
compounds as excipients, it is always suggested to choose from those being used previously in
pharmaceutical products or those originating from food industry and generally recognized as
safe (GRAS). The second choice may be compounds chemically modified from those being
approved and utilized in the pharmaceutical or food industry. The use of new compounds as
excipients will need to be assessed to meet the requirements of the regulation bodies. The
safety assessments comprise: (i) toxicity of the excipients; (ii) interactions of APIs—excipients
at different stages; and (iii) impacts from production, distribution, and use.

Polymers have been widely used as pharmaceutical excipients for various roles including as
diluents, bulking agents, stabilizers, in protective coating, osmotic pumps, and contribute to
controlled drug release [5]. These polymers may be either natural or synthesized. Some
frequently used polymers include hydroxypropyl methylcellulose (HPMC), hydroxypropyl
cellulose (HPC), poly(vinyl alcohol) (PVA), polyvinylpyrrolidone (PVP), alginate, dextran,
poly(ethylene glycol) (PEG), starch, and so on. PVA, a synthetic polymer, is not only widely
used as an excipient in food and pharmaceutical applications but also as a stabilizer for
emulsion formulations and drug nanoparticles [3, 7, 8]. This may be attributed to its excellent
safety properties. Based on a comprehensive evaluation of the scientific literature, it is
inferred that PVA is not mutagenic or clastogenic, does not accumulate in the body when
administered orally, poorly absorbed from the gastrointestinal tract (GI), and has very low

acute oral toxicity (LDx, in the range of 15-20 g kg 1) [9].

Sugars are a type of excipients that have been employed for a variety of solid dosage
formulation, either via freezedrying or other techniques [ 10-12]. As a filler/binder, mannitol
has been widely used, and has even been compared to the conventionally lowpriced

excipients such as lactose, microcrystalline cellulose, and calcium hydrogen phosphate. This is
because of its very unique properties: low hygroscopicity, inertness towards the APIs and
patient body, good taste, good compactibility, and the ability to produce stable tablets [13].
Mannitol can exist in four polymorphic forms (a, f3, y, 6), of which the § form is the stable
polymorph and dominantly available in the market.

The abovementioned polymers and sugars are mainly used as hydrophilic matrix to stabilize
hydrophilic pharmaceuticals or biopharmaceuticals. There are also excipients that are more
effective in stabilizing and delivering lipophilic drugs. Two excellent examples are
cyclodextrin and lipids. Cyclodextrins are a family of cyclic oligosaccharides composed of
a(1,4) linked glucopyranose subunits. There are three types of cyclodextrins: a, § and
ycyclodextrins, composed of 6, 7, 8glucopyranose units, respectively. The unique

properties of the cyclodextrins are their hydrophobic internal cavity and hydrophilic external
surface. As molecular carriers or chelating agents, via molecular complexation or
encapsulation of hydrophobic compounds, cyclodextrins have been extensively investigated
and utilized in a wide range of applications such as pharmaceutical excipients, drug delivery,
separation, food, and catalysis [14]. Lipidbased pharmaceutical formulations have drawn
considerable interest from the pharmaceutical industry and from researchers. Most of the



lipidbased formulations use lipid vesicles, emulsions or excipients to solubilize lipophilic
drugs that are poorly water soluble, and thereby improve drug absorption in the body. An
important question is whether the drug remains in solubilized form inside the GI after being
administered [15].

A recent development is on excipient foods, i.e. designing food matrices to improve oral
bioavailability of pharmaceuticals and nutraceuticals [16]. This is different from medical food,
which contains one or more APIs. By analogy to a pharmaceutical excipient, excipient food
does not exhibit any therapeutic properties or bioactivity itself. But when consuming with
pharmaceuticals, it can help increase the efficacy of any pharmaceuticals codigested with it.
This may be achieved through bioactive liberation, increase in membrane permeability, and
inhibition of efflux mechanism. Excipient food ingredients may include lipids, carbohydrates,
proteins, minerals, surfactants, chelating agents, and phytochemicals [16].

There are additional requirements when excipients are used in freezedried formulations.
Because the freezedrying process has been mostly used in proteinbased solid formulations,
the excipients must play the role of maintaining the integrity and stability of the proteins at
different stages of the freezedrying process and during storage and reconstitution.
Specifically, excipients that act as a cryoprotectant, lyoprotectant, or stabilizer in solid form
should be added into the formulations. Fortunately, some excipients, e.g. sugars, can have all
the protecting properties during freezedrying and act as a stabilizer in solid protein
formulations. As it has been well documented, nonreducing disaccharides trehalose and
sucrose have been mostly used as stabilizers [1, 10]. Mannitol and glycine are good choices as
tonicity modifiers [17]. Bulking agents in freezedried formulations usually include mannitol,
glycine, lactose, dextran, povidone, and disaccharides [1, 18]. It is possible that one single
sugar excipient can act in differing capacities such as a freezedrying protectant, stabilizer,
bulking agent, and disintegrating agent.

When the excipients are present in or added to parenteral formulations, they can enhance or
maintain API solubility and/or stability. The excipients also play important roles in assuring
safety, minimizing pain and irritation, and controlling drug delivery [18]. However, these
excipients can have significant effects on the distribution and elimination of the co
administered APIs. In a review focusing on the effects of pharmaceutical excipients on drug
disposition, Buggins et al. summarized the effects of cosolvents (e.g. DMSO, ethanol,
propylene glycol, PEGs, cyclodextrins, and surfactants (e.g. Cremophor, Tween, Solutol) on
distribution, metabolism, renal elimination, oral adsorption, hepatic elimination, etc. [19].

Physicochemical properties of excipients, such as solubility, ionization, hydrogen bonding
tendency, molecular size and shape, have significant impact on their fate in the body. When
assessing safety and therapeutic efficacy of pharmaceutical formulations, it is thus very
important to obtain the data about the excipient pharmacokinetics and profiling [20].
Pharmacokinetics is the kinetics of drug absorption, distribution, metabolism, and excretion
(ADME). The parameters used to characterize ADME usually include volume of distribution
(Vp), elimination halflife ( ¢;,,), clearance (Cl), and bioavailability (F). The pharmacokinetic

processes usually follow firstorder kinetics. Vp describes how the compound is distributed



within the body. A larger Vp indicates that the API is in the blood plasma and is also highly
tissue bound. Elimination ¢, of the API is the time it takes to reduce its blood plasma

concentration by 50%. Cl indicates how rapidly the API is eliminated from the body. It can be
divided into hepatic clearance (Cly) and renal clearance (Clg). Bioavailability is the fraction

(hence the symbol F) of an API absorbed from the GI into the general blood circulation [21].
Whilst the excipient pharmacokinetics data should be reliably measured, some simple methods
may be used to predict the ADME properties. The ruleoffive approach developed by

Lipinski et al. is widely used to predict absorption from the GI and overall druglike
properties of biologically active compounds [22]. The Biopharmaceutics Classification
System (BCS) [23] and The Biopharmaceutics Drug Disposition Classification System
(BDDCS) [24] are also used to provide useful information on solubility, permeability and the
extent of API metabolism. The physicochemical properties (M,,, solubility, Log P, Hbond

donors, and Hbond acceptors) of 26 common pharmaceutical excipients and their
pharmacokinetic parameters (ty/,, Vp, F) have been summarized by Loftsson [20]. The

size/hydration diameter and the surface properties of the excipients are very important for
clearance from the body. For example, PVP with M, <10 kDa is readily excreted via kidney

by glomerular filtration, PVP of M., up to 25 kDa is completely excreted within one day, while
it can take 8 days to excrete PVP with M, =37 kDa [25]. Polymer nanoparticles less than 8 nm

are mainly excreted by renal clearance while the larger particles must disassemble into
smaller particles before being excreted from the body [26]. Although the safety and the
pharmacokinetic parameters of pharmaceutical excipients have to be rigorously examined for
pharmaceutical products, some insights may be gained from the pharmacokinetic data of the
known excipients. For example, the sizerelated effects are less likely to have an impact when
the excipients can be readily excreted from the body. Hydrophilic low M., polymers with

small Vp, fall into this category, with t;,, of about 2 h [20].

3.3 Improving the Freezedrying Process

Freezedrying processes are only industrially viable for pharmaceutical solid formulations or
other high valueadded products. This is due to the long, energyintensive and complex
freezedrying process. A freezedrying process may take 2—4 days, with the majority time

used in the primary drying process. There are other important factors to consider — the activity
and stability of the active ingredients in the formulations, e.g. proteins, vaccines, and food
bacteria. Therefore, the efforts for improving freezedrying processes usually focus on
reducing the freezedrying time and producing welldefined cakes with high stability of

APIs.

3.3.1 The Types of Freezedrying Processes

3.3.1.1 Spray Freezedrying Process

In a conventional freezedrying process, the vials containing solutions or suspensions are



frozen on the shelf in a freezedryer and then subjected to vacuum to allow the sublimation of
the frozen solvent (usually water). The exposed surface area of the frozen body is directly
proportional to the rate of sublimation. In other words, in order to increase the sublimation rate
and reduce the freezedrying time, the size of the frozen sample should be reduced. This can

be achieved by a spray freezedrying process, where a solution or suspension is either
atomized into cold vapour over a cold liquid (usually liquid nitrogen) (Figure 3.1) or directly
atomized into liquid nitrogen. The frozen powders (with the sizes of the particles in the micron
range) can be subjected to a conventional freezedrying process [ 27]. By analogy, in a spray
drying process, the liquid or suspension is atomized into a chamber. Hot air or nitrogen flows
inside the chamber in a cocurrent or countercurrent direction, evaporating water from the
sprayed droplets and producing a dry powder product [27, 28]. The spray drying process is
not suitable for temperaturesensitive compounds while there will be no such limit for a spray
freezedrying process. The spray freezedrying processes are mainly used in drying of
pharmaceutical products and high value foods, and in the encapsulation of active but sensitive
compounds [27]. Avoiding the blocking of the atomizing nozzles and preventing aggregation of
sprayed droplets before they are fully frozen are the main operational difficulties [29—-31].

Pump

Cold liquid (e.qg.
liquid nitrogen)

Liquid solution
or suspension

Figure 3.1 The schematic representation shows the spray into vapour over a cold liquid. The
nozzle may be immersed into the cold liquid for the process of spray into liquid.

3.3.1.2 Spin Freezing

Another way to reduce the size of the frozen body is by spin freezing. This is achieved by
rotating the vials filled with liquid solution or suspension along their longitudinal axis. The
liquid phase forms a thin layer coating the inner wall of the vial, which is cooled and frozen by
using a flow of sterile gas with a controllable low temperature around the rotating vial (Figure
3.2) [32]. The frozen sample is thin and spread over a larger surface. This can lead to faster
freezedrying. It also has the great potential to realize a continuous freezedrying process. In



a study to evaluate spin freezing versus conventional freezing as part of a continuous freeze
drying concept (Figure 3.2), De Meyer et al. estimated that the total process time could be
reduced by a factor of 10—40, depending on the specific formulation properties and vial
dimensions [32].
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Figure 3.2 The use of spin freezing in a continuous freezing and drying system.

Source: De Meyer et al. 2015 [32]. Reprinted with permission from Elsevier.

3.3.1.3 Atmospheric Freezedrying

In a conventional freezedrying process, the frozen samples are subjected to high vacuum to
allow the sublimation of the frozen solvent. This can significantly add costs to energy usage
and limit the scaleup of the freezedrying process. However, high vacuum is not necessary

for a freezedrying process. It has been observed for long that a frozen sample can be dried
naturally in dry and cold winter. As such, atmospheric freezedrying has been introduced [ 33,
34]. This process is viable provided the partial pressure of water vapour in the drying
chamber is lower than the water vapour pressure of the frozen sample. This is usually achieved
by circulating a cold and dry gas through the frozen sample [27]. As expected, this method is
very slow for bulky frozen samples. It is thus reasonable to combine a spray freezedrying
process with atmospheric freezedrying to produce poorly watersoluble drug formulations

[29]. Contacting the frozen microparticles with cold dry gas in a fluidized bed is proposed for
a faster atmospheric freezedrying process [ 35]. This allows better mixing between the frozen
particles and the cold gas, enhancing mass transfer between the two phases and thereby a faster
drying process. A problem with atmospheric freezedrying is the use of huge quantity of cold
gas (albeit recirculation). The temperature of the cold gas should be lower than the collapse
temperature of the frozen samples. The need for such a large quantity of cold gas supply is
highly demanding [27]. This problem has been partially addressed by subatmospheric

pressure freezedrying as it allows for shorter drying time and reduced use of cold gas [ 35,
36]. Owing to these issues with atmospheric freezedrying, conventional freezedrying

process is still mostly used in research and industrial applications.



3.3.2 Process Development and Design

There are several stability issues during the freezedrying process for solid protein
formulations. These issues include denaturation stresses from cold temperature, pH change,
solute concentration as well as phase separation during freezing and critical temperatures
during freezedrying [ 37]. Various formulations have been investigated in order to achieve
specific optimal conditions [11]. In an effort to facilitate the adoption of modern techniques
and move the investigations of freezedrying processes from the empirical and datadriven
approach to a more knowledgebased route, the Food and Drug Administration (FDA)
introduced ‘Pharmaceutical cGMP for the 21st Century: A Riskbased Approach’ and
‘Guidance for Industry: Process Analytical Technology — A framework for Innovative
Pharmaceutical Development, Manufacturing and Quality Assurance’, in 2004 [38]. For a
freezedrying process, this includes implementing quality by design (QbD) for proposing
experiments, identifying quality target product profile and critical quality attributes, performing
risk assessments, and defining the design space and process control strategy [39].

Based on the QbD approach, a fractional factorial design has been applied to investigate the
effects of buffer type, pH, and excipients on glass transition temperature; monoclonal antibody
concentration; unfolding transition temperature and particle size of the reconstitute solutions
[40]. The Pareto ranking analyses showed that pH, NaCl, and polysorbate 20 were the most
important factors [40].

The design space can be regarded as the combination and interaction of input variables and
process parameters that can generate the products with the desirable quality. For a freeze
drying process, the product temperature at the sublimation interface is crucial in determining
cake structure and residual moisture content. The other important parameters include shelf
temperature, chamber pressure, collapse temperature, glass transition temperature (for
amorphous products) or eutectic temperature (for crystalline products) [39]. Mathematical
modelling can be used to build the design space for a pharmaceutical freezedrying process.
One such study was carried out on the primary drying stage to investigate the effect of shelf
temperature and chamber pressure on product temperature and sublimation flux [41]. In
addition to shelf temperature and chamber pressure, the dried layer thickness was used as the
third coordinate to construct the diagram.

The process control is then required to ensure that the freezedrying process can be performed
within the variation of process parameters as defined in the design space. Usually, non
invasive and realtime monitoring and control of the process are preferred. This relies on the
use of the stateoftheart process analytical technologies (PAT). PAT is used to design,

analyse, and control manufacture via timely measurement of critical objectives of the final
products [39, 42]. For the lyophilization of biopharmaceutics, the PAT tools can be used in the
freezing step to monitor the degree of supercooling, in the primary drying step to probe product
temperature and end point of primary drying, and in the secondary drying to monitor and
control the residual moisture content [39]. Table 3.1 summarizes the main analytic methods
used as PAT during freezedrying processes [ 39, 42]. Various techniques that can be used to
characterize the freezedried products, include scanning electron microscopy (SEM),



transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR),
powder Xray diffraction (PXRD), differential scanning calorimetry (DSC), solid nuclear
magnetic resonance (solid NMR), and circular dichroism (CD) spectroscopy. These
characterization data can provide the feedback on experimental design and process control.
The application of PAT is expected to facilitate process transfer from laboratory to production
or between manufacturers because the process is less equipment dependent but relies more on
sound scientific and engineering knowledge.

Table 3.1 Summary of PAT tools used in pharmaceutical freezedrying.
Source: Zhang et al. 2008 [31]. Adapted from Nature Publishing Group. Read et al. 2010 [42]. Adapted from John Wiley &

Sons.
Analytic technique Measuring attributes Probe position
Resistance temperature Product temperature Inside sample vials,
detectors (RTD) primary drying
Manometric temperature Product temperature Noninvasively at the
measurements (MTM) sublimation interface
Nearinfra red (NIR) Moisture content, sublimation rate Bottom of the vials
spectroscopy
Raman spectroscopy Water to ice conversion, purity and Top surface of the

polymorphs of the drug frozen body

Tuneable diode laser Water vapour concentration, Laser beam attached to
absorption spectroscopy sublimation rate, predict the end of the freezedryer spool
(TDLAS) primary drying

3.4 Applications of Freezedrying in Pharmaceutics

Pharmaceutics can be classified into three categories based on their molecular weights [43].
As schematically shown in Figure 3.3, small molecule drugs with molecular weights of <500
Da are conventionally termed as pharmaceutics. Proteins, or biologics/biopharmaceutics,
usually have molecular weights of >5000 Da. Between them, researches are emerging on
peptidebased drugs. Peptidebased drugs, proteins, and vaccines are often classified

together as biopharmaceutics, which are the focus of Section 3.5. In this section, the discussion
is mainly on pharmaceutics or small molecular drug.
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Figure 3.3 A schematic representation of drug classification based on their molecular weights.

With the use of modern highthroughput synthesis and screening techniques, a large number of
potentially active compounds have been identified. However, a high percentage of them are
poorly soluble in water, leading to poor bioavailability and therapeutic efficacy [44]. These
drug compounds may be classified into different categories, based on certain criteria: e.g. BCS
classification based on solubility and permeability [23] and BDDCS classification based on
solubility and metabolism [24]. These classifications offer clarity and benefits for
pharmaceutical research and regulatory bodies [45]. Corrections and additional drugs may be
continuously added to the list of the classifications [46]. A simple and effective ‘ruleof

five’ was developed by Lipinski et al. to predict the likely poor absorption or permeation if the
drug compounds have more than five Hbond donors, molecular weights over 500 Da, Log P
over 5, and more than 10 Hbond acceptors. The rule is not applicable for compounds that

can be used as substrates for biological transporters and biopharmaceutics [22].

Solid pharmaceutical formulation aims to improve apparent solubility and thereby
permeability and bioavailability for poorly watersoluble drugs [ 47]. This usually involves
the reduction in size of drug particles and the use of excipients, particularly polymers, as
amorphous matrices to stabilize the drug particles [5, 44]. The dissolution rate of a compound
is proportional to the exposed surface area. Therefore, smaller drug particles can increase the
dissolution rate, supersaturation, or apparent solubility in the GI. This, however, does not
necessarily transfer to equally higher permeability. The selection of excipients in drug
formulations is very important because it can influence the solubility—permeability interplay
[48]. The lipophilic drugs in amorphous solid formulations can enhance both apparent
solubility and flux across the intestinal membrane [49]. However, as the amorphous glass state
is not thermodynamically stable, crystallization can occur with time. This may bring out the
stability and toxicity issues of the pharmaceutical products, which will have to be carefully
examined [50].

Different solid formulation methods have been reported [47]. The use of freezedrying in
pharmaceutical formulations can usually offer fast dissolution of the solid formulation or
provide high porosity for light and/or floating drug delivery system (FDDS). Of course, it is a
necessary option for processing temperaturesensitive drug compounds. Because the
processed drugs are generally poorly soluble in water, nonaqueous cosolvents can be

added to facilitate initial liquid formulation [51]. This may also help to increase sublimation
rate, due to the usually high vapour pressure of the nonaqueous solvent. However, with the



use of the cosolvents, additional storage and processing safety need to be considered. The
contents of residual solvent in the solid formulations should be assessed and, within the
required limits, enforced by the regulatory bodies.

3.4.1 Spray Freezedrying

As described in Section 3.3.1, the spray freezedrying process can be used to produce
pharmaceutical powder formulations. The produced formulations can enhance dissolution rate
and apparent solubility of poorly watersoluble drugs [ 29, 30]. When comparing spray
freezedrying and spray drying, the powders produced by spray freezedrying may exhibit
superior aerosolization efficiency and hence finer particles [52]. Sugars and/or polymers are
usually added as protectants or stabilizers to produce stable powder formulations. As a result
of the spray freezedrying process, spherical, light, and porous micronsized powders are
produced. This offers fast dissolution and good aerodynamics. In addition to spray freeze
drying in vapour over liquid and spray freezedrying in liquid, it is possible to directly spray
into a cold atmosphere in a chamber, which is like a direct opposite version of spray drying
(cold atmospheres versus hot atmosphere). Another option is to spray onto a solid surface,
where the liquid droplets form a thin film which is frozen ultrarapidly. Therefore, this process
is sometimes called thin film freezing [53]. To realize the thin film freezing process, the
droplets of a liquid formulation can simply fall on a cold surface or spray onto a rotating steel
drum containing a cryogen such as dry ice or liquid nitrogen [53—-55]. To minimize water
vapour condensation on the cold surface, the whole apparatus can be placed in a dry box with
controlled humidity. The spray freezedrying process has been widely used for both poorly
watersoluble drugs and a variety of proteins and vaccines [ 52-56]. The powder formulations
have been used for pulmonary, nasal, and needlefree ballistic intradermal applications [ 56].

3.4.2 Orally Disintegrating Tablets (ODTS)

The orally disintegrating tablets (ODTs) are also known as orally dispersible drug delivery
systems. The feature of the ODTs is that they can release drugs immediately when coming into
contact with saliva [57]. This type of drug formulations can be highly beneficial for patients
who have difficulty in administering drugs via the oral route. Paediatrics, geriatrics,
psychiatrics, nauseated or unconscious patients fall into this category of patients. Upon
administration into mouth, the saliva penetrates into the highly porous ODTs that rapidly
disintegrate to form a suspension of fine particles. The ODTs usually contain flavours and
sweeteners (for taste marking) to enhance patient compliance. Hydrophilic polymers are
usually used as porous matrices to stabilize drug particles, and with good wettability for fast
disintegration [5]. Unit size and disintegration time are the two main parameters to consider
when assessing ODTs. The disintegration time is usually expected to be less than 1 min [58].
ODTs can be categorized into three delivery groups: sublingual route, buccal route, and
localized drug delivery [57].

Various methods have been used to fabricate the ODTs, e.g. spray drying, moulding,
compression, and the cotton candy process, to name a few [57]. The hotmelt extrusion
method may be of more industrial importance because the process can be operated



continuously and is easy to scale up. The use of freezedrying is unique because highly
interconnected porous and soluble polymeric structures can always be produced [3]. This can
lead to fast dissolution of the freezedried products and instant formation of stable aqueous
nanoparticle dispersions [8, 31, 59]. By using the freezedrying method, ODTs with ibuprofen
have been produced [60]. A factorial design approach was further used to optimize the
conditions for the performance of the ODTs [61]. Tastemarking ingredients could be added
into the freezedrying formulations and evaluated [ 62]. Some examples of commercial ODTs
available in the market include Zydis® tablets, Lyoc®, and Quicksolv® [57]. The
disadvantage for the ODTs produced by freezedrying is the weak mechanical stability and

the potential to adsorb moisture. Thus, suitable seals and packaging are required for these
ODTs.

3.4.3 Floating Drug Delivery System

The FDDS is one type of gastroretentive drug delivery system for improving gastric retention
time [63, 64]. The prolonged presence or release of drugs can improve bioavailability and
stable plasma concentration of the drugs, thereby reducing potential side effects and the amount
of dosage. For orally administered drugs, their release and adsorption are directly related to
gastrointestinal transit time. The stomach can be anatomically divided into three regions:
fundus, body, and antrum pylorus. The fundus and body act as a reservoir for nondigested
mixtures while the antrum is the main site for mixing motion and pumping actions [64]. The
particle size of disintegrated drug dosages should be in the range of 1-2 mm to be pumped into
the small intestine via the pyloric valve. The pH of the stomach in fasting state is 1.5-2.0, and
2.0-6.0 in fed state. A large volume of water or other liquids may raise the pH to 6.0-9.0 in
the stomach. The resting volume of the stomach is approximately 25-50 ml [63].

There are different mechanisms for gastroretentive drug delivery, including mucoadhesion,
sedimentation, and expansion [63]. For the FDDS, once administered into the stomach, the
density of the wetted dosage is lower than that of the gastric liquid, thereby floating and
preventing it from pumping into the small intestine rapidly. This can be achieved by
effervescent dosages and noneffervescent dosages. In an effervescent dosage, swellable
polymer and effervescent compounds (e.g. sodium bicarbonate) are included. When in contact
with the acidic gastric fluid, CO, is formed and released, which provides the buoyancy for the

dosage to float. For the noneffervescent dosage, a highly porous structure with good wetting
and/or swellable property is required. When absorbing liquid in the stomach, the swollen gel
like material with the trapped air can float and provide sustained release of the drug [63]. The
freezedrying is well placed to produce highly porous materials with tuneable pore

structures [8] and hence is an effective technique to prepare the FDDS. For example, highly
porous HPMCbased tablets were prepared by freezedrying for the gastroretentive delivery

of ecabet sodium (a locally acting antigastric ulcer drug). The porous structure lowered the
tablet density and kept the tablets floating without any lag time, until the tablets were
disintegrated and released [65]. As expected, the FDDS is not suitable for drugs that may
cause gastric lesions or are unstable under acid conditions.



3.4.4 Emulsion Freezedrying

Owing to the hydrophobic nature of many drug compounds, oilinwater (O/W) emulsions

have been employed for delivery and enhanced bioadsorption. Emulsion is a mixture of two
immiscible liquid phases with one phase in the form of droplets dispersed in the other
continuous liquid phase, usually stabilized by amphiphilic polymers or surfactants [66, 67].
Colloids or nanoparticles may be also used as stabilizers, producing Pickering emulsions. As
per the requirement of immiscible liquid phases, emulsions are always composed of water and
one immiscible organic solvent. Depending on which phase is the continuous phase, the
emulsions can be classified as O/W emulsion (where water is the continuous phase) or water
inoil (W/O) emulsion (where oil is the continuous phase) or double emulsions O/W/O and
W/O/W (basically the preformed emulsion disperses into another phase). Based on the size
of the droplets, emulsions can be categorized into emulsions (droplet sizes from submicron
to 100 microns, thermodynamically unstable), miniemulsions or nanoemulsions (droplet sizes
approximately 50-500 nm, better kinetic stability), and microemulsions (clear and
thermodynamically stable, droplets <100 nm in diameter) [67].

O/W emulsions are usually used for lipophilic drug formulations, where the lipophilic drugs
are dissolved in the oil droplet phase. The oils usually used include lecithin, soyabean oil,
lipid, triglycerides, etc. Freezedrying is employed to improve the formulation stability and
reconstitution properties. Because the oils may be liquidlike but exhibit very low vapour
pressure, they remain in the formulation after freezedrying. Cryoprotectants and bulking
agents are added to generate stable lyophilized formulations. A submicron emulsion of
antitumour drug Cheliensisin A with soyabean lecithin and medium chain triglycerides as the
oil phase and sucrose (10 w/v%) added as cryoprotectant was freezedried. The lyophilized
formulation showed improved stability, lower IC, values, and enhanced antitumour activity

[68]. Dry emulsion tablets produced by the emulsionfreezedrying technique were studied

for the delivery of a poorly watersoluble drug hydrochlorothiazide [ 69]. Medium chain
triglyceride was the oil phase while the aqueous phase contained the bulking agent
maltodextrin. The tablet strength increased significantly with the concentration of maltodextrin
and decreasing pore sizes. Methylcellulose as an emulsifier—tablet binder also showed
significant influence on tablet strength and disintegration time [69]. Bufadienolidescontaining
submicroemulsions and nanoemulsions were formed and freezedried. The optimum
cryoprotectants were found to be 20% maltose for nanoemulsions and 20% trehalose for sub
micron emulsions. The freezedried powders showed stability up to 3 months with no change
in visual appearance, reconstitution stability, and particle aggregation [70]. O/W
microemulsions containing Amphotericin B were freezedried, resulting in oily cakes, which
could be easily reconstituted and stablized under the conditions studied. The microemulsion
was prepared by adding polysorbate 80water solution to a lecithin/isopropyl myristate
mixture under stirring. Amphotericin B solution in sodium hydroxide solution (1 M) was then
added to the formed microemulsion at a temperature of 80 °C [71].

The emulsionfreezedrying approach has been further developed by Zhang et al. to produce
aqueous poorly watersoluble drug nanoparticle suspensions [ 8, 31]. Unlike the use of non



volatile oil phase in the emulsions and producing oily cakes [68—71], volatile organic solvents
such as cyclohexane or oxylene are used to dissolve hydrophobic drugs. The formed organic
solutions are then emulsified into aqueous phase containing polymer and surfactant to form
O/W emulsions. Upon freezedrying, both water and the organic solvent are removed to
generate dry porous nanocomposites. The highly interconnected porous structure allows the dry
materials to dissolve in water in seconds to form stable aqueous drug nanoparticle
suspensions. This will be the focus of Chapter 8 on freezedrying for nanomedicine.

3.5 Applications of Freezedrying in Biopharmaceutics

Based on World Preview 2016 Outlook to 2022 by EvaluatePharma, biologics will contribute
50% of the Top 100 product sales by 2022. Among the top 20 most valuable R&D projects, the
majority of them deal with biologics, with monoclonal antibodies leading the way. Currently,
in clinical applications or industrial research, the majority of the biologics/biopharmaceutics
are proteins. Proteins function when they remain in the native secondary and/or tertiary
structures. Many factors can lead to protein denaturation and aggregation. Indeed, this is one
important reason that protein pharmaceuticals are traditionally administered by injection. This
is the main barrier for biopharmaceutics during bioprocessing [72].

Because protein pharmaceutics are usually administered in parenteral formulations, liquid
formulations would be preferred. However, due to relatively fast molecule motion and water
facilitated reactions, the stability of proteins is a major issue during transport and longterm
storage. The stability issues may be addressed by suitable solid formulations, mostly prepared
by freezedrying [ 10]. This is because the degradation reactions can be avoided or slowed
down sufficiently in the dry solid state. However, during a freezedrying process, the proteins
experience freezing (cold) stress and dehydration stress, followed by the stability issue during
solidstate storage. When designing a freezedrying formulation and processing, protein
stability is the ultimate target [1, 17]. All the formulation parameters (e.g. protein
concentration and type and amount of excipients) and processing conditions should be
optimized based on protein stability.

In this section, we describe first the different types of protein degradation mechanisms and
procedures that can be taken to avoid or minimize such degradation routes. Then we will
discuss the freezedrying of different biopharmaceutics and the important parameters
investigated.

3.5.1 The Freezedrying Process for Biopharmaceutics

3.5.1.1 During Freezing

The dominant protein conformational motions are controlled by the hydration shell and the bulk
solvent [73]. The degree of hydration h can be defined as the weight ratio of water to protein.
Dehydrated proteins do not function (some proteins begin to function at h > 0.2) while full
functions may require h > 1. Largescale motions are significantly affected by variation in the
bulk solvent and controlled by solvent viscosity [73]. When freezing a liquid protein



formulation, solute concentration, increasing viscosity, and formation of ice crystals can all
contribute to protein denaturation.

Cold denaturation. The majority of proteins show cold denaturation well below the
freezing point of water. This suggests that it may not have a significant impact on protein
denaturation. However, with ice formation and protein concentration, the influence can be
huge.

Protein concentration. At a high concentration (whether because of initial preparation or
freezing induced), the number of proteins in a certain volume is high. This can lead to
stronger interaction between proteins and greater potential for aggregation and
precipitation [10]. Also, the surrounding bulky solvent may have higher viscosity, exerting
impact on protein dynamics [73]. However, there is potential advantage with higher
concentrations: the percentage of proteins exposed to freezing stress may be lower [1].
Since the percentage degradation during protein formulation is a critical parameter,
suitable protein concentrations should be selected.

pH change. Proteins are usually stable in a narrow pH range and many of them are only
stable at physiological pH. During freezing, because of the solute or ion concentration
effect and possible crystallization of certain salts, the pH can vary considerably and cause
protein denaturation. Buffering species are usually added to stabilize the pH change but
some buffering salts should be avoided due to the crystallization during freezing. Na,HPO,

crystallizes more easily than NaH,PO,, which can result in a significant pH drop [10].

With potassium phosphate, the crystallization of dihydrogen salt may give a final pH near 9
[17]. Therefore, the sodium phosphate and potassium phosphate buffers should be avoided.
Buffers with minimal pH change upon freezing may be selected from citrate, histidine, and
Tris [17].

Ice—water interface. Adsorption of proteins at the interface can lead to protein instability.
This is because the interaction with interface is favoured when a protein is partially
unfolded to give greater exposure of hydrophobic amino acid side chains (usually in the
core of protein) to the interface [11]. Air—water interface exists in the liquid formulation
whilst the ice—water interface develops during freezing. To minimize the interface damage,
surfactants can be added to the formulations. Owing to their amphiphilic nature, surfactants
tend to adsorb at the interface thereby preventing or reducing the adsorption of proteins at
the interfaces.

To start with a stable formulation, buffers, ions, nonaqueous organic solvents, and surfactants
may be included [1, 11, 17]. In order to protect the freezing stresses as outlined earlier,
excipients such as sugars, polymers, surfactants, and amino acids may be added depending on
the specific proteins. The protection of proteins by sugars (used very often) during freezing
(and also freezedrying) may be attributed to the universal thermodynamic mechanism
developed by Timasheff for control of protein stability and reactions with weakly interacting
cosolvents [ 74]. It has been established that, nearly any sugar or polyol, acting as excluded
salts, can provide increased conformational stability of proteins. Furthermore, addition of



amino acids, salts, and many polymers may also fall into this category [11].

3.5.1.2 During Freezedrying

Dehydration stresses are experienced by proteins through the partial removal of water
molecules from the hydration shell. Generally, the water content in freezedried solids is less
than 10%. This can denature proteins and prevent their functioning [73]. During a dehydrating
process, the proteins may transfer protons to ionized carboxy groups and reduce the charges in
the structural proteins. The resulting low charge density can lead to stronger protein—protein
hydrophobic interaction and cause protein aggregation [10]. Another stress is the increased
surface (interface of solid/air) generated by sublimation of ice. In addition to the instability
related with surface adsorption, this may have a pronounced effect during storage of the solid
formulations.

FTIR has been mostly used to monitor protein denaturation during freezedrying, with the
focus in the amide I, IT or III region [10]. Moreover, hydrogen bonds are disrupted during
freezedrying, leading to an increase in frequency and a decrease in the intensity of hydroxyl
bond stretching. As observed in protein solid formulations, 3sheet contents are increased
while the contents of ahelix are decreased. An increase in 3sheet content usually indicates
protein aggregation and/or intermolecular interaction. This can be monitored by two major IR

bands at about 1617 and 1697 cm™ ! [75].

Because freezing and freezedrying are two separate processes with different stresses

induced, both cryoprotectants and lyoprotectants are required for solid protein formulations
generated by freezedrying. Fortunately, the widely used excipients such as sugars or
disaccharides function in both processes to stabilize the proteins. Sugars such as trehalose and
sucrose are the mostly used excipients. A ‘water replacement’ mechanism is generally utilized
to emphasize how sugars can stabilize proteins during freezedrying. That is, sugar replaces
water molecules from the hydration shell and then interacts/stabilizes the proteins through
hydrogen bonding [11, 76].

3.5.1.3 During Solid State Storage

The instability of solid protein formulations during storage has been reviewed from the
perspective of chemical and physical factors and also from the angle of thermodynamic and
kinetic influences [10, 11, 77, 78]. In this section, we describe how chemical reactions and
physical interactions contribute to protein denaturation/aggregation, what excipients may be
added to stabilize the proteins, and then explain stabilizing mechanisms proposed in literature.

Chemical Reactions

There are several typical reactions involved in the instability of solid protein formulations.

1. Deamidation. This is a common degradation route for peptides and proteins containing
Asn and GIn [10, 11]. For the Asn deamidation, it generates two degradation products (Asp
and isoAsp) at the site of the original Asn residual. The mechanism and more detailed
information may be found in the reviews [[10, 11], and references therein] and the website



on this topic (www.deamidation.org).

2. Hydrolysis. The degradation by hydrolysis at As/Asp residues and Aspassociated
hydrolysis of the peptide backbone. This type of reaction shows the sensitivity to pH and
buffer species [11]. The hydrolysis of peptide backbone is also observed in antibodies
containing no Asp.

3. Protein glycation(Maillard reaction). This type of reaction occurs between the carbonyl
groups of reducing sugars and the lysine and arginine residues (the base) in proteins. A
reducing sugar exhibits a free aldehyde group or ketone group and can act as a reducing
agent. All monosaccharides (e.g. galactose, glucose, and fructose) are reducing sugars.
Disaccharides can be either reducing or nonreducing. Nonreducing disaccharides
include sucrose and trehalose. Their glycosidic bonds between anomeric carbons cannot
convert to the openchain form with aldehyde group at the end. The examples of reducing
disaccharides include lactose and maltose. The Maillard reaction is named after French
chemist Louis Maillard and has been widely investigated in food industry. It is related to
aroma, taste, and colour and is involved in cooking processes such as roasting, baking, and
grilling. It is also known as nonenzymatic browning reactions because of the colour
developed during the reaction. The Maillard reaction is very complicated but the initial
basic reaction is the condensation of a reducing sugar with a compound containing an
amino group (e.g. lysine or lysine residuals in peptides and proteins). The condensation
product is Nsubstituted glycosilamine, which rearranges via Amadori rearrangement and
then follows different mechanisms under different pHs to finally form Melanoidins (brown
nitrogenous polymers) [79].

Oxidation. Proteins containing His, Met, Cys, Tyr, and Trp amino acids can be denatured by
potential oxidation reactions on these side chains. The reactions may be easily initiated by
atmospheric oxygen or the presence of other oxidation agents. The reactions may be
photocatalysed or metalcatalysed. Apart from the intrinsic nature of the amino acids, surface
area, moisture content, pH, and the presence of metal ions or other impurities in the solid
protein formulations can have significant impact on the rate of oxidation. To avoid or limit the
oxidation reactions, the solid formulations should be sealed properly (to reduce moisture or
other solvent adsorption), exposure to oxygen (air) and potential UV irradiation should be
minimized, and excipients should be added to reduce oxidation rate (e.g. mannitol as free
radical scavengers, ethylenediaminetetraacetic acid (EDTA) to chelate metal ions) [11].

1. Disulfide formation. The Cys residues can form disulfide bonds, which may cause
aggregation and affect the overall protein conformation. This process may be retarded by
the removal of free Cys residues [11].

Physical Instability

Physical instability mainly involves thermal denaturation (particularly at high storage
temperature) and denaturation from surface adsorption. Freezedrying usually leads to a
highly porous structure with high surface areas, which may contribute significantly to surface
adsorption. Thermally induced denaturation, characterized by DSC, is usually irreversible
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because the unfolded protein molecules form aggregation. There are different mechanisms of
protein aggregation induced by various factors [11, 80]. For a freezedrying process, protein
aggregation can occur from freezing and lyophilization stresses. During storage of the solid
formulations, the aggregation is likely to result mainly from chemical modifications, motion
through the amorphous matrix, and surfaceinduced aggregation. Moisture content, pH, and
other impurities can considerably influence the protein stability. The interaction of excipients
with proteins and glass transition temperature (T) of the amorphous matrix are two important

factors for storage of protein formulations. Generally, amorphous matrices with higher T,

reduce protein motion ability and contribute to higher stability. The presence of moisture can
considerably reduce the overall T, of the matrix and thereby the stability of the protein. In

addition to the common stabilizing excipients such as sugars and surfactants, bulking agents
(e.g. mannitol) can help produce an elegant cake structure and stabilize the proteins. However,
the crystallization of the excipients or bulking agents can have detrimental effects on protein
stability.

Upon reconstitution, small aggregates may be soluble (reversible aggregates) or well
dispersible (for sizes 1-100 nm). The larger particles may be suspended or precipitated from
the liquid formulations. Protein aggregates may show significant cytotoxic effects and immune
response. The relationship between protein aggregates and immunogenicity has been examined
and a mixed picture has been shown [81]. This may depend on the specific formulations and
specific proteins. The important thing is that the protein aggregates in the formulations should
be properly characterized and provided as a pharmaceutical product.

Improving Protein Stability

Depending on the proteins involved, suitable excipients should be selected for the
formulations. Some aspects of choosing excipients have already been discussed earlier, for
example, the use of nonreducing sugars, surfactants, suitable buffers, etc. The pH of the
formulations should be considered both in the freezedrying process and in the reconstitution
stage. The solution pH of the liquid solution after reconstitution can be regarded as a measure
of the solid state microenvironment pH. This can help monitor the possible ‘pH’ of the solid
formulation and its effect on protein stability and improve on the general protein formulation.

As mentioned earlier, the moisture content plays an important role. Maintaining a low moisture
content is favourable for protein stability. Moisture transfer from the stopper to the solid
formulation should be avoided. The proper seal on the vials should be kept all the time. The
vials containing solid protein formulations may be stored in a dry and inert atmosphere. This
will also decrease the chance of oxygen exposure.

Storage temperature is another important parameter. The degradation kinetics is faster at higher
temperature. A low storage temperature is always preferred although this is not always
possible particularly during shipping. Another potential problem is the crystallization of
amorphous matrix. The rate of crystallization generally increases with increasing temperature
and moisture content. Crystallization of the matrix can denature a protein because of the loss of
closer excipient interaction with proteins and the possible decrease in T, of the amorphous



matrix. With the crystallization, water molecules can be excluded from the crystalline phase
and thereby increase the moisture content of the amorphous phase. The increasing moisture can
result in the decrease of T,. For example, with the widely used excipient/bulking agent

mannitol [13], a metastable phase of mannitol can crystallize when storage/shipping
temperature is higher than 45 °C, leading to disastrous destabilization of proteins [17]. For
mannitol, there are three anhydrous crystalline forms (o, 3, 6 forms) and two metastable phases
(hemihydrate and amorphous). Mannitol tends to form crystalline forms during freezedrying
but the addition of an excipient such as sucrose can facilitate the formation and stabilize the
metastable forms [82].

Stabilization Mechanisms in Solid Protein Formulations

“Water replacement’ mechanism. This falls into the category of thermodynamic
consideration. As mentioned in the stabilization measures during freezedrying, excipients
such as sugars or polyols replace water in the hydration shell. This involves the interaction
(mostly hydrogen bond formation) between the excipients and the proteins to maintain the
native conformations of the proteins. Amorphous states of proteins and excipients allow
closer contact between them and greater Hbonding opportunities. The crystallization of
excipients (e.g. mannitol) during storage can cause increasing instability due to less
hydrogen bonding [10]. The residual water in the matrix residing at the protein—sugar
interface (socalled ‘water entrapment’) is also able to provide thermodynamic
stabilization of the proteins via hydrogen bonding [78].

Matrix vitrification. This is dynamic (kinetic) control of protein degradation in amorphous
matrix. The very high viscosity in the glass state can significantly slow down the motion,
conformation relaxation, and chemical denaturation of the protein. As the storage temperature
may vary, amorphous matrix with higher T, is usually thought to offer higher stabilization,

although this may not always be the case. The vitrification mechanism is related to the slow a
relaxation of the sugar matrix. A longer o relaxation time 7, may indicate slower degradation

[78]. In the pharmaceutical field, it is common to assume that log (t,) scales approximately
with (T — T) [83]. 7, may be also determined by positron annihilation spectroscopy or by
enthalpy relaxation techniques [77].

PRelaxation of the matrix . Although there are plenty of experimental observations that
can be explained by the above two mechanisms, they cannot adequately account for the
observation of protein stability in amorphous sugar matrix with antiplasticizing additives.
Instead, the observed protein stability is directly linked to highfrequency 3 relaxation
processes [78]. Amorphous solids exhibit three characteristic dynamic processes over a
wide range of timescales: ¢, relaxation (picoseconds, temperature independent), Johari—
Goldstein  (B;¢) relaxation (microsecond to millisecond), and the slow a relaxation
(seconds to months) [77]. In the study of protein in sugar matrix with antiplasticizing
additives, a linear relationship between degradation rates and 3 relaxation was observed.

It was proposed that the high frequency 3 relaxation process impacts protein degradation
through coupling of the 3 relaxation to local protein motions and diffusion of small



molecular reactive species in the amorphous matrix [77].

3.5.2 Biopharmaceutical Formulations

In Section 3.5.1, the routes to protein degradation and the ways of improving protein stability
have been described. Selection and addition of suitable excipients are key to stable protein
formulations. Figure 3.4 shows the molecular structures of the common excipients employed in
protein solid formulations. In this section, we discuss, through some examples (without
attempting to cover the literature comprehensively), how freezedrying processes have been
applied in biopharmaceutical solid formulations and how the processing conditions and the
selected use of excipients improve the stability of the biopharmaceutics.
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Figure 3.4 Molecular structures of commonly used excipients. Many of them also serve as
cryoprotectants and/or lyoprotectants.



3.5.2.1 Peptide Formulations

In the classification spectrum of drugs based on molecular weight (M,,) (Figure 3.3), peptides
can be positioned in the M., region of 500—5000. Compared to small molecular drugs and

proteins, pharmaceutical peptides are underinvestigated, although certainly emerging. There
are more than 60 US FDAapproved peptide medicines and around 140 peptide drugs are in
clinical trials [84]. But there are only approximately 20 new chemical entities (NCEs) for
peptides and this number has not changed too much over the years [43]. Generally, small
molecule drugs exhibit good solubility, membrane permeability, oral bioavailability, and
metabolic stability, but poor target selectivity. Biopharmaceuticals such as proteins show
target specificity and high potency but low stability and permeability. It is thought that the
peptide drugs may combine the advantages of small drugs and proteins [43]. It should be
pointed out that the classification based on M., of 500-5000 is quite arbitrary. There are no

distinctly different properties or scientific meaning for peptides and proteins around M., 5000.

For example, some researchers put insulin in the category of peptides and some others have
reported it as a protein. Peptides may be defined as molecules containing fewer than 50 amino
acids [43].

Native peptides in general do not cross cell membranes. Therefore, membrane permeability
elements are inserted into the peptide molecules to form ‘cell penetrating peptides’ [84]. Via
rational design and chemical modifications, e.g. introducing ahelixes, forming salt bridge,
lactam bridge, the peptides can show better pharmaceutical properties [84]. Peptides with
cyclic backbone are better resistant to proteolytic degradation [43]. Currently, most of the
peptide drugs have less than 20 amino acids, representing 75% of existing marketed peptides
[43]. Greater effort may be made to discover peptide drugs with the size up to 50 amino acids.

To improve the stability of peptide drugs, suitable excipients may be added into the
formulations. Micro and nanoencapsulations are also effective and have been investigated
[85]. Freezedrying is an effective method to prepare stable dry peptide formulations. For
example, glucagon was dissolved in three different buffer solutions and then mixed with the
excipient solutions. Polysorbate 20 was added as a polymeric surfactant. Three carbohydrate
excipients, trehalose, hydroxyethyl starch, and fcyclodextrin, were investigated. The
freezedried formulations were characterized by MS, HPLC, FTIR, DSC, and turbidity [ 86].
Contrary to proteins, it was thought that stabilizing the secondary structure of glucagon was not
a prerequisite for its stability. The study showed that stable freezedried glucagon
formulations could be produced. The presence of polysorbate 20 facilitated the decrease of
glucagon aggregation and chemical degradation [86].

In a freezedrying study with a model peptide hormonehuman secretin (0.002 w/v%),

excipients of NaCl (0.9 w/v%), cysteineHCI (0.15 w/v%), and mannitol (2 wt%) were
investigated [87]. After reconstitution, the amount of secretin was measured by HPLC while
the aggregated particles were examined by dynamic laser scattering (DLS). The storage of the
solid formulations was studied at different temperatures (—20, 4, 25 and 25 °C/60% RH) and
different periods (0, 1, 4, and 8 weeks). The study demonstrated that the increased crystallinity
of mannitol occurred with time. The aggregated particles and increased reconstitution time



were observed with longer storage period and higher temperature/humidity [87].

3.5.2.2 Protein Formulations

Freezedrying has been mostly employed in solid protein formulations [ 1, 10, 11, 17, 56
Some of the examples include monoclonal antibody (e.g. IgG) [88, 89], insulin [90, 91],
cytokine [92], and enzymes [76, 90, 93]. O'Fagain and Collition described the practical
procedures of freezedrying protein formulations, aiming to achieve protein stability during
freezedrying and storage [ 94]. Prevention of bacterial contamination, selection of suitable
excipients, low temperature storage, and the operational procedures of the freezedrying were
all covered, with useful notes on best practice and common pitfalls [94]. The research and
development on solid protein formulations have focused on optimizing the excipients,
formulations, and freezedrying process controls.

For example, alkaline phosphatase (a protein enzyme) was stabilized with inulin or trehalose
and also ammediol as a plasticizer. The enzymatic activity of the protein remained stable when
the Tg was well above the storage temperature [76]. It was concluded that the vitrification

mechanism played a dominant role in stabilization when the storage temperature was up to 10—
20 °C higher than T, whilst the water replacement mechanism was the main factor for

stabilization at higher T, [76]. For the same protein, the freezedrying process was also

performed with waterbinding substrates (sucrose, lactose) or nonwaterbinding substrates
(mannitol, PVP). Not all the waterbinding substrates (the reducing sugar, lactose) could help
to maintain the protein activity [93]. In the freezedried insulin formulation with trehalose or
dextran, the two types of formulations showed different stability behaviours during storage
with regard to storage temperature and relative humidity. fRelaxation mechanism seemed to
be responsible for the degradation of insulin in the matrix of trehalose and dextran [95].

There are many studies focusing on the use of different excipients and newly designed
excipients. It is important to find out what exactly affects the stability of the target proteins and
what alternative methods may be taken to improve the stability. Oligosaccharides dextran and
inulin of approximately the same M,, was combined with four proteins of different M,,s (6

540 kDa). It showed that molecular flexibility played a significant role in stabilizing the
proteins. As long as the matrices are amorphous, smaller and more flexible sugar molecules
can provide better stabilization due to less steric hindrance [90]. New excipients may be
designed and synthesized to give better stabilization of protein pharmaceutics. For example, a
series of polyethermodified Nacy amino acids were synthesized and they were used as non
ionic surfactants in protein formulations. The surfactant containing a phenylalanine moiety has
shown slow thermal degradation and aggregation of IgG and IgGderived pharmaceutics,
compared to the commonly used polysorbate surfactants [89].

Different freezing techniques, including freezedrier shelf [ 96], spray freezedrying [ 56], and
thin film freezing [53], have been used for the preparation of solid protein formulations. An
inhibition of mannitol crystallization was observed by addition of sucrose and NaCl during
freezing. However, the annealing step promoted the formation of mannitol hydrate, which is
known to undergo conversion into the anhydrous polymorph upon storage [97]. It was found



that the drying step was necessary to cause aggregation of the recombinant human interferony
in a freezedried sucrose formulation, not the adsorption to the ice/liquid interface. However,
an additional annealing step resulted in more nativelike protein structures and suppressing
the aggregation upon reconstitution [98].

It is favourable to perform the freezedrying step at a higher temperature as this will
considerably shorten the freezedrying cycle and it is economically beneficial. It is widely
accepted that the product temperature during freezedrying should be below the T, in order to

get an elegant cake structure. Higher temperature freezedrying may be achieved by selecting
suitable excipients that have high T,,. Recently, it was shown that it was possible to freezedry

above the T, in amorphous IgG formulations while maintaining the product quality. This was

achieved by using highconcentration protein formulations [ 88]. However, this should be
carefully examined, depending on specific protein formulations. This is because high protein
concentration and the drying procedure could promote the transformation of excipient
polymorphs [99].

Proteins have been encapsulated to protect their stability (either in the storage or in the GI) and
enhance the chance of oral administration with better patient compliance [85]. Spray drying
and spray freezedrying are some of the widely used methods [ 56, 100]. Dry micronsized
particle powders are usually produced. Precipitation and emulsion evaporation are the mostly
used methods to produce proteinencapsulated nanospheres [ 85, 100]. As these nanospheres
are prepared as aqueous suspension, freezedrying of the nanoparticle suspensions is usually
required to produce dry formulations with improved stability for shipping and storage [101].
Similarly to freezedrying of liquid protein formulation, the proteins in nanoparticle
suspensions during freezedrying are highly likely to experience the same freezing stress,
freezedrying stress, and the stability issues during solid storage. This indicates that suitable
excipients should be also included in the proteinencapsulated nanoparticle suspensions.

Insulinloaded poly(lactic  coglycolic acid) (PLGA) nanoparticles were prepared by an
emulsion evaporation method based on W/O/W double emulsions and were freezedried with
different cryoprotectants (trehalose, glucose, sucrose, fructose, and sorbitol) at a concentration
of 10 w/v% [102]. In general, the addition of cryoprotectants improved the protein stability.
Compared to the formulations without cryoprotectants, the content of insulin native structure in
the freezedried formulations was enhanced from 71% to 79% on average. Among these
formulations, the sorbitolbased formulation showed better stabilization capability [ 102].
Effects of different carbohydrates and polymeric cryoprotectants (Microcelax®mixture of
lactose and Avicel, AvicelPH102microcrystalline cellulose, mannitol, sucrose, Avicel
RC591, maltodextrin, Aerosil, and PEG4000) on freezedrying of nanostructured lipid

carriers were investigated. Among the tested excipients, Avicel RC591 was found to be most
effective in maintaining the particle sizes [103]. Different sugar excipients at the
concentrations of 1-3 w/v% were applied to the freezedrying of nonloaded and
doxorubicinloaded PEGylated human serum albumin (HSA) nanoparticle suspensions. It was
found that 3 w/v% concentration generated the best stabilization result and sucrose and
trehalose displayed better longterm storage stability than mannitol [ 104]. Later, a similar



finding for freezedrying of HI6loaded recombinant HSA nanoparticles was reported

[105]. Instead of adding sugar excipients into the nanoparticle suspensions, the co
encapsulation of cryoprotectants (trehalose, sucrose or sorbitol) into insulinloaded PLGA
nanoparticles could also mitigate the freezing stresses to maintain protein activity [85]. Similar
to freezedrying protein formulations, annealing of frozen nanoparticle samples could affect

the drying process. This was shown by the accelerated sublimation rate but without affecting
the nanostructure when annealing a nanocapsule sample [106].

3.5.2.3 Vaccine Formulations

Vaccines save millions of people over the years by immunization against tuberculosis, polio,
diphtheria, tetanus, measles, hepatitis B, and pertussis. It is estimated that these vaccines can
save about 2.5 million lives each year. However, the significant issue of vaccine shortage
remains and vaccines are not accessible to every person in developing countries. It is the goal
of the Global Vaccine Action Plan (GVAP), to deliver full access to immunization by 2020.
Vaccine shortage has been enhanced by stability problems during storage and shipping as well
as by the lack of medical workers (because vaccines are usually available as injection
formulations). Vaccines can be classified into different types: live attenuated vaccines,
inactivated vaccines, subunit vaccines, toxoid vaccines, conjugate vaccines, DNA vaccines,
and recombinant vector vaccines [107]. Live attenuated vaccines consist of viruses that have
lost their virulence but are still able to provide a protective immunity against a virulent virus.
These types of vaccines are easier to produce (than inactivated vaccines) and are the most
successful of the human vaccines because they can offer longterm immunity [ 108].

Adjuvants are materials added to vaccine formulations in order to improve immunological
response. The criteria for an adjuvant are safety, stability, and the cost. Adjuvants are usually
introduced to subunit and recombinant protein vaccines [109]. These vaccines are highly
purified antigens, contain only a part of the pathogen to generate immune response, and are
safer because they have no ability to revert to a virulent form. The often used adjuvants include
aluminium salts, emulsions, and liposomes, which have been proven to be safe and cheaper
[109, 110]. There are newly developed adjuvants that combine the usual adjuvants and immune
potentiators, e.g. AS04 [109, 110]. For vaccine formulations, the interaction of vaccine and
adjuvant and the stability of both vaccine and adjuvant should be considered [110].

Vaccines are conventionally produced in liquid forms. The stability of vaccines may be
maintained in a cold medium with suitable cryoprotectants such as nonreducing sugars,
polymer surfactants, and buffers. The storage temperatures may go down to —20 °C or even
—60 °C. A storage temperature above 8 °C is always harmful for vaccines [109]. Whenever the
cold temperature cannot be maintained during storage, shipping, or delivering, the outcome of
the accelerated degradation in aqueous medium can be disastrous.

Like solid protein formulations, the freezedrying of vaccine can also provide higher stability
and the potential for oral administration [108, 111]. The latter development can be highly
beneficial because a trained medical worker may not be required to deliver the vaccine to
patients. Similar stabilizing mechanisms and approaches from solid protein formulations may



be applied to vaccine freezedrying [ 110, 112]. However, for live attenuated vaccines,
additional freezing stabilization may be required, like what has been required in cell
cryopreservation [108, 113]. The control of ice nucleation and crystal growth is critical in
cryopreservation where the dehydration stress during freezing and mechanical damage of ice
crystal growth should be minimized. The effects of change in pH, osmolarity, and solute
concentration can be more significant. In the vaccine freezedrying applications, similar
excipients as those used in solid protein formulations have also been employed, e.g. potassium
phosphate (pH 6-8, in the range of virus activity, despite small pH change during freezing),
sucrose/trehalose/sorbitol [108]. Usually, the vaccine and adjuvant are mixed together before
using. This can generate financial and technological barriers. By freezedrying a

nanoemulsion containing both tuberculosis antigen and adjuvant, one single vial containing the
dry formulation of both components can be produced, reducing the coldchain dependence of
the vaccine product [114]. Although freezedrying is very promising, other drying methods
such as foam drying should still be considered, depending on the type of vaccines. In a recent
study, it was found that the dry formulation of live attenuated influenza vaccines prepared by
foam drying was an order of magnitude more stable than those prepared by freezedrying and
spray drying [115].

3.5.2.4 Nucleic Acidbased Formulations

Nucleic acids are biopolymers composed of monomers called nucleotides. A nucleotide is
formed from the condensation reaction of phosphoric acid, 2deoxyribose (or ribose), and
Ncontaining organic bases. The polynucleotides formed from 2deoxyribose are called
deoxyribonucleic acids, abbreviated as DNA, while the ones from ribose are called
ribonucleic acids, abbreviated as RNA. DNA are double strands formed from pairing bases.
Three kinds of RNAs are identified: ribosomal RNA (rRNA, the majority), messenger RNA
(mRNA), and transfer RNA (tRNA). In both RNA and DNA, the acidity and negative charges
result from the phosphoric acid in the polymer chains.

Nucleic acids are used as biopharmaceutics to treat infectious diseases and incurable diseases
such as cancer and genetic disorders. The therapeutic treatments depend on either replacing a
modified gene with the healthy one or completing a missing one to express the required
proteins [116]. This means that the nucleic acid pharmaceutics need to transport through cell
membrane (for RNAs) and further move into the nucleus (for DNAs). It is very difficult for the
naked RNAs or DNAS to survive the transporting process. Viruses are initially used as carriers
to transport RNA/DNA into the cell or cell nucleus. However, the risk of triggering immune
response by using viruses as delivering vectors can be disastrous. Furthermore, the costs of
preparation and storage of virus formulations are very high. Nonvirus gene carriers have thus
been widely investigated and used [116].

The nucleic acidbased therapeutics include plasmid DNAs (pDNAs, introduce transgenes
into cells), oligonucleotides (short singlestranded segments of DNA, duplex with mRNA for
antisense applications, triplex with DNA for antigene applications), ribozymes (RNA
molecules able to sequencespecifically cleave mRNA), DNAzymes (analogues of ribozymes
with greater stability), aptamers (small singlestranded or doublestranded segments,



directly interact with proteins), and small interfering RNAs (siRINAs, short doublestranded
RNA segments, downregulate diseasecausing genes via RNA interference) [ 117]. pDNAs
typically contain 5000 base pairs or more while siRNAs usually have only 20-25 base pairs
[118]. In order to deliver DNAs/RINAs, the commonly used nonvirus carriers are cationic,
forming complex with DNAs/RINAs via electrostatic interactions. These carriers include lipids
(forming lipoplex), polymers (forming polyplex), and nanoparticles with positive surface
charges [116]. Different lipids and polymers such as polyethyleneimine (PEI), poly(lysine),
chitosan, and dendrimer polyamidoamine have been widely used. The complexation of
polycations and pDNAs can condense the large pPDNA molecules into very small structures that
can enhance its transport across cellular barriers. But this condensation effect may be limited
to polynucleotides greater than 400 bases [118].

Liquid formulations can be readily prepared and are convenient to use particularly in
parenteral administration. However, polyplexes and lipoplexes in aqueous media are not
favoured for shipping and longterm storage [ 119]. Freezedrying the liquid formulations is
an effective route to enhancing storage stability. Linear PEI (M,, 800 Da—800 kDa) was

complexed with oligodeoxynucleotide (ODN) and ribozyme. The freezedried products
showed no loss of activity for ODN-PEI and ribozyme—PEI but a decrease of the transfection
efficiency was observed for plasmid—PEIL. However, this could be addressed by adding
trehalose, mannitol or sucrose as lyoprotectants [120]. In another study, the freezedried
plasmid/PEI (M,, 22 kDa) polyplex showed longterm stability. The products from isotonic

formulations with 14% lactosucrose, 10% hydroxypropylbetadex/6.5% sucrose or 10%
povidone/6.3% sucrose showed no particle size change after storage for 6 weeks at 40 °C.
Polyplexes with lactosucrose or hydroxyproplybetadex/sucrose showed high transfection
efficiencies and cellular metabolic activities [121]. Mesoporous silica nanoparticles were
coated with PEI and then complexed with DNA. The freezedried formulations showed
enhanced gene expression and higher efficiency. The use of trehalose as lyoprotectant
facilitated the formulation stability — maintaining the activity for at least 4 months storage at
room temperature [122]. Freezedried lipid/DNA complexes with glucose, sucrose, or
trehalose as lyoprotectants were investigated for longer term storage (up to 2 years) at
temperatures of —20 to —60 °C. Degradations were observed in terms of transfection rates,
particle size, dye accessibility and supercoil content in all the temperatures. It was found that
preventing the formation of reactive oxygen species in the dry state storage was very important
to maintain the stability [123].

It was observed that freezedrying siRNA-liposome in ionic solutions led to the functionality
loss of 65—-75% while the addition of sugars (trehalose, sucrose, lactose, glucose) could
maintain transfection efficiency with no loss [124]. The freezedried siRNA with PEGylated
lipids showed the mucoadhesive property and could be rehydrated by body fluid to form a
hydrogel and achieve the sustained release of siRNA [125]. Trehalosebased block
copolycations were synthesized and could form stable complex with pDNA. These polymers
could act both as stabilizer and lyoprotectant. Without adding sugar as lyoprotectant, the
freezedried formulation showed good stability and high gene expression after reconstitution.
From the study of the in vivo pDNA delivery, these polymers exhibited favourable properties



in cytotoxicity, cellular uptake, and transfection ability [126].

Spray freezedrying is an alternative technique for lyophilization of nucleic acidbased
formulations, particularly for lipid nanoparticle [127, 128]. In addition to the enhanced
stability, spray freezedrying is highly effective in producing porous powders for pulmonary
delivery via inhalation devices [119]. Particularly, due to its poor pharmacokinetics, it is
preferred to deliver siRNA for local administration, e.g. inhalation for respiratory diseases
[129]. Sugars are usually added as lyoprotectants to enhance the formulation stability. This has
been demonstrated by lipid/pDNA [130] and PEI/DNA with sugar additives (sucrose,
trehalose, mannitol) [131]. Biodegradable polycations were synthesized and formed complex
with pDNA. Porous particle powders (5—-10 pm in diameter) were produced by the spray
freezedrying process, with the integrity of pPDNA maintained [ 132]. It was also noted that the
addition of LLeucine in the formulation could improve the inhalation performance [132]. pH
responsive peptides were complexed with DNA. Mannitol was added as lyoprotectant for the
preparation of inhalable dry powders [133]. This study also compared the performance of the
formulations produced both by spray freezedrying and spray drying. The spray drying
powders showed some advantages [133]. pH responsive peptides were also used in the
inhalable siRNA formulations, which showed antiviral activity against HIN1 influenza virus,
although prepared by a spray drying method [134].

3.6 Freezedrying in Food Applications
3.6.1 Simple Freezedrying

Drying is a process used to preserve food. Industrial production of foods is generally achieved
by convective drying or hot air drying. However, these drying methods often lead to significant
shrinkage and quality loss of the foods. Freezedrying has been widely used for food
preservation to improve the longterm storage, but mainly for highvalue foods. The high

value foods may include but are not limited to: (i) seasonal and perishable commodities; (ii)
baby foods with maximum quality and nutrition; (iii) nutraceutical foods; (iv) organoleptic
foods (e.g. flavours, aromatic herbs, coffee); and (v) specially designed foods for outdoor
activities such as military foods, space foods, etc. [135]. The drying process may cause
changes in the physical aspects including colour (although this may be a result of chemical
degradation/reaction), structure (e.g. hard casing, shrinkage), and chemical deterioration of
aroma compounds and degradation of nutritional components. Generally, freezedrying can

lead to minimal shrinkage, maintain the porous structure and texture, and offer the best
potential for rehydration. For example, when drying berries, the volume shrinkage during
freezedrying is around 5-15% while it is approximately 80% for air drying [ 136]. Owing to
the greater costs than air drying, freezedrying can only be economical for the production of
highvalue foods. But it has been widely used in the production of dry meat, fruits, vegetables,
and functional foods [135-138].

Although freezedrying is a better drying technique in preserving food quality, the freeze
dried food may be not as nutritious or delicious as fresh food. For example, the content of



phenolics is lower in the freezedried extract [ 139]. After freezedrying fruit pulps, the
activity, texture, and browning index should be evaluated against the fresh ones [140]. Other
techniques may be combined with freezedrying to reduce the drying time and/or improve
shelf time. For example, during atmospheric freezedrying of shrimps, pretreatment by
vacuum thermal drying and osmotic dehydration were used to reduce the drying time and the
effects were investigated [141]. Broiler chicken meat was treated by a flow of ozone before
freezedrying. This process could extend the shelflife up to 8 months [  142].

3.6.2 Encapsulation

For sensitive and/or volatile food additives, simple freezedrying would not be able to
preserve these additives. Encapsulation of these additives into matrix or
nanospheres/microspheres has been an effective approach to addressing this problem. The
encapsulation can protect the active/volatile ingredients from the surrounding environment,
prevent or reduce the loss, and control the release of these ingredients in a timely manner at the
right place. This method can transfer the liquid form to an easily handled solid form, also
offering longerterm storage [ 28, 143]. The encapsulation procedure involves the core
materials that are incorporated into particles or matrix and the wall materials that encapsulate
or surround the active core materials. A variety of food components, protein powders, oils,
flavours, cells, and enzymes have been used as core materials. The common wall materials
include maltodextrin, chitosan, modified starch, gums, whey protein, skimmed milk powder,
soya protein isolate, gelatin, cyclodextrin, lecithin, and modified cellulose [28, 143-145].

Different methods have been used for the encapsulation, including spray drying, extrusion,
coacervation, emulsification, molecular inclusion, and fluidizedbed coating [ 28, 143—145].
Freezedrying is unique in that it can result in minimal shrinkage, has a good structure and is
suitable for heatsensitive actives. The encapsulation can be carried by directly freeze

drying aqueous solutions containing the wall material and food ingredients (e.g. fruit extract)
[146]. The prerequisite is that these food actives should be soluble in water although it is
possible to suspend powders in the aqueous medium. For the hydrophobic compounds or oils,
an emulsion may be formed first and then subjected to freezedrying [ 147, 148]. However, the
mostly used method is spray freezedrying. Different liquid formulations, including aqueous
solutions, suspensions, and emulsions, can be spray freezedried to produce dry encapsulated
powders [28, 36, 143145, 149]. These powders can be easily handled for packaging or
mixing with other food ingredients. The type of the wall materials and the porosity and the size
of the microparticles may be tuned for controlled release or fast rehydration.

3.6.3 Probiotic Foods

Probiotics can be defined as live microorganisms that benefit the host when administered.
Probiotic foods can benefit the immune system, strengthen the mucosal barrier and suppress
intestinal infection. High levels of viable microorganisms (in excess of 109 cfu day ) may be
required in probiotic foods for efficacy [150]. For probiotics to be used in foods successfully,
several criteria must be met: good viability and activity, stability during processing and



storage, being alive during passage in the upper GI tract and arriving at the action site, and
functioning in the gut environment [151]. The dairy fermentation industries, including
production of cheese, yoghurt, and sour cream, are ranked second only to the production of
alcoholic beverages. It has been well established that some lactic acid bacteria play a very
important role in the fermentation processes [152]. In fermented probiotic processes, it is
common to culture probiotic bacteria with other types of bacteria (starters) in order to generate
good sensory properties.

Freezedrying is a preferred method to make dry formulations of microorganisms, which offer
the benefit of easy handling, transport, and longterm storage [ 153]. Again, the low shrinkage
and porosity associated with freezedrying contribute to fast rehydration with the maximal
activity of microorganisms. Like cell cryopreservation [113] or freezedrying of live

vaccines, the control of the freezing process is very important for maintaining the probiotic
bacteria activity. Cryoprotectants should be added. Fast freezing with small ice crystals may
be beneficial for the bacteria [150].

Similar to what has been described for freezedrying of biopharmaceutics, a variety of sugars
and polymers can act as cryoprotectants and lyoprotectants for the freezedrying process as
well as stabilizers for storage. The protectants that are usually used include trehalose, sorbital
sucrose, glucose, lactose, maltodextrin, skim milk powder, whey protein, betaine, dextran, and
PEG [150, 152]. The protecting compounds may be added to the probiotic bacteria
suspensions before freezedrying. For example, glucose, lactose, trehalose, and skim milk
were added either alone or combined before freezedrying Lactobacillus rhamnosus and
Lactobacillus casei/paracasei. Survival rates greater than 94% were observed immediately
after freezedrying. When stored under refrigeration, the freezedried formula with skim milk
alone or supplemented with trehalose or lactose showed the best performance after 39 weeks
of storage. The lowest survival was found with glucose and glucose plus milk for non
refrigerated storage; no viable cells were left at the end [154]. Conventional freezedrying

and spray freezedrying were compared for the microencapsulation of L. paracasei. The
spray freezedrying method was found to be better, with >60% of probiotic cell viability. In
the freezing stage, high concentrations of trehalose helped preserve the cell viability. Overall,
higher concentrations of protectants (maltodextrin, trehalose) contributed to high probiotic
viability during freezedrying and storage [ 155]. In addition to sugars and disaccharides,
polymerbased formulations could also support the viability of probiotic cells effectively
[156].

Sugar protectants may be also added to the culture media prior to fermentation to facilitate the
adaptation of probiotic cells to the environment. When grown in batch culture, the growth of
bacterial culture may be divided into four stages: log, lag, stationary, and death phases. At the
stationary phase, the cells develop a general stress resistance and are thus more resistant to the
surrounding stresses. Therefore, freezedrying the probiotic cells at the stationary phase is the
optimal stage to maintain cell viability [150]. When adding sugar protectants in the culture
media, they can accumulate within the cells. The osmotic difference between the internal and
external environment is reduced. This can help mitigate the stresses induced by freezing. For
example, the presence of sugars such as lactose, sucrose, and trehalose during the growth of



probiotic cells was found to help adapt to freezing and thawing stresses [157]. The lower
decrease in viability after freezedrying was observed when Lactobacillus bulgaricus was
grown with mannose (the best), fructose, and sorbital [158]. Metabolites such as mannitol,
sorbitol, and glutamate, which in most cases remain inside the cells, may contribute to the
improved survival rate during freezedrying [ 159].

The selection of protectants for the freezedrying process can have significant impact on the
storage. Nonreducing sugars may be a better choice due to the potential Maillard reactions of
reducing sugars with cell proteins [79]. Storage temperature, relative humidity, powder
composition, and exposure to oxygen and light are the important factors on the viability of
probiotic cells in the dry powders during storage. Rehydration is the final critical step for the
revival of probiotic cells after storage. It has been suggested that freezedrying the cells at the
stationary phase and employing a slow rehydrating procedure may produce the best results
[150].

3.7 Summary

Freezedrying has been widely used in solid pharmaceutical and biopharmaceutical
formulations, with the main objective being high stability during longterm storage and
reconstitution. Excipients have been added to the formulations to maintain the functions of
APIs, reduce the stresses during freezing and freezedrying, and enhance the stability during
storage. Different types of excipients are described and some of the common excipients are
given as examples. From the industrial point of view, reducing the freezedrying costs, by
reducing freezedrying time or raising the freezedrying temperatures is essential; this has
been addressed in this chapter. This may be achieved by the use of different freezing
techniques (e.g. spray freezedrying, spin freezing) and various freezedrying options.

This chapter has also focused on the applications of freezedrying in pharmaceutics,
biopharmaceutics, and foods (especially probiotic foods). Special attention is paid to solid
protein formulations, with stabilizing mechanisms, degradation routes, and stabilizing options
being discussed extensively. A variety of solid formulations in each category are described in
detail, emphasizing the advantages resulting from freezedrying, providing examples for
freezedried formulations, and comparing with other formulation approaches. This
demonstrates the importance and uniqueness of the freezedrying technique in industrial
applications. The principles and formulations that are used to produce highquality products
may be adopted to fabricate icetemplated materials as will be discussed in the following
chapters.
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4
Porous Polymers by Ice Templating

4.1 Introduction

Porous materials, including polymers, are used in a very wide range of applications, including
separation, catalysis, energy storage, tissue scaffolds, to name a few [1-4]. The pore sizes may
be categorized as micropores (<2 nm), mesopores (2—50 nm), and macropores (>50 nm) [1].
The pores may be arranged either in order or at random. The pore shapes may be designed and
synthesized for shapecontrolled molecular separation or catalysis [ 5-8]. A porous material
containing pores of different sizes (particularly in different categories) is called a
hierarchically porous material [1].

Mesoporous polymers and macroporous polymers are usually prepared by templating
techniques [9—12]. The templates may be classified as hard (e.g. rigid objects such as colloids,
particles, preformed porous solid structures) or soft (usually the selfassembled structures

of surfactants/block copolymers or liquid drops) [11, 12]. Emulsion templating, where the
liquid droplets are used as templates, has been an effective route to producing macroporous
polymers and other materials [13—15]. Gas foaming or supercritical fluid foaming are also
efficient in fabricating highly interconnected macroporous polymers [9, 10]. Soft templating
(mainly, micelles, microemulsions) [11, 12] and selfassembly of block copolymers and
associated processing techniques are widely known to generate mesoporous and/or
microporous materials [16].

Microporous polymers, with pore sizes <2 nm, can be directly synthesized, with the potential
to control pore shape and pore size. This has been a highly intensive research area,
particularly due to the extremely high surface area, pore surface functionality, tailored pore
shape for great potential in gas storage, gas separation, catalysis and biomedical applications
[2—8]. Wellknown examples of microporous polymers include hypercrosslinked polymers [ 2,
17], polymers of intrinsic microporosity (PIMs) [3, 4], conjugated microporous polymers [5,
18], covalent organic frameworks (COFs) [5-7], and porous organic cages [6, 8]. Among
them, COFs and porous organic cages are crystalline polymers, which is the basis for Xray
diffraction and neutron diffraction studies to elucidate the pore structure and pore arrangement.
It is also relatively easier to carry out simulation studies on these crystalline polymers [6-8].

A hierarchically porous polymer may be synthesized by employing dual or multiple templates
or combining direct synthesis and templating [1, 6, 11]. Different templating techniques may be
combined to tune porosity and pore morphologies. In this chapter, we introduce and focus on
another templating technique, namely, ice templating and/or freezedrying, for the preparation
of porous polymers. For the icetemplating method, water (or other solvents) in a solution,
suspension, or emulsion is frozen to formice crystals. The ice crystals, acting as templates, are
then removed (usually by freezedrying) to produce a porous structure ( Figure 4.1) [10,
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Figure 4.1 Schematic representation of an icetemplating process for the preparation of a
porous material.

Source: Qian and Zhang 2011 [10]. Reprinted with permission from John Wiley & Sons.

Porous polymers may be prepared by freezedrying solutions, suspensions, gels, and highly
crosslinked polymer. When producing porous structures, ice templating is essential for aqueous
solutions and suspensions where the solutes or particles may be excluded from the growing ice
crystals and concentrated between ice crystals. For the weakly crosslinked gels, the flexible
and loosely linked polymer chains may be partially pushed away by ice crystals, leading to the
formation of icetemplated structures. Indeed, the structures of the freezedried gel and

hydrated gel are usually different even if the freezedrying process is carefully performed

[22]. However, for highly crosslinked polymers or framework materials, the rigid structure
may prevent the templating effect caused by ice crystal growth. The freezedrying of such
materials is mainly to maintain the highly porous structure (the sublimation of solid ice exerts
much lower interface stress than drying by liquid phase evaporation). There are also some new
developments in material preparation facilitated by the freezing process. For example, the
freezinginduced concentration of solutes can lead to surfactant selfassembly and formation

of mesoporous silica [23] or selfassembly of peptides for peptide nanostructures [ 24].
Because these types of structures do not result from ice templating, they are not included in the
discussion below.

4.2 Porous Polymers by Freezedrying of Solutions
and Suspensions

4.2.1 Polymer Sponges

The sponge structure usually indicates a highly interconnected 3D macroporous structure. The
distribution of pores in a sponge is usually random although local ordering may be present.
Aqueous solutions or suspensions are mostly used for the preparation of polymer sponges. In
brief, the suspensions/solutions contained in plastic vials (e.g. polystyrene, polypropylene,
Teflon) or glass vials are placed in a cold environment such as a freezer or a cold room
[25-28], shelf of a freezedryer with varying freezing rates [ 29, 30], or simply immersing in a



cold liquid (e.g. liquid nitrogen) [28-31]. The growth and orientation of ice crystals are not
controlled but the local alignment is usually observed due to the presence of local temperature
gradient.

Porous polymers can be readily prepared from aqueous solutions of hydrophilic polymers such
as cellulose, chitosan, poly(vinyl alcohol) (PVA), etc [25, 28, 32]. However, these porous
polymers are mechanically very week, shrink when exposed to moisture or in air, and rapidly
dissolve when in contact with water or aqueous medium. This severely restricts their
applications.

Cellulose nanofibers can be prepared by mechanical shearing and disintegrating of cellulose
fibers with the widths in the range of 10-100 nm. Alternatively, bacterial cellulose nanofibers
may be synthesized by disintegrating cellulose via the use of microorganism. The diameters are
in the range of <100 nm but consist of much finer fibrils (2—4 nm). Cellulose nanocrystals are
sometimes used as well, exhibiting crystalline defectfree rodlike structures. These
nanocelluloses can be chemically modified to offer a variety of surface functionalities [33].

Cellulose nanofibrous foams or aerogel can be readily prepared by the icetemplating

technique from their nanosuspensions [34, 35]. The nanocellulose foams can be silyated to
enhance surface hydrophobicity and hence the performance in the selective removal of oil from
water [36, 37]. They are also widely used to enhance the mechanical stability of other foams
by including cellulose nanofibers as additives in the formulations [38].

Great efforts in this area have been made in the preparation of porous scaffolds with useful
biological properties. Silk fibroin is a natural fibrous protein with desirable properties such as
high strength, elasticity, and haemocompatibility [39]. In addition to the use as a luxurious
texture material, it has also been used as surgical suture thread and as scaffold for tissue
engineering [26, 39]. Ice templating has been an effective method for the preparation of 3D silk
fibroin scaffolds [29] and silk composite foams/gels, for example, poly(IN
isopropylacrylamide)/silk [40] and lactosesilk fibroin conjugate sponge [ 26].

Biocompatible sponges have been prepared from collagen, collagen biowastes (extracted from
animal skin waste) [41], and collagenglycosaminoglycan [ 29]. Wheat gluten was dispersed
in water and then heated to 90 °C. The heated dispersion was homogenized to a 300% foam
which was frozen and freezedried. The foam could be chemically crosslinked by
glutaraldehyde or thermally polymerized, exhibiting antimicrobial properties [28]. A solution
of egg white powders was processed to generate a macroporous sponge that was chemically
crosslinked to be used as scaffold for tissue engineering [27]. A 3D macroporous scaffold of
poly(3,4ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) could be formed by
ice templating [30]. Owing to its electrical conducting property and biocompatibility, this
scaffold was used for the electrical control of protein conformation and for supporting cell
growth [30].

Ice templating has been used to prepare highly interconnected macroporous materials that are
advantageous for tissue engineering and liquid phase separation. However, due to the difficulty
in forming nanosized ice crystals, the formation of icetemplated materials with nanopores or



mesopores has been highly challenging. Recently, the mixture solvents of tertiarybutanol

(TBA) and water was employed to produce porous polysaccharides (pectin, starch, and alginic
acid) with both macropores and mesopores [42]. The macropores were formed by ice
templates while the mesopores were attributed to the eutectic points of TBA—water. Figure 4.2
shows the phase diagram of the binary TBA—water system, exhibiting two eutectic
compositions at #23 and 90 wt% TBA. For the porous polysaccharides prepared from the
TBA—water mixture solvents (with different TBA compositions), the pore volumes measured
by the Barrett—Joyner—Halenda (BJH) method (gas sorption) were the largest around the
eutectic points (the maxima of 2.34 and 1.8 cm® g ™! for the two eutectic points, respectively)
[42].
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Figure 4.2 The phase diagram of tertButanol (TBA)water (compound « is a TBA hydrate and
L =liquid) shows two eutectic points.

Source: Borisova et al. 2015 [42]. Reprinted with permission from John Wiley & Sons.

4.2.2 Aligned Porous Polymers by Directional Freezing

The significant development in icetemplated porous materials in the last decade has been the
development of directional freezing process for the preparation of aligned porous or layered
materials [43, 44]. This process is also widely known as ‘unidirectional freezing’ or ‘ice
segregation induced selfassembly (ISISA)’ [ 21]. It has been employed to generate a wide
range of aligned porous and composite materials with anisotropic properties [19-21]. In
principle, the directional freezing process is very simple, where a temperature gradient is
applied across a liquid phase sample. The higher the temperature gradient, the faster the
freezing rate and the smaller the icetemplated pore sizes. The aligned pore structure is a

result of directed growth of the ice crystals along the temperature gradient and the exclusion of



molecules/particles from the ice front and concentration of molecules/particles between the ice
crystals. This is demonstrated by the directional freezing of gold nanoparticle suspensions and
is schematically represented in Figure 4.3 [45]. In practice, a vial containing solutions or
suspensions can be dipped into liquid nitrogen (or another cold liquid) at a controlled rate.
Alternatively, a vial or a mould can be placed on a cold finger, a cold plate, or sandwiched
between two plates with a set temperature gradient. It is also possible to fabricate the
substrates with surface patterns by the dipping method or via a motordriven freezing stage
(where a substrate or glass slide with a spread of liquid film can be placed and moved
between two temperaturecontrolled metal plates/stages). The directional freezing technique
has been applied to solutions or suspensions with water, organic solvents, and even
compressed CO,.
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Figure 4.3 (a) The scheme shows the directional freezing process. (b) An optical microscopic
image shows the directional freezing of aqueous gold nanoparticle suspension. The white
stripes are the orientated ice crystals while the red lines are excluded gold nanoparticles from
ice crystals and concentrated between ice crystals. The blue dashed line indicates the interface
of the frozen pattern and the liquid suspension.

Source: Zhang and Cooper 2007 [45]. Reprinted with permission from John Wiley & Sons.

4.2.2.1 Waterbased Systems

Aqueous PVA solutions were directionally frozen to fabricate the aligned fishbone like
structure. It was demonstrated that the freezing rate could be varied to tune the aligned spacings
of the frozen PVA solution with a computercontrolled freezing stage as observed by optical
microscopy [43]. By varying the molecular weight and hydrolysis degree of PVA, different
freezing rates could be applied to tailor the morphologies of PVA, which could then be used



for the controlled release of ciprofloxacin [46].

Another widely investigated hydrophilic polymer is chitin or chitosan. Chitin nanowhisker
suspension was mixed with PVA and then processed to produce the aligned porous structures.
The content of PVA could significantly influence the interlamellar spaces (from 180 to 30

pm) from a PVA concentration of 0-2.0 wt% with an initial chitin nanowhisker concentration
of 0.8 wt% [47]. 2.4 w/v% chitosan (low molecular weight) in 1 v/v% aqueous glacial acetic
acid solution was directly frozen on a copper cold finger and then freezedried. The aligned
porous chitosan was used to direct neurite growth [48]. Recently, aligned porous chitosan with
shapememory has been generated [ 49]. The diameters of the aligned channels could be tuned
by varying the freezing temperature while the thickness of the channel wall could be controlled
by chitosan concentration. When compressed, the channels squeezed the water out; they were
deformed but not damaged and the shape could change back when the water was reabsorbed
into the channel. A variety of nanostructures including nanoparticles and nanowires could be
readily incorporated and absorbed onto the channel wall mostly via electrostatic interaction.
These structures could then be used to generate interesting macroscale assemblies [49].

Some other examples include cellulose and collagen [50, 51]. Cellulose was dissolved in
aqueous NaOH/urea (5 wt%) and the solution was frozen from the bottom of the mode. Porous
cellulose scaffolds with aligned columnar and open porosity were fabricated [50]. A wedge
based system was used to produce a range of collagen scaffolds with unidirectional pores. The
collagen suspension (0.7 w/v%) was prepared by incubating collagen fibrils overnight at 4 °C
in 0.25 M acetic acid (pH 2.7) and homogenized on ice. The wedgebased system consisted

of an anodized aluminium wedge and a polyurethane wedge with thermal conductivities of 205
and 0.03 W (mK) 1, respectively. The freezing medium (liquid nitrogen) was in contact only
with the polyurethane wedge. In addition to the large vertical temperature gradient, the wedge
shape induced a small horizontal temperature gradient, likely facilitating local nucleation and
growth of laterally directed ice crystals. This horizontal temperature gradient could result in
small differences in height between adjacent upward growing ice crystals, thus stabilizing the
upward growth of ice crystals by blocking inclined ice crystal growth [51].

4.2.2.2 Organic Solventbased Systems

The directional freezing process has also been applied to a range of organic solutions, mainly
to prepare porous biodegradable polymers such as poly(ecaprolactone) (PCL) and
poly(lactic coglycolic acid) (PLGA). For example, aligned porous PCL was prepared by
directional freezing of 10 wt% PCL solution in dichloroethane [43]. Aligned porous PCL/zein
composites were prepared from chloroformethanol or chloroformacetic acid glacial

solution [52]. Zein is a prolaminrich and alcoholsoluble protein, available in corn at 2.5—
10% dry basis.

For the preparation of porous PLGA, 1,4dioxane seems to be the most commonly used
solvent, probably because of its high melting point (~10 °C) for easy freezedrying. Porous
poly(Llactic acid) (PLA) monoliths were prepared from 1,4dioxane solution[ 53]. The
presence of small amounts of water in the solution could lead to the formation of small pits on



the PLA structure. Creating pores in the wall of porous PLA could enhance mass transport for
various applications. For this purpose, poly(ethylene glycol) (PEG) of different molecular
weights (600, 2000, 4000, 6000 Da) and different ratios to PLA (50/50, 30/70, 10/90) were
mixed with PLA. After freezedrying, PEG was leached out using ethanol. This approach
allowed the formation of pores in the PLA wall. The pore sizes could be tuned by varying PEG
molecular weight and the PEG/PLA ratio [54]. In order to enhance the interconnectivity of the
aligned channels in porous PLGA scaffolds, an improved thermalinduced phase separation

by adding the second solvent (chloroform, benzene, ethanol or water) into the dioxane solution
was employed [55]. The mould containing the solution was first cooled from bottom to top to
—20 °C and then further treated in liquid nitrogen. Water is a benign solvent and seemed to be
most effective in creating pores in the wall (with water content 3—-5 w/w%). This was
attributed to the crystallization of the second solvent after the initial crystal growth of dioxane
[55].

Blaker et al. combined directional freezing and ice microspheres to prepare highly porous PLA
scaffolds with the pore surface lined by bacterial cellulose nanowhiskers (BCNW, to provide
hydrophilicity) [56]. The ice microspheres were formed by freezing a water mist generated
from an ultrasonic fogger in liquid nitrogen. The frozen spheres were sieved and those in the
diameter range of 100-500 pm were used as sacrificial templates. Ice spheres and BCNW
were suspended in the PLA—chloroform solution at —25 °C. Owing to the hydrophilic
interaction, BCNW migrated from the nonpolar solution to the polar surface of ice
microspheres and formed a network coating the spheres. After freezedrying to remove both
frozen chloroform and ice microspheres, the porous scaffold with BCNW lining the pore
surface could be formed [56].

Polyacrylonitrile (PAN) is a semiconducting polymer and has been widely used to produce
fibres and carbon materials. PAN is poorly soluble in water but can be readily dissolved in
polar solvents such as dimethyl sulfoxide (DMSO) and dimethylformamide (DMF). Owing to
its higher melting point, PAN-DMSO solution was directly frozen and freezedried to

produce aligned porous PAN [57]. In an effort to avoid using the freezedrying procedure, it
was possible to remove the frozen DMSO by solvent exchange with water. The temperature
was maintained at 0 °C using the ice/water mixture. Aligned porous PAN could be successfully
formed by this approach [58].

A homemade mould consisting of two plates (one steel plate and one glass plate) was
developed to generate 2D temperature gradients for the preparation of aligned porous PLGA
and a range of other polymers [59]. A degassed solution (formed with solvents of high melting
points) was sealed between the two plates. The mould was then vertically placed into a water
reservoir with different temperatures. The vertical temperature gradient was formed due to the
relatively low reservoir temperature while the horizontal temperature gradient resulted from
the different thermal conductivities of the steel and glass plates. Similarly to the wedgebased
system [51], the 2D temperature gradients facilitated the generation of polymer membranes
with vertically aligned pores [59].

4.2.2.3 Compressed CO, Solution



Supercritical fluids, with the temperature above the critical temperature and the pressure
above the critical pressure, exhibit liquidlike density and gaslike diffusivity, and the

properties can be tuned readily by varying the pressure and temperature, particularly near the
critical region. Owing to its mild critical parameters, nontoxicity, and nonflammability,
supercritical CO, is the mostly investigated and used supercritical fluid. Supercritical CO,
foaming is an effective route to preparing highly interconnected porous scaffolds [60].
Compressed CO,, where the temperature is lower than the critical temperature (~31 °C) but the
pressure is higher than the critical pressure (~72 bar), exhibits higher density and strong
solvation power. It may be used as a reaction medium or solvating phase such as in the foaming
process [60—62]. In the foaming process, the polymers are softened and expanded by high
pressure CO,. Releasing CO, by depressurization leaves interconnected but disordered pores

behind.

It is possible to freeze a CO, solution or suspension and produce an aligned porous material.
However, most of the polymers have very low solubility in CO,. Its low viscosity and low

density make it difficult to be used as a medium for suspensions as well. Sugar acetates,
including 1,2,3,4,6pentaacetyl Dgalactose (BGAL), a1,2,3,4,6pentaacetyl D
glucose (AGLU), and [31,2,3,4,6pentaacetyl Dglucose (BGLU), can be dissolved in
compressed CO, in sufficient solubility. For example, the BGAL solution in liquid CO, (12

wt%) at 72 bar/21 °C in a stainless steel column was directionally frozen in liquid nitrogen
[63]. Unlike aqueous or organic solutions, a freezedrying step was not required. Solid CO

was readily sublimed when the stainless steel column warmed up at room temperature with the
valve open. A dry monolith with aligned porous structure was successfully produced (Figure
4.4). Other CO,soluble or suspendable additives may be added into the solution to make

porous composite materials, as demonstrated by a hydrophobic dye Oil Red O [63].



Figure 4.4 Aligned porous BGAL prepared by directional freezing of its solution in
compressed CO,. The red arrow indicates the freezing direction.

Source: Zhang et al. 2005 [63]. Reprinted with permission from American Chemical Society.

Directional freezing of CO, solution to fabricate aligned porous materials is a highly attractive

method, because no organic solvent is required, there is no issue of solvent residual, and the
energyintensive freezedrying step can be avoided. Although it is limited by the low
solubility of most polymers in compressed CO,, with sugar acetate dissolved in CO,, it may

pave the way for directional freezing of a variety of CO, suspensions.

4.2.3 Nanofibrous Polymers

Porous polymers are usually formed when using ice templating as the preparation method. It
has been noticed that porous polymers with nanofibrous network may be formed when the
concentration is reduced [64]. Qian et al. investigated the freezing of highly diluted aqueous
polymer solutions, with concentrations in the range of 0.02—0.1 wt% depending on the type and
molecular weight of the polymers. Nanofibres can be successfully prepared from PVA, sodium
carboxymethyl cellulose (SCMC), dextran, and sodium alginate (Figure 4.5) [65]. The
diameters of the nanofibres fall in the range of 100—600 nm. In spite of the diluted solution, it is
relatively easy to prepare a large quantity of nanofibres by this approach because the bulky
solution can always be frozen in a vessel with a large surface to facilitate freezedrying. This

is favourable compared to the electrospinning method that is the common method to prepare
polymer nanofibres. The resulting hydrophilic polymer nanofibres may be further used as
templates to produce hollow titania microtubes or iron oxide nanofibres [65].



Figure 4.5 An example of polymer nanofibers (SCMC, M,, = 250 K) prepared by freeze
drying the dilute aqueous solution (0.02 wt%). Scale bar 5 pm, inset scale bar, 600 nm.

Source: Qian et al. 2009 [65]. Reprinted with permission from Royal Society of Chemistry.

This approach was also used to prepare chitosan nanofibres that were preferred to porous
chitosan for the controlled release of proteins (bovine serum albumin (BSA)) and small
molecules (Rhodamine B as a model). The release profile could be tuned by varying the
morphologies of porous chitosan [32]. In another development, lignin nanofibres were
produced continuously by a custombuilt setup (where aqueous solution could spread onto a
rotating metal drum whose temperature was controlled by liquid nitrogen; the frozen fibres
were removed by a blade and freezedried) and then carbonized to make carbon nanofibres as
electrode materials [66]. However, so far, this method has not been found to be very effective
in the preparation of hydrophobic nanofibres by directional freezing of organic solutions.

Porous polymers with nanofibre networks may be also formed directly by freezedrying some
hydrogels. Hydrogels are highly interconnected 3D porous networks that contain a high
percentage of water. Hydrogels with entangled nanofibres may be formed. However, the
control on the size of the nanofibres is usually limited. By pHinitiated selfassembly of
perylenebased molecules, driven by hydrophobic interaction and n—m stacking, well

defined nanofibrous network can be formed, with diameters around 25 nm [67, 68]. After a
proper washing procedure with water/acetone/cyclohexane and freezedrying, dry monoliths
with nanofibrous networks could be produced [67, 68].

4.2.4 Combining Ice Templating and Other Templating Methods

In addition to its templating impact, freezing is an effective way to lock in the fluid structure.
This has been used to combine ice templating and emulsion templating for the preparation of



porous polymers and composite materials. For emulsion templating, the monomers in the
continuous phase are polymerized and crosslinked to lock in the emulsion structure and the
removal of solvents from the droplet phase and the continuous phase produces emulsion
templated structures [14]. By freezing an emulsion (even with limited stability) both phases in
the emulsion are frozen to lock in the structure. Similarly, removing the solvents from both
internal phase and continuous phase by freezedrying generates a dry and highly porous
structure [69]. Because the volume percentage of droplets in an emulsion can be varied in a
wide range, this can be translated into systemic control of porosity and pore morphologies in
the produced materials [25]. Figure 4.6 shows the evolution of pore structures in ice
templated and emulsiontemplated SCMC ( M,, = 90 K). Cyclohexane was emulsified into

aqueous SCMC solution with sodium dodecyl sulphate (SDS) as the surfactant. The volume
ratios of cyclohexane to the total volume of the emulsion were varied at 0, 20, 40, 60, and 75
v/v%. It can be clearly seen from Figure 4.6 that the icetemplated structure is obtained from
the emulsion with 0% cyclohexane (basically aqueous solution). Then, the number of cellular
emulsiontemplated pores increases with the increasing ratio of the internal droplet phase,

until a highly interconnected porous structure is formed with the 75 v/v% emulsion.
Accordingly, the bulk densities of the SCMC materials decrease from 0.11 to 0.031 g cm™> and
the pore volumes (as measured by Hg intrusion porosimetry) increases from 7.75 to 29.67

e’ g7 [25].



Figure 4.6 The evolution of pore structures by emulsion templating and ice templating based on
porous sodium carboxymethyl cellulose. The emulsions are prepared with different volume
percentages of internal phase. (a) 0%, (b) 20% v/v. The white circle indicates one of the
emulsiontemplated pores. (c) 40%, (d) 60%, (e) 75% v/v.

Source: Qian et al. 2009 [25]. Reprinted with permission from Royal Society of Chemistry.

An emulsion is usually formed from an organic phase and an aqueous phase, e.g. the oilin
water (O/W) emulsion. The difference in the densities of organic solvent and aqueous phase
can be explored by centrifugation. For example, when an O/W emulsion is formed with
cyclohexane, the lighter oil droplets can move upward while those in the heavier aqueous
phase mainly remain at the lower part when the emulsion is centrifuged. Thus, a distribution of
oil droplets is formed with more droplets at the top and few droplets at the bottom. This
emulsion can then be rapidly frozen and freezedried to produce an emulsiontemplated
gradient porous material [70]. This was demonstrated with the polymer (PVA and
polyacrylamide) and polymer/silica composites [70]. For the O/W emulsion, hydrophobic
compounds may be dissolved in the organic droplet phase. Freezedrying of such emulsions
can produce porous polymers with the in situ formation of organic nanoparticles [69]. This
method has been investigated for the production of aqueous nanodispersion of poorly water
soluble drug nanoparticles [71].

In addition to liquid emulsions, a gasinliquid foam may be also freezedried to generate
porous scaffolds. This has been demonstrated with polysaccharidebased scaffolds (chitosan,
alginate, hyaluronic acid tetrabutylammonium) [72]. The foam was generated inside a glass
reactor with the introduction of an inert gas (argon). The foam was frozen immediately in



liquid nitrogen and then freezedried. The diameters of the voids were around 200—-300 pm
[72]. In another study, ice microspheres were used as additional templates to fabricate highly
porous PLA scaffold [56]. Both approaches produced porous materials with large macropores,
which can be highly useful for tissue engineering.

4.3 Hydrogels and Crosslinked Porous Polymers

The porous polymers produced by freezedrying solutions, suspensions, and emulsions
usually exhibit weak mechanical properties and significant shrinkage or dissolution in the
presence of the solvent. This can considerably limit their uses in some applications. This
problem may be addressed by crosslinking the polymer before, during or after freezedrying.
The crosslinking processes may be performed either physically or chemically. Hydrogels are
crosslinked polymers containing a large amount of water, which may be freezedried to
produce crosslinked porous polymer. A freezing process is 