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This dissertation has focused on studying the effect of four glycine
derivatives on the solid state properties of mannitol, glycine, and sucrose
when freeze dried into blended mixtures. The primary goal was to assess
their value for use in the stabilisation of vaccines in the solid state, by
examining key physical and chemical characteristics, which have been
documented to be beneficial to the stabilisation of biopharmaceutical
formulations. The novel excipients; dimethyl glycine, and trimethyl glycine,
were shown to retard the crystallisation and increase the overall glass
transition temperature, of mannitol, when freeze dried as evidenced by DSC
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and Powder X-ray diffraction. Mannitol’s glass transition temperature
increased from 100C to 12.650C and 13.610C when mixed with methylglycine and dimethyl glycine respectively. The glycine derivatives did not
show the same effect on sucrose which remained amorphous regardless of
the concentration of the other excipient. The different behaviour with the
sucrose system was thought to be due to relatively high glass transition
temperature of sucrose. Conversely glycine remained highly crystalline due
it’s relatively low glass transition temperature. The novel excipient
formulations were also assessed for their effect on the aggregation of the
adjuvant aluminium hydroxide when freeze dried by Dynamic Light
Scattering (DLS).The formulations containing the glycine derivatives all
caused a decrease in the aggregation size of the adjuvant from ~26 µm, to
185 nm in the presence of methyl glycine. The effects of lysozyme and viral
antigen on the adjuvants were also examined showing that the addition of
the virus did not affect the size of the aggregates formed, however lysozyme
showed significant decreases in the aggregates formed. Examination of the
freezing method were also made showing that faster freezing rates produced
smaller aggregates of the adjuvant. When investigating the rate at which the
excipients lost water during secondary drying there was evidence of the
formation of hydrates of glycine, trimethyl glycine, and mannitol has shown
that the glycine derivatives have attributes which would be beneficial in
stabilising vaccines in the solid state when freeze dried.
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Chapter 1: Introduction and Scope of Thesis
1.1. General introduction
Vaccines are used for the prevention of infections by microorganisms such
as viruses and bacteria. Vaccines are generally an agent which resembles a
microorganism. The administration of a vaccine is carried out to improve
immunity to a particular disease. Vaccines are biological organisms (or parts
of organisms) which are altered or inhibited so they have no or diminished
pathogenic activity. This allows the body to gain immunity against similar
uninhibited microorganisms allowing it to defend itself against future infection
as it is recognised as a foreign body and produces antibodies. When the
virulent form enters the body it is recognised by the protein coat on the virus,
and the body can respond in two ways, by neutralising the virus before it can
enter the cell or by destroying the infected cells before they can multiply and
cause harm to the host (Crommelin et al 2007).
Most vaccines are stored and dispensed in liquid formulations due to the
ease of administration, usually by injection. However being in solution does
not arrest microorganism activity and other microorganisms which also may
be present (and are unwanted) thus it can cause damage to the vaccines
resulting in them being unusable after a relatively short period (Fellowes
1965).
The same can occur in therapeutic proteins which are administered in this
way. However for injectable products which are manufactured in a sterile
environment following GMP (Good Manufacturing Practice) should be free of
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other microscopic organism would only be present if introduced via
contamination during storage or transport. Another complication with protein
formulations is that they may degrade by other pathways such as
deamination which may result in a reduction in its biological activity. Freeze
drying of the vaccines can result in the microorganism activity being arrested
and so prolonging the storage life of the vaccine and protecting it from
degradation (Maggio, 2008). Due to the formulation being freeze dried it can
also be easily rehydrated due to the amorphous nature of the excipients and
also porous structure of the cake. This porous structure forms when the ice
crystals are formed in the freezing stage and removed by sublimation during
the primary drying stage of the freeze drying process (Mcnally, E. J. &
Hastedt 2008).
Although the freeze drying process can protect and prolong the shelf life of
proteins (also of viruses and vaccines) it can also cause denaturation which
can reduce the activity of the vaccines rendering them incapable of causing
an immune response. The use of excipients known as cryoprotectants are
needed to protect the vaccines and also the proteins during the freeze drying
process (Arakawa et al. 2001).
1.2. Vaccines and viruses
1.2.1. Virus structure
Viruses are generally smaller than bacteria and cannot be observed by light
microscopy, but can be visualised by scanning electron microscopy (SEM). A
virus particle, also called a viron, has a structure defined as a nucleic acid
chain surrounded by a protective coat of protein called a capsid, made up of
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identical protein units called capsomeres. These can also possess a lipid
bilayer which is also called an envelope which is composed from the host cell
membrane.
Although all viruses have the same general structure, as stated above, the
shape of these virons can differ into four general types or shapes. These
include; helical, isohedral, prolate and lipid envelop. There is also a more
complex structure, which is a combination of helical and isohedral in which
the capsid has a feature from both. Helical structures are made of one type
of capsomere stacked around a central axis to form a helical structure which
has an empty cavity. This creates filament virons which can be short and
ridged or long and flexible and is normally dependant on the nucleic acid
which is bound to the protein helix. (Crommelin et al. 2007)
Animal viruses are predominantly isohedral, this includes the rotavirus. The
capsid has a round isohedral shape which can be composed of the same
protein or a number of different proteins. A prolate is an isohedron elongated
along a fivefold axis and there is a common arrangement of the heads of
bacteriophages, it is cylindrical with a cap at either end (Rossmann et al.
2004). These are shown in Figure 1 (Hunt 2010).
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Figure 1: Basic types of virus structure. (Hunt 2010)

1.3. Adjuvants
In history vaccination has been shown to work as early as 1907 where
people who were infected with cowpox (which is a mild infection in humans)
did not contract the more virulent chicken pox (Edward 1801). This is due to
the viruses containing similar proteins which the body’s immune system can
recognise called antigens and it is these proteins which need to be
maintained during storage for the vaccine to be effective.
Using vaccines just on their own, generally, generates a poor immune
response from the body. The use of adjuvants can increase this response
and thus makes vaccines more effective. “Adjuvant” is from the Latin word
adjuvare which means to help (Gupta & Siber 1995). It is defined as “any
material that enhances the cellular and/or humoral response to an antigen”
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(Walsh 2002). It can also aid to reducing the amount of antigen required to
get the equivalent immune response from the host body.
There are several types of adjuvants which have been developed for use.
These include mineral compounds such as aluminium phosphate (AlPO 4),
aluminium hydroxide (Al(OH)3), alum (AlK(SO4)2.12H2O), and calcium
phosphate (Ca3(PO4)2). There are also oil-based emulsions such as Freund’s
complete/incomplete adjuvants (FCA/FIA) or starch oil. However the majority
of adjuvants used in products for humans are aluminium-based. Others like
oil or calcium-based adjuvants are used in combination with vaccines for
veterinary medicine but rarely in human (Walsh 2002).
The observed effects of adjuvants could be attributed to one or more of these
factors:
1. Depot generation of the antigen; this can result in slow release of the
antigen from the injection site after administration which causes
prolonged exposure to the immune system, resulting in potential for
single-does vaccine (Clausi et al. 2008). Aluminium-based adjuvants
can also cause a local inflammatory response, which attracts immune
cells to the site of injection (Walsh 2002).
2. Greater presentation of the antigen to the immune system. By acting
as a delivery vehicle to immune competent cells (Gupta et al. 1996).
3. Acting as an immunostimulator, which elevates the immune response
from the host body.
However these have several draw backs, such as only causing humoral
immune response, which is an antibody-mediated immune system. The other
24

issue associated with these adjuvants is that they cannot be frozen or
lyophilised as this leads to poor or no adjuvanticity (Clausi et al. 2008; Walsh
2002).
The loss of potency of the aluminium-based adjuvants when frozen or
lyophilised is very common. This loss has been linked to the aggregation of
the adjuvant particles during freezing. It has been noted that freezing rates
affect the aggregation of the adjuvant. Using faster cooling rates produces
smaller ice crystals which forces the adjuvant particles together causing
them to aggregate (Clausi et al. 2008)
However it is doubtful that this close proximity is responsible for the
aggregation of adjuvant. Another suggestion for the cause of the aggregation
of aluminium-based adjuvants when frozen is changes caused by “freezeconcentration-induced phase changes and ion-exchange reactions on the
particle surfaces.
The aggregation of adjuvants has been shown to decrease when suitable
amorphous glass forming excipient such as trehalose are used. Trehalose
has a high glass transition temperature (Lena Wolff et al. 2008), and also
manipulating the freezing rates when freezing or lyophilisation (Clausi et al.
2008).
1.4. Protein structure
Proteins are macromolecules consisting of one or more polypeptides. The
polypeptides are composed of a chain of amino acids which are bonded
together via peptide bonds. The amino acid sequence is determined by the
gene which codes for each specific polypeptide. The structure of proteins
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can be broken down into three levels. The primary structure which is referred
to as the linear sequence in which the amino acids are arranged in the
polypeptide chain (Walsh 2002).
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Figure 2: Zwitter ion of amino acid(Left), two amino acid molecules
bonded by a peptide bond (Middle) & amino acid (Right).

All amino acids have the basic structure shown in Figure 2, a central alpha
carbon is attached to a carboxylic acid (COOH), a side chain (R-group), and
amino group (NH2) attached to the alpha carbon. However the R-group
differs from amino acid to amino acid. The stabilising and repulsive forces
that the R- groups possess within an aqueous media dictate the structure of
the polypeptide.
The secondary structure of proteins can be broken down into alpha-helix and
beta-strands. Fibrous proteins generally only show one type of secondary
structure. An example of this is alpha-keratin which has an alpha-helical
shape, while another such as fibroin only exists in the beta-conformation.
Globular proteins, a basic example of which can be found in Figure 3, have
regular regions of alpha helix and beta sheet which are separated by
stretches that do not contain regular conformation. These structures are
maintained by intermolecular interactions in alpha helical and beta-sheet
structures stabilised by hydrogen bonding with every C=O group to an N-H
group.
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Figure 3: A basic examples of a globular protein and some of its
structural features. (Faiers 2007)

The tertiary structure of protein refers to the exact three-dimensional
structure which is flexible due to the non-covalent interactions. This flexibility
is important as it contributes to the protein function and in regulating enzyme
activity. The quaternary structure “refers to the overall spatial arrangement of
polypeptide subunits within a protein composed of two or more polypeptides”
(Walsh 2002).
1.5. Protein conformation
Protein conformation is not only maintained by the peptide bonds but also by
non-covalent interactions. The interactions stabilise the shape of the protein
allowing it to function in the correct way and giving each protein its unique
properties. These interactions include hydrogen bonding, ionic interactions,
van der wall forces and hydrophobic packing. These interactions have been
characterised by looking at the three-dimensional structure of the proteins
using techniques such as X-ray crystallography (Crommelin et al. 2007)
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1.5.1. Hydrogen Bonding
One of the most important non-covalent interactions in biological molecules
is the hydrogen bond, an attractive interaction between a hydrogen atom
covalently bonded to electronegative oxygen or nitrogen atom and an
unshared electron pair on another Oxygen or Nitrogen atom. It is a strong
dipole-dipole interaction in proteins involving O-H and N-H bonds (Atkins, P.,
Paula 2008).
1.5.2. Van Der Waals
These are weak intermolecular forces which occur between partially charged
molecules demonstrated in Figure 4.

Figure 4: Changes in electron cloud density caused by dipole moment.

They occur over a short distance between molecules which have a
permanent or an induced dipole moment. It occurs when electrons in a
molecule are not equally distributed throughout it. This causes a partial
charge which alters the electron distribution of an adjoining molecule, which
in turn causes a dipole in another.
This interaction is important in protein structure as the internal structure of
the protein may contain tightly packed groups that are close enough in
distance for these forces to be effective (Atkins, P., Paula 2008).
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1.6. Protein Folding and Unfolding
Folding is a physical formation in which a polypeptide strand will fold into its
characteristic three-dimensional functional shape.

This process occurs

spontaneously after biosynthesis as the amino acid sequence determines the
structure. The polypeptide structure is dependent on the solvent as well as
the temperature, salt concentrations and pH. These effects have been
reported widely in the literature (Arakawa et al. 2001; Bondos & Bicknell
2003; Pyne et al. 2003a).
The polypeptide or protein is described as being in its native state when it is
folded. When the non-covalent forces are disrupted by changes in solvent,
temperature and pH the protein may become partially or fully unfolded. If
these conditions return to the norm the protein may reform into its native
state and so equilibrium can be obtained. However there is a difference
between unfolded and denatured where the protein becomes irreversibly
unfolded and cannot restore its original three dimensional shapes and so its
biological activity is lost (Arakawa et al. 2001).
1.6.1. Degradation of Proteins
A protein can lose its three dimensional shape when the relatively weak
interactions that hold it together are disrupted allowing the protein to unfold.
If the unfolding occurs to such an extent that the biological activity is lost
permanently, it can be classed as denatured as it cannot perform its
chemical or physical function (Walsh 2002).
The loss of these interactions does not involve the destruction of the peptide
bonds that give the protein its primary structure. Destruction of these bonds
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in proteins is termed degradation.
degradation

are

deamination,

Pathways that can occur to cause

oxidation,

hydrolysis,

and

disulphide

exchange.
Deamination is the removal of the amino group from a molecule, in this case
the protein or poly-peptide. This usually occurs to two amino acids,
Asparagine and Glutamine and is dependent on conditions such as pH and
where in the primary sequence the amino acids are situated. This is
highlighted by Robinson and Rudd who showed that Glutamine is less likely
to undergo this process than Asparagine when placed in the same amino
sequence. The amino acid sequence can also hinder this process and it is
also reported to be slowed considerably in the solid state (Mcnally, E. J.,
Hastedt 2008). Oxidation is an another major degradation process which can
occur at all times during protein production, from isolation to storage (Wang
1999) This can be caused by a number of factors which may initiate the
oxidative mechanism these include: photochemical, metal ion catalysed,
radiation and thermal. Even sonication has been shown to create oxidation
initiators. This generally occurs to the side chains and is more prevalent in
cysteine (Osterberg & Wadsten 1999).
Hydrolysis of peptide bonds within a protein may occur when the protein is
subjected to disagreeable conditions such as extremes of pH and/ or
temperature. It is more likely to result in reduced activity of the protein than
the other degradation pathways discussed thus far. It may also be caused by
enzymes which may have contaminated the formulation through introduction
of bacteria. This is called enzyme mediated hydrolysis of amino acid bonds
by water. Disulphide exchange can also prompt a reduction in activity and
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can also result in aggregation of proteins (Figure 5). It occurs between
cysteine residues (Mcnally, E. J., Hastedt 2008).
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Figure 5: An example of the disulphide exchange. (The box units
represent amino acid units).

1.6.2. Denaturation of Proteins
Denaturation is a physical process in which proteins lose the tertiary and
secondary structure which is normally present in their native state and so can
result in a loss or reduced biological activity. This occurs from changes in
conditions such as temperature and pH from its established norm. Thermal
unfolding of the protein structure can be reversible but it can also be
irreversible and so it loses its biological activity. This has been demonstrated
by Sanchez-ruiz et al in experimentation with the protein thermolysin
(Sanchez-ruiz et al. 1988). Changes in pH are a major factor in which
proteins can lose their biological activity as pHs above nine and below five
cause a change in the net charges of the amino acids. Thus changing the
repulsion, or attraction which would normally hold the proteins structure in
the native state (Mcnally, E. J., Hastedt 2008).
1.6.3. Aggregation
Aggregation in proteins is a common occurrence which can reduce the
biological activity of a protein. It is the formation of aggregates composed of
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two or more proteins or peptides which occurs due to reversible denaturation
and then when reforming resulting in the proteins folding together. It is due to
the association of hydrophobic amino acids residues between proteins as
they try to limit their contact with the solvent. This can be caused by several
conditions such as variations from the norm in temperature, pH, type of
solvents, protein concentration and also certain additives (Carpenter &
Crowe 1988). This will promote protein folding together in aggregates and
the loss of their activities. Precipitation is another way in which proteins can
be denatured, it is simpler process as the proteins in solution can form a
mass or precipitate out of solution. Shown by Jachimska et al when studying
the aggregation of globular proteins in different buffered medium (Jachimska
et al. 2008), and These proteins may be drawn together by weak attractive
forces between them. (Wang 2005)
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1.7. Solid state Chemistry
1.7.1. Amorphous vs. Crystalline state
When a material is in the amorphous state the molecules contained within do
not have any short range order and are not arranged in a repeating order
while a crystalline state does. Amorphous and crystalline states have
different physical properties for examples amorphous have higher solubility
relative to a crystalline material (Atkins, P., Paula 2008). Freeze dried
materials can have a mixture of crystalline and amorphous regions including
one and multiple component mixtures. The amorphous matrix stabilises
proteins in the solid state by forming a physical barrier and reducing
molecular

mobility

preventing

aggregation

and

degradation

of

the

biopharmaceutical.
Amorphous solids can be created by several methods including:


For low molecular weight materials the amorphous form may be
produced if the solidification process was too fast for the molecules to
have a chance to align in the correct way to form a crystal. This can
occur during spray drying.



Alternatively the application of physical energy by milling which breaks
the crystal structure may also results in amorphous material.

However, in both cases the material may revert back to the crystalline form
as the amorphous state is metastable. (Zimper et al. 2010)
Amorphous materials have a characteristic temperature called the glass
transition temperature (Tg), the point at which there is an increase in the
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mobility of the molecules in the amorphous material. Below this temperature
the material will be in a brittle or “glassy state” (Atkins, P., Paula 2008).
Above this temperature the increased molecular mobility results in a “rubbery
state” and can cause a transformation into the crystalline state. The addition
of plasticisers which lower the Tg of a material by interposing between the
molecules increases the mobility of these molecules. One such plasticiser is
water which is an issue as amorphous materials generally absorb large
amounts of water.

In a material which has a mixture of crystalline and

amorphous regions water vapour will be more readily absorbed in to the
amorphous regions so there is a possible increase in the chance that the
region will crystallise (Mcnally, E. J., Hastedt 2008).
1.7.2. Gordon-Taylor Equation
Below the glass transition, amorphous materials will be brittle, showing very
little movement. However, above the glass transition the molecules
contained within the amorphous material will be able to move more freely.
Glass transitions are most commonly detected by differential scanning
calorimetry (DSC) but can be also detected by dynamic mechanical analysis
(DMA).
When two components which have different glass transitions are mixed
together homogenously the glass transition of the resulting amorphous
mixture will have a glass transition which is in-between the two. This effect of
one on the other and vice versa can be calculated using the Gordon Taylor
Equation (Equation 1) which takes into account the weight fractions of the
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two components and the glass transition of both, assuming the mixture is
homogenous (Seo et al. 2005).
Equation 1: Gordon-Taylor Equation. (A. I. Kim et al. 1998)

Tg mix is the glass transition of the mixture, k is a constant of the thermal
expansion coefficient of the two components, w1 and w2 are weight fractions
of the two components Tg1 and Tg2 are the glass transitions of the two
components.)

However this equation is depended on the entirety of the two components
mixed homogenously in an amorphous mixture.
1.7.3. Solubility Parameters
The Hansen solubility parameters model was developed on the concept of
dividing the total cohesive energy of dispersion, polar and hydrogen bonding
into the individual components. For formulation these have been used to
predict the miscibility of a drug with excipients in solid dispersions but can
also predict the miscibility of two excipients. The solubility parameter is the
square root of the cohesive energy density (CED), as shown in Equation 2.
Equation 2: Solubility parameter calculation from the heat of
vaporisation.
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δ is the solubility parameter, R is the gas constant, T temperature, ΔH v is the
enthalpy of vaporisation, and Vm is the molar volume.
However for low or non-volatile compounds it is impossible to calculate it in
this fashion, as the heat of vaporisation cannot be determined, as they will
break down or decompose due to the extreme heat before vaporising,
therefore they were calculated using the Hofttzyer/Von Krevelen calculation
shown in Equation 3.
Equation 3: Hoftzyer/Van Kreleven method for calculating the Hansen
solubility parameter.
CED = δ2 = ( δ2d+ δ2p+ δ2h)
δd is the group dispersion component., δp the group polar component. δhi the
hydrogen bonding component.

If the solubility parameter of two chemicals is the same or with a range of +/7Mpa1/2 they are likely to be miscible and mix homogenous and if the
difference is greater than 10MPa1/2 it is less likely that they will mix
homogenously. This information can be used with the Gordon Taylor
equation as its calculation is dependent on the two components to mix
homogenously and be amorphous.
1.7.4. Phase separation
A phase is a specific state of matter that is uniform throughout its
composition and physical characteristics. The term phase is more specific
than a state of matter such as solid liquid and gas. A substance may exist in
more than one solid form, each one being a solid phase. The conversion of
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one phase to another is called a phase transition. For example a solid turning
to a gas but also a solid converting between polymorphs is another
example(Atkins, P., Paula 2008). A Phase separation effect can be caused
by high concentration of the solute in the solution and can lead to
crystallisation and eventually the denaturing of proteins within the
formulation. Freeze drying can cause phase separation within the cake
structure.
The formation of ice crystals during the freeze drying can cause the solutes
to separate out unevenly with higher concentrations different to the initial
concentration in solution. This would increase the interactions more than
what they would be in the lower concentrations. In the case of a protein
stabilised by a sugar it would cause the sugar to crystallise thus disrupting
the interactions, such as hydrogen bonding, which stop the protein unfolding.
As a consequence the glassy state is lost leading to the denaturation of the
protein in the final formulation (Mcnally, E. J., Hastedt 2008).
1.7.5. Eutectic systems
When water freezes in a formulation the crystalline ice does not include any
other molecules within the crystal lattice. As it is a pure water phase all of the
other solutes as mentioned remain in any unfrozen liquid. However if the
temperature is lowered enough the remaining solution may freeze as well
resulting in an increased concentration of the solutes.
A eutectic temperature is the lowest temperature at which solidification of a
mixture occurs with specified constituents. It is well reported in the literature
that as temperature decreases the solubility of a solute decreases in
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solution. If it is lowered further the solubility and freezing curve meet (Atkins,
P., Paula 2008). At this point if the temperature is lowered further the solutes
will simply freeze and crystallise out of solution as it is no longer soluble in
amount of solvent present, this is depicted in Figure 6.

Figure 6: The Phase Diagram of a Eutectic Mixture.

This leads to a dilution of the unfrozen solution, and since its composition
depends only on temperature more ice will form which returns us to the
eutectic point/temperature (Te). Below this point only crystalline solute and
solvent exist and above this ice will melt which is key during the primary and
secondary drying of formulations (Meister & Gieseler 2009).
However, crystallisation also depends on nucleation and crystal growth,
which is a kinetic event and so is slower at lower temperatures. This does
occur in simple solutions but in more complex solutions it is rarely seen. One
exception though is the use of Mannitol in formulations in which its
preference to crystallise can cause problems during freeze drying (A. I. Kim
et al. 1998; Felix Franks 1998)
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1.8. Proteins and Vaccines stabilisation
1.8.1. Introduction
Proteins tend to lose biological activity when removed from their normal
environment, such as inside cells due to the factors discussed earlier.
Protein drugs are generally delivered by injection into the patient but there is
an increase in interest and research in finding other delivery methods, such
as micro-needles for transdermal drug delivery. These work by using
microscopic needles which increase the permeability of the skin allowing the
transdermal delivery of macromolecules such as insulin for diabetics. This
can also produce an immune response from the delivery of vaccines in this
fashion (Prausnitz 2004).
Liquid formulations remain the most common route of protein administration.
However they do not have the required shelf life and therefore this limits the
development of proteins which can be delivered as “ready-to-use injectable”
(Johnson 1997; Mcnally, E. J., Hastedt 2008). Thus the use of solid state
formulation is required. Depending on the purpose of the drug, various
methods could be used to formulate the protein into a viable solid state
(Johnson 1997).
Freeze drying is an established method of increasing shelf life of proteins,
however, if the protein drug is to be used in an inhaler then spray drying may
be required. For inhalation a smaller particle size would be required which
freeze drying does not routinely produce (Forbes et al. 1998).
Proteins which are in the crystalline state are the most stable however they
are hard to crystallise. The enhanced stability of crystalline protein is due to
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the reduced molecular movement and interactions between protein
molecules. However because it is hard to achieve, proteins are commonly
formulated into an amorphous, “glassy state” which supports the structure of
the protein in the solid state by preventing movement and thus preventing
interactions which may result in the protein being denatured (Cicerone &
Soles 2004).
1.9. Stabilising additives for solid state stabilisation
Solid state formulations generally contain a buffering agent such as, salinesodium citrate (SSC). In addition a bulking agent (in lyophilisation) which is
generally a type of sugar or polymer i.e. mannitol, trehalose or sucrose is
generally added. These bulking agents provide cryoprotection and
lyoprotection during the freeze drying process and help contribute to the
shelf life of the protein in the final formulation. They also serve another
purpose in which they make the formulation pleasant to look at (produce an
elegant cake). A collapsed cake may still stabilise the protein or vaccines but
the unattractive appearance may put consumers off using the final product
(Adams & Ramsay 1996).
Several factors should be taken into account when selecting an excipient for
use in a formulation. These include:


The type of product, the delivery route, dose and administration
frequency.



The chemical and physical properties of the excipients.



Potential interactions with the product which maybe or may not be
beneficial to the final formulation, and the container.

40

The most ideal formulation is a solution that only has the active agent i.e. the
protein. However excipients are needed for stability.
1.9.1. Freeze Drying
Many biological and pharmaceutical drugs have limited stability in aqueous
conditions requiring these to be formulated in the solid state and freeze
dried. The use of freeze drying has been proven to enhance stability, an
example of a lab scale freeze dryer is shown in Figure 7. The product can be
easily reconstituted at time of use. Freeze drying can be broken into three
stages. This includes freezing, primary drying and secondary drying (Felix
Franks 1998).

Figure 7: Heto FD 8.0 CD 8030 Freeze dryer (Heto Lab Equipment Ltd.,
UK) used in the production of freeze dried materials.

Freezing consists of freezing the solution of the required formulation. By
varying the freezing rate the material can be made more or less porous as a
slower freezing rate will favour the formation of larger ice crystals, whereas
faster freezing will favour smaller ice crystals to form. When the ice is
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sublimed there will be larger or smaller gaps respectively between the solid
which will remain as the end product. Freezing of the solution can occur at
any point between 0 to -380C as the rate of water crystallisation can be
affected by number of factors namely impurities and imperfections on the
container (Abdelwahed et al. 2006).
After the solution is frozen the pressure is decreased encouraging the frozen
water to sublime, removing the solid ice from the sample. Then the
temperature is increased slightly to increase the rate of which it is removed.
This is primary drying. Secondary drying occurs when the temperature is
raised even higher to remove more water which has remained in the
amorphous portions of the sample (Mcnally, E. J., Hastedt 2008).
1.10. Role of Excipients
Excipients are generally pharmaceutically inactive substances used as
carriers for the active ingredients of a medication. These range from
carbohydrates, amino acids to polymers. They are used to ensure that the
active ingredient remains active and the formulation is suitable for the route
of administration required. Among carbohydrates or sugars, sucrose and
trehalose are used frequently.
However the amounts used need to be optimised to give the required effect.
The simplest view is that the higher the Tg (glass transitions temperature) of
the amorphous sample, the better the stability of the protein formulation. This
is because of the change in the viscosity of the system which occurs at
around the glass transition region. At temperatures below the Tg the free
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volume and molecular mobility is significantly restricted offering stability to
labile proteins stopping them degrading or denaturing (Sun et al. 1998).
There are two distinct methods of stabilising proteins by amorphous
additives. One is the formation of the glassy matrix by the additives, e.g.
sucrose creates a physical barrier between the protein molecules and
reduces proteins mobility thereby increasing their stability. The other is a
direct interaction between the additives and the surface of the proteins.
During the secondary drying phase water which would normally maintain the
native form of the protein evaporates. This loss of water is believed to be at
least partially responsible for protein aggregation. By replacing the water with
other hydrogen bond forming compounds such as carbohydrates the proteins
are stabilised during the secondary drying phase this is usually called the
water replacement theory. Both of these theories require the use of
excipients which form an amorphous glass when freeze dried. The most
likely scenario is a combination of both theories to stabilise the protein.
(Cicerone & Soles 2004; Mcnally, E. J., Hastedt 2008; Prestrelski et al. 1993)
1.10.1.

Mannitol

Mannitol (Figure 8) is one of the most commonly used excipients in the
freeze drying of pharmaceutical products.

Figure 8: Structure of mannitol.
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This is due to its tendency to crystallise in frozen solutions, its high melting
point and its high mannitol/ice eutectic mixture temperature. Mannitol and
sorbitol are isomers with the difference being the orientation of the hydroxyl
groups on the second carbon leading to them having slightly different
physical properties. Mannitol has three polymorphs which are; alpha, beta &
delta and a glass transition of 100C and a melting point of 1690C. Sorbitol
has four polymorphs and a melting point of 95 0C.(Campbell Roberts et al.
2002; Fronczek et al. 2003; Lian Yu et al. 1999)
Polymorphism is the ability of a solid crystal structure to exist in more than
one crystal structure. In other words it means changing the arrangement of
the molecules in the solid crystal lattice but not the actual chemical structure
of the molecules. Different polymorphs have different physical properties
such as solubility, melting temperature and overall shape.
Mannitol usually crystallises during cooling or annealing in the freeze drying
process, which is combined to the high mannitol eutectic temperature of
1.50C. All of these factors result in a formulation which has a relatively high
primary drying temperature thus avoiding the collapse temperature.
Structural collapse occurs at temperatures which result in the softening of the
cake structure, meaning the cake cannot support its own weigh and
collapses back in on itself within the vial. This temperature is closely linked to
the Tg1 temperature of the freeze concentrated amorphous glass in the
formulation.
There are two issues which are associated with the use of mannitol in freeze
dried formulations. One is the possible formation of crystalline surface on the
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vial which slows the removal of water causing the need for a higher
secondary drying temperature. The other is the chance of vial breakages
which are normally caused by the use of high mannitol concentrations, the
cooling rate and the fill volume. The breakages are caused by expansions of
the mannitol and ice crystals.(McNally, E. J., Hastedt 2008)
1.10.2.

Glycine and its methyl derivatives

Glycine like Mannitol is used as a crystalline bulking agent. As glycine is an
amino acid and can exist as a zwitterion it can act as a buffer. Glycine has
three polymorphs which are alpha, beta and gamma. Glycine can exist in
crystalline or amorphous form depending on the pH of the formulation, the
freeze drying procedure and other solutes in the formulation. Glycine
crystallisation can be inhibited by the addition of sugar such as sucrose.(S
Chongprasert et al. 2001) The same effect can be said for Mannitol as well
(Pyne et al. 2003b).
A derivative of glycine is DMG (Dimethyl glycine) which is structurally the
same as glycine but has two additional methyl groups to the amino group. It
is found in beans and liver. In legal terms DMG is classed as a food
supplement so is readily available for use without a prescription. Another
derivative of glycine is Sarcosine (methyl-glycine) which is again structurally
the same as glycine except it only has one methyl group attached to amino
group. Moreover, Trimethyl-glycine (TMG) which has three methyl groups
attached to the amino group and unlike the others it exist as a salt. All four
can be seen in Figure 9.
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Figure 9: Glycine and its methylated derivatives.

1.10.3.

Sucrose

A common way of producing an elegant but very stable cake is combining a
highly crystalline material such as glycine or mannitol with a second excipient
which remains amorphous such as sucrose. A 1.0% solution and 4.0%
solution of mannitol and sucrose has proven successful in stabilising
numerous proteins. Sucrose has a high melting point and glass transition
temperature. It also has very slow rate of crystallisation even when stored
above it glass transition (Galmarini et al. 2011).
1.11. Scope of Thesis
The aims of this thesis were to:
 Fully characterise suitable pharmaceutical excipients including novel
excipients (dimethyl glycine and trimethyl glycine) which have been
suggested by Stabilitech Ltd. as potential stabilising agents for
vaccines in the solid state.
 Examine and characterise the effect of glycine and its methylated
derivatives (including dimethyl glycine and trimethyl glycine) on other
excipients when freeze dried into binary mixtures, for use as
stabilising agents for the delivery of vaccines in the solid state.
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 Assess the potential of using Differential Scanning Calorimetry (DSC)
as a tool to produce amorphous binary mixtures of pharmaceutical
excipients to examine the physical characteristics of these mixtures
without the need for freeze drying.
 Examine the effect of these binary mixtures on the aggregation of
aluminium hydroxide (adjuvant) when freeze dried.
1.12. Structure of Thesis
The thesis is structured as follows:


Chapter 2 gives details of all the materials used and the methods
employed during the experimental work.



Chapter

3

describes

the

structural,

thermal

and

physical

characterisations of the excipients used in the experimental work.
The structural methods used include p-XRD, Raman spectroscopy,
and thermal analysis by DSC. The glass transitions of the novel
excipients (Dimethyl glycine, methyl glycine and trimethyl glycine)
were determined by a high heating rate on the DSC. The aggregation
of influenza virus over time was monitored by DLS without the
presence of excipients, for comparison to virus aggregation with
excipients present. The raw excipients when freeze dried individually
were fully characterised to allow for comparison to the formulated raw
materials.


Chapter 4 investigates the effect of novel excipients (Dimethyl glycine,
methyl glycine and trimethyl glycine) at varying concentrations on the
crystallisation behaviour and physical characteristics of glycine,
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mannitol and sucrose when blended into binary freeze dried
formulations.


Chapter 5 investigates the use of DSC to predict the crystallisation
behaviour of the binary mixtures used in Chapter 4 by cooling the
molten mixture of the excipients at the same concentrations used in
freeze dried formulations. The results are compared to the data
collected in chapter 4 and also compared to theoretical calculations of
the glass transitions temperatures of the binary mixtures using the
Gordon-Taylor Equation. The relevance and use of solubility
parameters were also discussed as predictors of the interaction of the
glycine derivatives with the other excipients. This was done by
comparison of the actual glass transitions of the molten mixtures with
the predicted glass transitions from the Gordon Taylor equation.



Chapter 6 details the analysis of the zeta potentials of the various
excipients and binary mixtures used in chapters 4 & 5, and examines
the effect of the excipients on the aggregation of aluminium hydroxide
when freeze dried and also by freeze thawing . The effect of proteins
and virus antigens on the aggregation behaviour of the adjuvant,
observing if there is a link between the zeta potential and aggregation.
The formulation which show potential from chapters 4 & 5 were used
to see what effect it had on the aggregation of a virus antigen when
compared to a control using dynamic light scattering.



Chapter 7 investigates the effect of individual excipients and binary
formulations on water loss during the same freeze drying method by
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examining the water content using Karl Fischer titration throughout the
freeze drying process.


Chapter 8 discusses the general findings within the thesis and gives
suggestions for further work.

49

Chapter 2: Materials and Methods

This chapter discusses the excipients, antigens and methods employed
during the experimental work.
2.1. Excipients
Mannitol, glycine and sucrose are commonly used excipients in freeze-dried
biopharmaceutical products. They are readily available and have been
reported extensively to protect proteins in formulation against the adverse
stresses which may lead to denaturing and degradation of proteins ( a I. Kim
et al. 1998). They produce elegant cake and a robust relatively stable
structure. For these reasons they are currently being used in formulations for
the protection of biopharmaceuticals.
However there are issues associated with the use of mannitol and glycine as
bulking agents due to their tendency to crystallise during the prolonged
freeze drying process. On the other hand, sucrose has an opposite problem
as it can produce a completely amorphous product. Consequently the cake
can collapse as it cannot support its own structure(Izutsu & Kojima 2002).
Due to the issues associated with using purely amorphous or crystalline
excipients, formulations are developed using a combination of excipients
which form crystalline and amorphous material during the freeze drying
process. Typically a crystalline material such as mannitol or glycine is used
as a bulking agent to produce an elegant cake structure which can support
the amorphous matrix which stabilises the active pharmaceutical ingredient.
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In some cases it could be described as the amorphous material is coated on
to the crystalline bulking agent.(Pikal 2007) For this additives such as amino
acids have been used as co-solutes to retards the recrystallization progress
of bulking agents in formulations thus increasing the stabilising capability in
relation to them alone. Novel excipients such as methyl glycine, dimethyl
glycine, and trimethyl glycine will be used to further understand this
behaviour and interaction between commonly used excipients.
Aluminium hydroxide is a common adjuvant used in vaccines. It can increase
the immune response to a vaccine; however stress like freeze drying can
cause these to aggregate and become unsuitable for injection. This will be
used to evaluate the potential of the previously mentioned excipient mixtures.

2.2. Antigen Selection
The antigen used for the assessing the stability of the formulations was
Influenza Antigen A/Solomon Islands/3/2006 (H1N1) (IVR-145). This was
selected as it has been noted that the antigen when in solution and exposed
to ambient conditions it aggregates and precipitates out of solution.
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2.3. Materials
2.3.1. Excipients
All chemicals and excipients were all purchased from Sigma-Aldrich Co.
Their Lot number and purity are shown in Table 1.
Table 1: List of chemicals and lot numbers.
Chemical
D (-) Mannitol
Glycine
Sucrose
N'N'-Dimethyl Glycine (DMG)
Glycine
N-Methyl Glycine (Sarcosine)
Trimethyl Glycine (Betaine)
Methyl Sulfonic
Hydranal®-KetoSolver
Hydranal®-Composite 5K

Lot No
BCBF3437V
BG6393V
SZBA3080V
077K1856V
MKBG6393V
BCBB6722V
03181539V
MKBF3325V
SVBC1940V
SZBC3250V

Purity (%)
98
98.5
98
99
98
98
99
99
n/a
n/a

2.3.2. Virus Antigen
Influenza Antigen A/Solomon Islands/3/2006 (H1N1) (IVR-145), product
code: 07/102 was purchased from NIBSC.
2.3.3. Adjuvants
ALHYDROGEL, Aluminium Hydroxide Gel Adjuvant, Batch No: 4663, was
purchased from Brenntag Biosector, Demmark.
2.4. Differential Scanning Calorimetry (DSC)
2.4.1. Introduction
DSC is the most commonly used thermal analytical technique as it can
provide detailed data about the physical and energetic properties of a
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substance using relatively small amounts of the sample (2-3 mg) for analysis.
The system consists of two pans, a sample and a reference and measures
the difference in heat flow (power) to a sample pan and a reference pan as a
function of temperature. DSC systems can be classified as either:


Power-compensated DSC in which the there are two separate
furnaces for each of the sample pan and the reference pan. The
temperature for both the sample and the reference are kept identical
by varying the heating energy (electric current) to each furnace.
Therefore it is possible to calculate the changes in heat capacity of the
sample as a function of temperature or time.

Heat flux DSC which utilises a single furnace where heat flows into both the
sample and the reference through an electrically heated constant
thermoelectric disc (Skoog et al. 2007).
Sample Pan

Reference Pan
Heat Flux Plate

Lid
Gas Out

Gas In

Temperature & Change in
Temperature

Figure 10: Diagram of the basic structure of the DSC.

The basic principle of this technique is that when a sample undergoes a
physical transformation such as a phase transition, the heat flow supplied to
the reference pan is changed to maintain both at the same temperature. The
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change required indicates if the process is endothermic or exothermic where
heat is absorbed or released, respectively.
DSC may be used to observe very subtle changes such as glass transitions
(Tg). The experiment result can be recorded as a function of time or
temperature.
2.4.2. Method
DSC measurements were carried out using TA Q-2000 series thermal
analysis system (TA Instruments ltd, UK). The DSC was calibrated with
indium and zinc standards which possess melting points of 155 0C and 419
0

C respectively.

Samples of 10-20 mg were weighed into Tzero hermetic aluminium pans,
unless otherwise stated, and were crimp sealed. Samples were analysed
using different heating rates depending on the material and information
required. The details for each run will be provided in the relevant chapter to
avoid confusion.

2.5. X-ray powder Diffraction
2.5.1. Introduction
One of the most powerful techniques for determining the structure of crystals
is X-ray diffraction (XRD). It is a technique that is used to identify the lattice
type and separation of the planes of lattice points. The phenomenon of
diffraction is the interference caused by an object in the path of waves; the
pattern of varying intensity that results is called a diffraction pattern. This
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pattern is unique for each crystal form. The diffraction of x-ray beams from a
sample is dictated by Bragg’s equation.
Equation 4: Braggs Equation.

In this equation n is the positive integer, λ is the wave length of the radiation,
d is the lattice spacing and Ɵ is the angle of diffraction. When the sample
diffracts the X-ray beam the detector scans around it to determine the angle
of the diffracted beam (Herglotz & Birks 1978)

Figure 11: Diagram of X-ray diffraction from two crystal planes.

XRD is important when working with materials that exhibit polymorphism as
they will have different crystal structure. It can also be used to quantify the
relative amounts of crystalline content within a sample. It can measure down
to 1 % of crystalline or amorphous material (w/w). This can be performed
using known mixtures of amorphous and crystalline material to create a
calibration concentration scale to quantify the material (Fix & Steffens 2004).
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2.5.2. Method
X-ray powder patterns were obtained using a Bruker D8 Advanced XRD
(Bruker Ltd, UK).
Samples 100-150 mg of sample was placed into a 25 mm silicon sample
holder with 1 mm depth and were subjected to manual compaction utilising a
microscope slide to obtain a level surface for analysis.
The scanning range used was between 10 0 and 400 2θ using a step size of
0.050 and step time of 3 seconds while the sample holder was rotated.

2.6. Fourier transform Raman Spectroscopy
2.6.1. Introduction
In Raman spectroscopy, molecular groups are explored by examining the
frequencies present in the radiation scattered by molecules. When molecules
are exposed to a monochromatic incident laser beam the resulting radiation
which is scattered is measured. These Raman shifted photons can have
high or low energy, which is dependent on the vibrational state of molecules
under study. Stokes radiation are of lower frequency and energy with longer
wavelength. While Rayleigh and anti-stokes, have a higher frequency and
energy. The energy of these is dictated by the vibrational energy levels in the
ground electronic state of the molecule and the shifts observed of Stoke and
Anti-Stoke are a direct measurement of the vibrational energies of the
molecule (Atkins, P., Paula 2008).
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Figure 12: Simplified Energy Diagram demonstrating Stoke, Anti-Stoke
and Rayleigh Radiation.

Raman can be used to elucidate the three dimensional structure of proteins
and any changes in the spectra produced when the protein becomes
unfolded or denatured can be monitored which other techniques struggle to
detect. Raman can also be utilised to look at the hydrogen bonding
interactions between molecules.
Raman is advantageous for looking at protein structure and freeze dried
samples compared to IR. One major advantage of Raman over IR is the
ability to analyse samples in aqueous environments which is beneficial for
freeze dried products as they may still contain water. Water has a weak
scatter spectrum displaying only three low intensity peaks where in IR the
water often overwhelms spectral features of interest (Wang et al. 2004).
Raman can be used to differentiate between polymorphic crystals structures
of the same compound. And also shows differences between amorphous or
crystalline forms (Hulse et al. 2009).
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2.6.2. Method
Raman spectra were obtained using a Renishaw InVia Reflex Raman
microscope which has a diode laser operating at 633 nm with a
thermoelectrically cooled charge couple device (CCD) detector. The
instrument is coupled with a Lecia microscope with 50x, 20x and 5x
microscope objectives. The diffraction grating (1200 line / nm) provides a
spectral range of 100-3200 cm-1 with a resolution of 2 cm-1.
Calibration of the instrument was achieved by recording a Raman spectrum
of silicone with one accumulation and 10 second exposure in static mode.
And the silicon band was offset if required to 520 cm-1 +/- 0.1 Cm-1. The
spectra were obtained using 20x lens objective, 4 accumulations of four
scans, and 30 seconds exposure time and laser power at 100 %
(approximately 5 mW at the source). The spectrometer was controlled by a
PC using the instrument control software, Renishaw WiRE 2.2TM. (Ali et al.
2009).

2.7. Karl Fischer Titration
2.7.1. Introduction
Karl Fischer can be used to determine the moisture/ water content in solids
liquids or even gases; which are dissolved in a solution of methanol by
titration with titrate which react with water to produce a colour change and, or
a change in the charge in the solution. It has high accuracy and precision,
only needing a small amount of sample and selective for only water.
However it also has a major disadvantage that the water present has to be
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accessible and easily brought to the methanol solution as some substances
lose water more slowly than others. These substances need more effort to
release the total water content so it can react with the Karl Fischer reagents.
The analysis has two steps. Standardisation of the reagent is done by
analysing known amounts of purified water. Then water quantity is
determined by dissolving the sample in solution and adding Karl Fischer
reagent till the end point while stirring. The end point is determined to be
when the solution has returned to “normal”, where all the water has reacted
with Karl Fischer reagent.
The basic reaction which takes place is shown below:
I2 + H2O + SO2 → 2HI + H2SO4
The 1:1 reaction takes place between iodine and water. So once the amount
of the iodine in the Karl Fischer reagent is determined this value can be used
to determine a unknown concentration of water in the sample.
The apparatus normally consists of an automatic burette, a titration vessel, a
stirrer, and an amperometric titration at constant voltage titration at constant
current. The reaction flask is normally sealed stopping any addition moisture
from the atmosphere affecting the results and a drying agent such as calcium
chloride are used to stop moisture ingress.
2.7.2. Method
The water content was determined using a Metrohm 701KFP and Citizen
iDP560 Printer. Hydranal®- KetoSolver from Sigma Aldrich Ltd is used as the
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reaction medium which dissolves the water, and sample. Also Hydranal®Composite 5K from Sigma Aldrich Ltd as the Karl Fischer reagent.
The instrument will automatically commence the condition process before
calibration. The instrument was calibrated using 25 μl of 18 MΩ deionised
water injected using a syringe inserted directly into the septum at the top of
the vessel. This was then automatically titrated to the end point and repeated
until the standard deviation was less than 1 %. This was done before each
sample.
The samples were added into the vessel via syringe though the septum for
liquids or directly into the solution by removing the septum (this must to be
done quickly to stop moisture ingress) for solids. The sample size was
approx. 0.05 to 0.1 g of solids and 25 μl of liquids.

2.8. Dynamic Light Scattering (DLS)
2.8.1. Introduction
Light scattering techniques are common place for the sizing of particulates in
solution.

It is a relatively fast technique when compared to other sizing

methods. It can be used to size particles and aggregates. This technique
measures the diffusion of particles moving under Brownian motion, from this
it is able to calculate the size and a size distribution using Stroke-Einstein
relationship.
Light passing through a solution containing molecules, depending on the
optical parameters of the system, part of the light will be scattered. DLS
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analyses the light in terms of fluctuations. These fluctuations of the scattering
intensity are due to the Brownian motion of the molecules in solution. The
statistics of the scattering signal are analysed with a correlator, the resulting
correlation function may be inverted to find a size distribution for the
molecules in solution. Detailed information and review of DLS has been done
by Nobbmann et al (Nobbmann et al. 2007). For analysis with this technique
the main parameters of interest are temperature, the refractive index of the
molecules and the viscosity of the solution.
2.8.2. Method
Particle size measurements using Dynamic Light Scattering were conducted
using a Malvern Ltd. Zetasizer Nano ZS.
2.8.2.1.

Aluminium Hydroxide adjuvant size measurement

A minimum of 12 µL of the adjuvant sample was transferred to a 12 mm
square polystyrene cuvettes (DTS0012) and placed into the instrument.
Aluminium hydroxide refractive index is 1.570 and absorption of 0.3. The
adjuvant was in a solution of water which has a viscosity of 0.8872 cp. and a
refractive index of 1.33 and maintained at 25 0C. The solution was allowed to
equilibrate for 20 seconds before analysis was started. Three measurements
were conducted and the average and the standard deviation were calculated.
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2.9. Freeze drying (Lyophilisation)
2.9.1. Introduction
Freeze drying may be used as a method to produce amorphous glass
suitable for the stabilisation of proteins and vaccines. Depending on the
freeze drying method, the physical properties of the excipient and the
particular protein, the freezing rate and the heating rate on the secondary
drying phase of the experiment can vary thus affecting the stability of the
proteins and the cake properties (Tang & Pikal 2004a).
A freeze drying method consists of four general steps; Freezing of the
solution which includes the excipients and the drug or biological compound.
Primary drying where the pressure is decreased to allow the frozen water to
sublimate. Secondary drying occurs after all the frozen water has been
sublimated and is removing water within the cake, usually the temperature is
slowly increased once the sublimation is complete under low pressure to
allow the cake to dry within out exceeding the glass transition of the
amorphous material within the cake which can cause the cake to collapse. A
fourth annealing step is sometimes employed in which the temperature is
raised above the temperature required to remove water and allows the
excipients to crystallise partially. This helps creating an elegant cake and
also allows amorphous excipients to crystallise before storage so that the
initial yield does not drop when stored.
2.9.2. Method
The freeze drying method was developed and supplied by Stabilitech Ltd.
The freeze drying was conducted using a Heto FD 8.0 CD 8030 Freeze dryer
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(Heto Lab equipment Ltd, UK). The samples were pipetted (1 cm3) in to clear
glass 1.5 ml crimp neck vials (32 x 11.6 mm). The samples were frozen at (45 0C) for two hours. The primary drying was conducted (-45 0C) under
pressure (0.8 mbar) for 15 minutes and was followed by secondary drying as
detailed in Table 2.
Table 2: The freeze drying cycle used in the creation of the samples.
Temperature
-38
-37
-34
-20
-10
0
10
20
30
4
35

Time
30 Minutes
1200 Minutes
1200 Minutes
120 Minutes
120 Minutes
120 Minutes
120 Minutes
120 Minutes
1255 Minutes
4800 Minutes
1000 Minutes

Vacuum
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No

Upon finishing the samples were sealed with a rubber cap and placed at -20
0

C to prevent any changes occurring post creation.
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Chapter 3: Characterisation of Raw Materials
3.1. Introduction
The raw materials were characterised thermally and structurally using a
combination of DSC, Powder XRD and Raman spectroscopy. Given the
polymorphic nature of the excipients and the physical changes induced by
freeze drying it is essential to characterise all excipients. Characterisation will
help predict if any interaction occur between the excipients during the freeze
drying process. And to see how the freeze drying process affects the
excipients used.
Mannitol polymorphs exhibit slightly different melting points when analysed
by DSC although this can sometimes be method specific and difficult to
elucidate using standard heating rates. The three different polymorphs show
distinctly different powder patterns on XRD and also have different spectra
for IR and Raman spectroscopy (Hulse et al. 2009). DSC can tentatively be
used to differentiate between the polymorphs, however it can be affected by
sample and process parameters such as variation in water content, heating
rate, sample size, particle size, pan types and purge gas (Kim et al. 1998).
Given the difficulties associated with DSC, and Raman spectroscopy, XRD
were used to differentiate between the mannitol polymorphs.
The glass transition temperature of the excipients is important as they can
affect the stability of the formulations. Moreover, the glass transition
temperature of excipient blends can be theoretically calculated from the
individual glass transitions of the excipients using Gordon-Taylor equation.
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However several excipients used have not been formally documented so will
need to be determined experimentally for use later.
The equation assumes an ideal system where the excipients are mixed
homogenously (Seo et al. 2005). Therefore comparing the measured and the
predicted Tg is beneficial in understanding the nature of the interaction
between the excipients in the blend.
3.2. Objectives


Characterise the excipients used by thermal and structural analysis
using XRD, Raman and DSC.



Determine the glass transitions of the glycine derivatives which have
yet to be documented by implementation of DSC using a high heating
rate.



Measure the aggregation of vaccine in solution.

Samples of each 10-15 mg of each excipient were scanned at a rate of 10
0

C/minute over a range of 35 0C to 200 0C for mannitol and sucrose. A typical

profile obtained for mannitol and sucrose are shown in Figure 13 and Figure
14 respectively.
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Sample: MAnnitol
Size: 2.3000 mg
Method: Ramp

File: C:...\DSC\Beta mannitol.001
Operator: Andrew Bright
Run Date: 18-Jan-2012 11:27
Instrument: DSC Q2000 V24.9 Build 121
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Figure 13: DSC thermal profile of beta mannitol heated at 10 0C/minute.
Sample: Sucrose
Size: 4.0040 mg
Method: Ramp

File: C:...\Raw Materials\DSC\Sucrose.001
Operator: Andrew Bright
Run Date: 18-Jan-2012 11:03
Instrument: DSC Q2000 V24.9 Build 121
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Figure 14: DSC thermal profile of sucrose heated at 10 0C/minute.

The DSC profiles of the two polyols show a sharp endothermic melt
transitions over a narrow temperature range of 159-172 0C for mannitol and
175-195

0

C for sucrose. These narrow ranges are indicative of highly

crystalline material (Fix & Steffens 2004).
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The DSC profile of MSM shown in Figure 15 was obtained using the same
method asSample:
mannitol
and sucrose.
MSM1

File: C:...\Raw Materials\DSC\MSM.001
Operator: Andrew Bright
Run Date: 18-Jan-2012 13:28
Instrument: DSC Q2000 V24.9 Build 121
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Figure 15: DSC thermal profile of MSM heated at 10 0C/minute.

The heating profile of MSM shows a sharp melting point at 109 0C which is
consistent with the literature (Shao et al. 2012). The broad peak present at
approximately 180

0

C is consistent with decomposition of the sample

(Ghorpade et al. 2012).
The melting temperatures of the excipient used are recorded in Table 3. This
also shows the literature values of the excipients for references as they could
not be determined due to decomposition of the samples before the melting
point during the method. The heating profiles of the other excipients
documented in Table 3 can be found in the appendix.
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Table 3: Melting points of the starting materials characterised by DSC
compared to those obtained from literature
Melting point
Material
α mannitol
β mannitol
δ mannitol
Sucrose
Glycine
Methyl Glycine
Dimethyl Glycine
TMG
MSM

Experimental
average
melting point
(n=3) (0C)
171.5
166.9
164.2
190.8
234.4
209.1
179.3
241.4
109.9

Standard
deviation(+/-)

Literacy
value (0C)

4.2
2.9
7.1
3.1
2.1
10.1
9.3
5.7
3.8

172
167
165
186
233
210
180
241
109

3.2.1. X-ray Powder Diffraction (P-XRD)
Each of the raw materials were also characterised using XRD to detect any
potential changes occurring during freeze drying. The polymorphs of the
excipient if found in the literature were obtained for comparison as well. The
three polymorphs of mannitol alpha, beta and delta are shown in Figure 16.
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Figure 16: Powder XRD pattern of the three polymorphs Alpha (Top),
Beta (Middle), and delta (Bottom) mannitol.
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The beta polymorph of glycine was measured as received. The two other
polymorphs were created using the method as describe by Chongprasert et
al (S Chongprasert et al. 2001), these are shown in Figure 17.
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Figure 17: Powder XRD pattern of the three polymorphs Alpha (Top),
Beta (Middle), and Gamma (Bottom) Glycine.

The XRD patterns of the glycine derivatives as received are shown in Figure
18.
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Figure 18: Powder XRD pattern of the three glycine derivatives: methyl
glycine (Top), dimethyl glycine (Middle), and Trimethyl glycine
(Bottom).
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All XRD patterns demonstrate sharp narrow peaks of a high intensity from a
relatively smooth baseline indicating that all the samples are crystalline. The
patterns correlate well with those reported in the literature. (Yang et al. 2006;
Hulse et al. 2009; Campbell Roberts et al. 2002; S Chongprasert et al. 2001)
The peaks of interest for each crystalline material are shown below in Table
4.
Table 4: Approximate two-theta positions for unique peaks exhibited by
the crystalline material analysed
Material

Peak Position
(2Theta, 2Ө)

Alpha polymorph mannitol

13.6 0, 17.2 0

Beta polymorph mannitol

14.70, 16.80

Delta polymorph mannitol

9.70, 19.4-0

Alpha polymorph glycine

17.5

Beta polymorph glycine

14.8, 300

Gamma polymorph glycine

17.30 18.50

Methyl glycine

17.2

Dimethyl glycine

13.90, 16.20

Trimethyl glycine

13.00, 15.90

3.2.2. Raman Spectroscopy
Analysis of the raw materials including the polymorphs produced using the
methods from the literature were carried out using Raman spectroscopy.
Raman was used to compliment the XRD as it can distinguish between
different polymorphic forms of mannitol and two of the three glycine
polymorphs (Hulse et al. 2009). It can also reveal if there have been any
changes in the interactions between molecules. Although infra-red
spectroscopy can be used in a similar way and is a complimentary technique
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to Raman, water shows very strong signals in the same region of interest
(3200 cm-1) which could obscure some peaks associated with the excipients
and the polymorphic forms. And given the anticipated water content of the
freeze dried samples, Raman is the more suitable option for vibrational
analysis.
Raman spectra shown in Figure 19 reveals that the produced polymorphs of
mannitol were pure with no impurities and are consistent with the literature
(Hulse et al. 2009).
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Figure 19: Raman spectra obtained for Alpha (Top), Beta (Middle), and
Delta (Bottom) polymorphs of mannitol.

Raman can also be used to distinguish between different amino acids such
as the glycine derivatives (Figure 20) but also give supportive data on the
physical state of the amino acids showing if they are crystalline or
amorphous. Raman can complement XRD, as in XRD the crystalline peaks
maybe too weak or overlapping with peaks from the more crystalline
components such as mannitol or glycine in the XRD trace (Klimakow et al.
2010).
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Figure 20: Raman spectra of Beta glycine, TMG, DMG, and Methyl
glycine as received (Shown in descending order).
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3.3. Fast heating rate DSC for the detection of glass transitions of
glycine derivatives
3.3.1. Introduction
A high glass transition temperature is desirable for maintaining the
amorphous state in compounds as it has been shown to have better
stabilising effect on proteins.(Maa et al. 2004) The glass transition of glycine
has been well documented around -78 0C (Suchart Chongprasert et al.
2001). While glycine’s methylated the derivatives; methyl glycine, dimethyl
glycine and trimethyl glycine have not been found in the literature. Mannitol
Tg has also been well documented to be around 10 0C (Pikal 2007).
The effect of the derivatives on the glass transition temperature of mannitol
can be calculated using the Gordon-Taylor Equation which takes in to
account the weight fractions of the two components and the glass transition
of both assuming the mixture is homogenous.
3.3.2. Objectives
The objectives of this experiment are as follows:


To make the glycine derivatives amorphous by grinding the received
crystalline raw material and detecting the glass transition of the
amorphous material created by fast scan rate on the DSC.



The creation of the amorphous material will be confirmed by PXRD by
comparing the raw unground material with the ground material.

3.3.3. Experimental
The amino acids were stored in a desiccator for 7 days to remove any
residual water present in the samples as it may have a plasticising effect on
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the material. Grinding of the amino acids was carried out using a marble
pestle and mortar for 2 minutes before any analysis was conducted on the
samples.
Analysis by fast scan DSC was conducted by loading the samples, which
were in hermetic pans at a sample size at 3-6 mg, at 5 0C and were cooled to
-80 0C by use of liquid nitrogen then heated at a rate of 200 0C/minute to 150
0

C.

XRD measurements were conducted to confirm the transformation to
amorphous material. SEM images were also captured
3.3.4. Results and Discussion
The X-ray analysis of the ground and unground raw amino acids was
conducted and shown in Figure 21, Figure 22, and Figure 23.
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Figure 21: Powder XRD pattern for methyl glycine as received (Red)
and after being ground (Green).
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Figure 22: Powder XRD pattern for DMG raw as received (Red) and
ground (Green).
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Figure 23: Powder XRD pattern for TMG raw as received (Red) and
ground (Green).

The diffraction patterns of all samples show an increase in the intensity and
resolution of the peaks of the amino acids upon grinding. This could be
caused by the particle size reduction and the elimination of any preferred
orientation effects (Fix & Steffens 2004). This XRD results therefore do not
show an increase in the amorphous content due to the increase in diffraction
intensity caused by having smaller particles when comparing the ground and
raw materials. This has to be confirmed by SEM to compare the particle
sizes.
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3.3.4.1.

Scanning Electron Microscopy

As no increase in amorphous content could be detected using XRD, SEM
images of the sample before and after being ground were taken so that any
amorphous material can be identified, these images are shown in Table 5.
Table 5: SEM images of the amino acids at 40x magnification exhibiting
the size difference between the ground and unground samples.
Raw unground material

TMG

DMG

Methyl Glycine

Amino
acids
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Ground material

By comparison it can be seen that grinding the amino acids decreased their
particle size. These changes in the particle's size are responsible for the
changes in the peak intensity in the XRD patterns. SEM shows features in
the ground material which could indicate amorphous material however the
XRD shows no features such as a “amorphous halo”, which is shown in XRD
patterns by the amorphous material. The amorphous halo is caused as the
X-rays are scattered in many directions from the random arrangement of
molecules within the mixture leading to a large bump distributed in a wide
range. Amorphous materials may also produce a broadening or reduced
intensity of the peaks within the pattern when compared to purely crystalline
material.
3.3.4.2.

Differential Scanning Calorimetry

The resultant DSC profiles of the three amino acids are shown in Figure 24,
Figure 25, and Figure 26.
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Figure 24: DSC profiles of ground amino acids.
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Figure 26: DSC profiles of the unground amino acids demonstrating the
absence of a glass transition.

The glass transitions are absent from the amino acids before grinding which
suggests the grinding process is creating amorphous material within the
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sample. The blanks DSC pan does not cause any features in the DSC profile
which are similar to a glass transition, which is shown in green in Figure 26.
Table 6: Average glass transition of the three glycine derivatives.

Amino acid
Methyl Glycine
DMG
TMG

Onset
46.25
51.83
44.61

Average glass transition (0C) n=3
MidEnd
S.D
point
S.D
point
2.23
47.02
2.31
48.04
5.04
52.65
5.12
53.64
7.56
45.53
7.91
46.22

S.D
2.63
5.44
7.79

DMG has the highest glass transition at the onset of 51.830C. Methyl glycine
and TMG onsets glass transition were 46.25 and 44.610C respectively.
Glycine has a documented glass transition of -780C (S Chongprasert et al.
2001). The increase glass transition from glycine to the derivatives could be
due to the reduction in molecular movement caused by the molecular weight
and steric hindrance of the addition methyl groups.
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3.1. Detection of aggregation of the Influenza Antigen over time by DLS
3.1.1. Introduction
Aggregation of proteins is a non-reversible interaction in which two or more
proteins cluster together. These clusters are called aggregates and can be
soluble or insoluble; these tend to become more insoluble as their size
increases

leading

to

precipitation

(Mahato

&

Narang

2012).

This

phenomenon can occur for whole viruses or for virus antigen which are
proteins present on the outside of the viral coat. Factors and stresses which
affect aggregation of proteins or viruses are discussed in section 1.7.3 (Page
12).
The detection of aggregation can be achieved using a number of techniques
including; size exclusion chromatography, analytical ultracentrifugation,
Field-Flow Fractionation (FFF) and electrophoresis. Other techniques include
Transmission Electron Microscopy (TEM) and laser light scattering-based
techniques such as Dynamic Light Scattering (DLS). (Mahle & Jisskoot 2012)
DLS technique is discussed and explained in Chapter 2.
3.1.2. Objective
To examine the use of Dynamic Light Scattering(DLS) to size aggregates of
influenza antigen A/Solomon Islands/3/2006 (H1N1) in water and buffer
without the presence of any excipients over time.
3.1.3. Experimental
The Influenza Antigen A/Solomon Islands/3/2006 (IVR-146) (H1N1) was
made using method described by NIBSC, up to two 1 cm3 solutions, one with
distilled water and the other was made with phosphate buffer, without any
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other excipients present. Both were analysed over a 12 hour period with
DLS.
3.1.4. Results and Discussion
The size distribution of solutions containing the virus antigen in water, and
Virus antigen in phoshate buffer are shown in Figure 27, Figure 28, Figure
29, and Figure 30.

Figure 27: Size distribution of H1N1 virus antigen in buffer measured
immediately after preparation.

Figure 28: Size distribution of H1N1 virus antigen in buffer taken 12
hours after creation.
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Figure 29: Size distribution of H1N1 virus antigen in distilled water
measured immediately after preparation.

Figure 30: Size distribution of H1N1 virus antigen in distilled water
taken 12 hours after creation.

The average size of the virus aggregates did not change over the 12 hour
period and remained at approximately 170 nm. The notable change was the
virus antigen which was in distilled water as it starts off as a narrow band
becoming broader and suggesting that the virus aggregates are much
smaller upon creation than the virus in phosphate buffer. However after 12
hours both samples appear to have the same size distribution and average
size. This suggests that in distilled water the virus antigen is more stable
than in PBS buffer.
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3.4. General Discussion
The raw excipients have been completely thermally and structurally
characterised using varying techniques, as well as the polymorphic forms of
mannitol and glycine, used in the experimental work. The melting points of all
the excipients used have been determined by DSC as well as the melting
points of the polymorphic forms of mannitol.
Although the polymorphs of mannitol have slightly different melting points,
XRD and Raman spectroscopy are the preferred method of identifying
polymorphs of mannitol and glycine. This is due to their ease and speed of
sample preparation, but also the speed of analysis due to the distinct Raman
spectra and diffraction patterns produced from these two methods of
analysis.
Glass transition temperature of the glycine derivatives (methyl glycine,
dimethyl glycine and trimethyl glycine) was determined using a fast heating
rate on the DSC. Glycine was not placed through this method as its glass
transition is well documented at ~-78 0C The onset of the glass transitions of
the glycine derivatives were ~47 0C, ~52 0C, and ~45 0C for methyl glycine,
dimethyl glycine, and trimethyl glycine respectively. These glass transitions
were determined for use with the Gordon-Taylor equation in later work to
determine the glass transitions of amorphous mixtures.
To make the glycine derivatives at least partially amorphous the crystalline
raw powders received were ground using a pestle and mortar. SEM images
of the samples before and after grinding showed that there is features which
could be amorphous material. A clear reduction in particle size was
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observed. The diffraction patterns produced using powder x-ray diffraction
demonstrated that the smaller crystals created from the grinding of larger
crystals produced greater resolution and increased intensity of the peaks.
However the diffraction patterns showed no features which could indicate
amorphous material such as an “amorphous halo”, broadening of peak width
or a reduction in peak intensity.
However the DSC thermal analysis of the glycine derivatives after grinding
illustrated that there is a glass transition present, which is an indicator of
amorphous material. Therefore it was concluded that the amorphous content
is lower than ~10% which is generally regarded as the detection limit for
XRD.
The addition of the methyl groups to glycine increased the T g value which
could be due to the extra group impeding the ability of the amino group to
form hydrogen bonds and reduces the freedom of movement of the
compound thus the increase in glass transition when compared to glycine on
its own.
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Chapter 4: The Effect of Glycine Derivatives on
the Behaviour of Mannitol, Glycine and Sucrose
when Freeze Dried

4.1 Introduction
The freeze drying process is used to stabilise proteins by creating an
amorphous matrix of excipients which limits the mobility of a protein
(Arakawa et al. 2001) and thereby prevents aggregation and unfolding.
Commonly used excipients used in this process are mannitol and other
carbohydrates such as sucrose. These additives are used to increase the
amorphous content present within the sample, with the ideal sample being
predominately amorphous to preserve the structure of the proteins. These
may however only stabilise the protein for a short time period as
recrystallization of the sample can occur during freeze drying or during
storage (Fellowes 1965). It may be necessary to incorporate more than one
excipient into a freeze dried mixture to limit recrystallization. This is
particularly the case where mannitol is used as it has a strong inherent
tendency to recrystallize (Yoshinari 2003).
There are several methods of producing amorphous material. These include
grinding of crystalline material, freeze drying, spray drying and rapid removal
of solvent (Craig et al. 1999). Freeze drying and spray drying are used to
create amorphous content to stabilise proteins in the solid state.
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Inefficient removal of water from excipients during primary and secondary
drying steps of the freeze drying process can have a detrimental effect on
the stability of formulations (Lian Yu et al. 1999). In addition to direct effects
on protein stability, residual water can have several unwanted effects on the
excipients and consequently affect the stability of the protein in a secondary
manner.
In general, an ideal formulation in the solid state which stabilises proteins
should have a high amorphous content, a high glass transition and low water
content (Saunders et al. 2004). These three features increase the stability of
the proteins in the formulation by arresting movement of the protein
structure, so that no structural changes may occur which could cause the
protein to denature. An amorphous mixture will also create a physical barrier
around proteins isolating the proteins preventing aggregation which may also
cause loss of activity of the protein (Walsh 2002).
Water is classed as a plasticizer and can facilitate the crystallisation of
amorphous excipients and reducing the total amorphous content of a
sample. Water acts to decrease the glass transition temperature of
excipients and, to increase excipient molecular mobility in the solid state
(Khawam & Flanagan 2006).
The size of the ice crystals formed during the initial freezing step affects the
subsequent drying rate. Smaller ice crystals leads to slower sublimation rates
due to the lower volume to surface area resulting in lower diffusive flux (Rival
et al. 2004). Another factor which may affect the rate at which the water is
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removed is how tightly bound the water is in the crystalline matrix, or how
well it is hydrogen bonded to the amorphous excipient.
As shown in Chapter 3, methyl glycine, dimethyl glycine and trimethyl glycine
have relatively high glass transition temperatures when compared to
mannitol and glycine, and are of a comparable value to sucrose. From this it
could be assumed that if methyl glycine, dimethyl glycine, or trimethyl glycine
were freeze dried with mannitol or glycine it would increase glass transition
of mannitol and glycine giving a more stable formulation.

4.2. Objectives
To freeze dry blends of sucrose, glycine and mannitol with glycine and its
methylated derivatives to investigate the effect the glycine derivatives on the
crystallisation behaviour of sucrose, glycine and mannitol. In addition this
chapter investigate the effect of glycine derivatives on the physical properties
of the amorphous material produced when freeze drying the blended
formulation.
To use DSC to determine the amorphous content of the freeze dried samples
by comparison of their melting enthalpy to that of purely crystalline controls.

4.3. Experimental
Concentrations ranging from 0 M to 0.5 M, of L-Glycine, N-Methyl Glycine
(Sarcosine), N’N-DMG and TMG were each added to mannitol and sucrose.
Effects of the glycine derivatives on glycine were also investigated. Mannitol,
glycine and sucrose were maintained at the same concentration of 0.5M. The
amounts used are stated in
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Table 7.
Table 7: Concentration and weights of the glycine derivatives used with
mannitol, glycine and sucrose at 0.5M.
Weight of the glycine derivatives
calculated to be in 10 ml of freeze dried
mixture. (g)
Molar concentration of
glycine, or glycine
derivative
0
0.1
0.2
0.3
0.4
0.5

Glycine

Methyl
Glycine

DMG

TMG

0
0.07
0.14
0.21
0.28
0.35

0
0.08
0.17
0.26
0.35
0.44

0
0.10
0.20
0.30
0.41
0.51

0
0.12
0.23
0.35
0.47
0.59

The samples were freeze dried using the method stated in Chapter 2 (see
section 2.8) and stored immediately at -200C. Upon production the freeze
dried samples were analysed by DSC (see section 2.3). The samples were
also characterised using powder X-ray diffraction (see section 2.4) and
Raman spectroscopy (see section 2.5).
The percentage decrease in the amount of crystalline mannitol was
calculated by comparison of the melt enthalpy of mannitol in the freeze dried
blends, with the average melt enthalpy of pure crystalline physical blends of
mannitol with glycine, methyl glycine, dimethyl glycine, and trimethyl glycine .
The percentage decrease was calculated according to Equation 5. The
percentage decrease was calculated as the mean of three determinations.
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Equation 5: The method used to calculate the percentage change in the
melt enthalpy between the freeze dried material and the crystalline
mixture.

4.4. Results and Discussions
4.4.1. Powder X-Ray Diffraction
The XRD patterns of the freeze dried blends containing mannitol, sucrose
and glycine with either glycine, methyl glycine, DMG and TMG are shown in
Figure 31 toFigure 34.
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Figure 31: Offset XRD powder patterns of freeze dried samples
containing varying concentrations of Glycine (as stated in the figure)
with 0.5M of mannitol.
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Figure 32: Offset XRD powder patterns of freeze dried samples
containing varying concentrations of methyl glycine (as stated in the
figure) with 0.5M of mannitol.
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Figure 33: Offset XRD powder patterns of freeze dried samples
containing varying concentrations of dimethyl glycine (as stated in the
figure) with 0.5M of mannitol.

90

3

0

3

5

4

S
1

6

/

0

8

/

2

0

1

2

1

3

:

0

4

P

M

R

e

s

=

N

o

n

t

a

c

k

e

d

Z

-

Z

o

o

m

C

U

R

S

O

0

R

e

Trimethyl glycine 0.1M

2500

M
Trimethyl glycine 0.2M

2000

1500

M
Trimethyl glycine 0.3M

1000

M
Trimethyl glycine 0.4M

500

0

M
Trimethyl glycine 0.5M

-500

10

15

20

25

Counts / Degrees

30

35

40

Stacked Z-Zoom CURSOR

File # 4 = AGB-VI-21-4

16/08/2012 13:04 PM Res=None

AGB-VI-21-4

Figure 34: Offset XRD powder patterns of freeze dried samples
containing varying concentrations of trimethyl glycine (as stated in the
figure) with 0.5M of mannitol.

The XRD patterns containing glycine, methyl glycine and DMG show peaks
associated with the crystalline delta and beta polymorphs of mannitol. The
delta polymorph is characterised by the peaks present at 9.70 and 19.40 and
the beta polymorph by the peaks present at 14.7 0 and 16.80 however there
has been a decrease in the overall intensity of these peaks which could be
caused by the presence of the co-solute. It can be seen that there are no
peaks present representing the crystalline amino acid after freeze drying,
with the exception of TMG which appears to remain at least partly crystalline
as three peaks are present at 15.50, 160, and 170 which correspond to the
anhydrous form of TMG analysed in Chapter 3. Mannitol that recrystallizes is
mainly of the delta form and the intensity of the peaks associated with the
beta polymorph of mannitol decreases as the concentration of amino acid
increases. With the exception of DMG at 0.1 Molar concentrations, which
crystallised as mainly beta all other XRD patterns provided evidence of high
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amounts of the delta form being present. This is evidenced by the overall
pattern when compared to controls analysed in chapter 3.
This could indicate an interaction between the mannitol and the glycine
derivatives as the glycine derivatives appear to effect the polymorph of
mannitol crystallising during the freeze drying process promoting the delta
polymorph.
In the following paragraphs the effect of combining sucrose and glycine
derivatives are presented and discussed to examine if the effect is
comparable to that seen above.
The powder XRD patterns of the freeze dried samples containing sucrose
and the glycine derivatives at varying concentrations are shown in Figure 35
to Figure 38.
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Figure 35: Offset XRD powder patterns of freeze dried samples
containing varying concentrations of glycine (as stated in the figure)
with 0.5M of sucrose.
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Figure 36: Offset XRD powder patterns of freeze dried samples
containing varying concentrations of methyl glycine (as stated in the
figure) with 0.5M of sucrose.
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Figure 37: Offset XRD powder patterns of freeze dried samples
containing varying concentrations of dimethyl glycine (as stated in the
figure) with 0.5M of sucrose.
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Figure 38: Offset XRD powder patterns of freeze dried samples
containing varying concentrations of trimethyl glycine (as stated in the
figure) with 0.5M of sucrose.

From the data presented all the patterns containing sucrose have no
distinguishable peaks and have an amorphous halo which suggests that the
freeze dried samples are amorphous and show no crystalline feature of
either the amino acids or sucrose. Such findings could be caused by the high
glass transition temperature of sucrose which at ~360C could act to
preventing the formulations crystallising during the freeze drying process.
Also the sucrose could be interacting with glycine and its methylated
derivatives to preventing hydrogen bond formation and crystallisation.
The concentration of the amino acids has no effect on the crystallisation of
sucrose however; and it is more likely that sucrose is in turn affecting the
crystallisation of the amino acids by increasing the overall glass transition of
the amorphous formulation which has been documented ( a I. Kim et al.
1998; Seo et al. 2005).
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The powder XRD patterns of the samples containing glycine in combination
with methyl glycine, DMG and TMG are shown in Figure 39 to Figure 41.

Methyl glycine 0.1M
4000

Methyl glycine 0.2M
3000

Methyl glycine 0.3M
2000

Methyl glycine 0.4M
1000

Methyl glycine 0.5M
0
10

15

20

25

30

35

Counts / Degrees

40

Stacked Z-Zoom CURSOR

File # 5 = GLCYINE 0.5 MET HYL GLY 0.5

22/01/2013 11:24 PM Res=None

Glycine methyl glycine 50 50

Figure 39: Offset XRD powder patterns of freeze dried samples
containing varying concentrations of methyl glycine (as stated in the
figure) with 0.5M of glycine.
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Figure 40: Offset XRD powder patterns of freeze dried samples
containing varying concentrations of dimethyl glycine (as stated in the
figure) with 0.5M of glycine.
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Figure 41: Offset XRD powder patterns of freeze dried samples
containing varying concentrations of trimethyl glycine (as stated in the
figure) with 0.5M of glycine.

Scrutiny of the patterns indicates that glycine and its derivatives have
partially crystallised during the freeze drying process. This is supported by
the presence of the intense peak at 17.30 2-theta, characteristic of the
gamma polymorph of glycine, which is present in all three figures (Figure 39,
Figure 40, and Figure 41). As the concentration of any glycine derivative is
increased the peak associated with the glycine derivative also increases in
intensity shown by peaks.
The XRD has shown that formulations containing sucrose have the lowest
crystalline content, while formulations containing glycine and mannitol
relatively high levels of crystalline material present but lower than purely
crystalline material.

96

4.5.2. Raman Spectroscopy
The resultant Raman spectra obtained for the formulations produced by
freeze drying method are shown in this section. The Raman spectra of
mannitol and the glycine derivatives are shown in Figure 42 to Figure 45.
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Figure 42: Offset Raman spectra of freeze dried samples containing
concentrations of glycine (as stated in the figure) with 0.5M of mannitol.
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Figure 43: Offset Raman spectra of freeze dried samples containing
concentrations of methyl glycine (as stated in the figure) with 0.5M of
mannitol.
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Figure 44: Offset Raman spectra of freeze dried samples containing
concentrations of dimethyl glycine (as stated in the figure) with 0.5M of
mannitol.
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Figure 45: Offset Raman spectra of freeze dried samples containing
concentrations of trimethyl glycine (as stated in the figure) with 0.5M of
mannitol.

The interpretation of the Raman spectra of mannitol supports the conclusions
from the XRD. The delta polymorph of mannitol is present predominately in
the formulation regardless of the other excipients present and is
demonstrated by the three peaks present at 2950 Cm -1 in Figure 42, Figure
43, Figure 44, and Figure 45 which shows the same pattern as described for
the delta polymorph of mannitol in Figure 16 (Section 3.1). Peaks associated
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with the beta polymorph of mannitol could not be distinguished suggesting
that Raman spectroscopy is not as sensitive as Powder X-ray Diffraction.
The Raman spectra of freeze dried glycine with its derivatives are shown in
Figure 46, Figure 47, and Figure 48. The Raman spectra have been offset
for clarity.

Methyl glycine 0.1M
0

Methyl glycine 0.2M
Methyl glycine 0.3M

-50000

Methyl glycine 0.4M
-100000

Methyl glycine 0.5M
-150000
3000

2500

2000

1500

Counts / Ram an Shi f t (cm -1)

1000

500

Stacked Z-Zoom CURSOR

Fi l e # 1 = GLYCINE 0.5 M E T HY L GLY CINE 0.1 RUN 1

08/02/2013 09:22 P M

Res=None

A si ngl e scan m easurem ent generated by the Wi RE 2 spectral acqui si ti on wi zard.

Figure 46; Offset Raman spectra of freeze dried samples containing
concentrations of methyl glycine (as stated in the figure) with 0.5M of
glycine.
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Figure 47: Offset Raman spectra of freeze dried samples containing
concentrations of dimethyl glycine (as stated in the figure) with 0.5M of
glycine.
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Figure 48: Offset Raman spectra of freeze dried samples containing
concentrations of trimethyl glycine (as stated in the figure) with 0.5M of
glycine.
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The spectra of the freeze dried glycine blends show that all the excipients
have at least partially crystallised during the freeze drying method as there
are sharp peaks at approximately ~3000 Cm-1 which

indicate crystalline

material. This supports the finding from the XRD of the same samples.
The Raman spectra of freeze dried sucrose with glycine and its derivatives
are shown in Figure 49 to Figure 52. The Raman spectra have been offset
for clarity.
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Figure 49: Offset Raman spectra of freeze dried samples containing
concentrations of glycine (as stated in the figure) with 0.5M of Sucrose.
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Figure 50: Offset Raman spectra of freeze dried samples containing
concentrations of methyl glycine (as stated in the figure) with 0.5M of
Sucrose.
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Figure 51: Offset Raman spectra of freeze dried samples containing
concentrations of dimethyl glycine (as stated in the figure) with 0.5M of
Sucrose.
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Figure 52: Offset Raman spectra of freeze dried samples containing
concentrations of trimethyl glycine (as stated in the figure) with 0.5M of
Sucrose.

The Raman spectra of the sucrose blends show that the sucrose is
amorphous, which supports the finding of the XRD of the same samples,
shown by the round broad peaks found ~2900 Cm -1 as shown by comparison
to the raw crystal samples characterised in section 3.3.3, which has several
sharp peaks, indicative of a crystalline material. Glycine and its methyl
derivatives appear to have the same broad peaks which are indicative of the
amorphous material as well.

4.5.3. Differential Scanning Calorimeter (DSC)
DSC analysis was performed to acquire results that would corroborate the
findings from PXRD and Raman analyses, but also to quantify the amount of
crystalline material. The resultant DSC profiles of the freeze dried binary
formulations are displayed in Figure 53 to Figure 56.
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Figure 53: DSC profiles of the freeze dried mixtures containing Glycine
and Mannitol. All profiles are to scale but offset for clarity.
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Figure 54: DSC profiles of the freeze dried mixtures containing Methyl
glycine and Mannitol. All profiles are to scale but offset for clarity.
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Figure 55: DSC profiles of the freeze dried mixtures containing dimethyl
glycine and Mannitol. All profiles are to scale but offset for clarity.
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Figure 56: DSC profiles of the freeze dried mixtures containing
trimethyl glycine and Mannitol. All profiles are to scale but offset for
clarity.

Glycine has not completely inhibited the crystallisation of mannitol when
freeze dried (Figure 53). There are two thermal transitions which occurred at
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approximately 150 0C and 158 0C, these are indicative of the inter-conversion
of delta mannitol to beta polymorph at elevated temperature examples of the
polymorphs conversion during DSC can has been shown Hulse et al (Hulse
et al. 2009). And the conversion of mannitol effect has been described by
Lian Yu et al (Lian Yu et al. 1999). The melt of glycine cannot be seen as the
temperature range did not go high enough. This was intended to avoid
decomposition of the sample and subsequent damage to the instrument. The
shape of the peak is altered; becoming broader and less intense which is an
indication of glycine affecting the melting point of the mannitol by acting as a
impurity. This effect has been with shown with mixtures of excipients and
excipient-drug

blends

demonstrated

by

blends

of

nateglinide

with

pharmaceutical excipients in which the peak of the nateglinide when upon
analysis by DSC (Ranjan et al. 2012).
Methyl glycine, Dimethyl glycine and Trimethyl glycine, all have a similar
effect on the crystallisation of mannitol, as their concentration increases the
melting point become broader, less intense, resulting in lower melting
enthalpies which is an indication of the loss of some of its crystalline content
within the mixtures. The decrease in the melt enthalpies is shown in Table 8
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Average %
decrease in the
melt of mannitol

-5.29
-2.09
4.18
6.93
-7.18
13.61

Concentration
of Glycine
divertive

0
0.1
0.2
0.3
0.4
0.5

Glycine

0.86
5.84
4.73
3.97
4.96
10.45

S.D.
-5.29
-1.93
-36.67
-54.31
-96.36
-91.94

Average %
decrease in the
melt of mannitol
S.D.
0.86
0.41
7.39
6.40
12.28
3.70
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Methyl Glycine

-5.29
-16.21
-37.84
-61.33
-86.82
-88.23

Average %
decrease in the
melt of mannitol

DMG

0.86
2.09
1.28
2.23
6.23
5.46

S.D.

-5.29
-12.73
-56.12
-74.81
-81.95
-91.76

Average %
decrease in the
melt of mannitol

TMG

0.86
21.29
34.11
17.24
8.82
8.00

S.D.

Table 8: The average percentage decrease in melt enthalpy of the first and second melts of mannitol from freeze dried
material compared to purely crystalline material at the same concentration.

After freeze drying the samples containing sucrose were analysed using
DSC.

Results from the freeze dried samples indicated that they were

amorphous and had a flat base line. An example is shown in Figure 57.
There were no endothermic or exothermic features present in the scan such
as a melt or a crystallisation. This is supported by the XRD of the freeze
dried sucrose samples, which show no crystalline features such as
endothermic or exothermic events present within the sample which could
indicate a melting or crystallisation. The crystallisations of amorphous
sucrose rarely occurs even when the glass transition is exceeded and has
been shown to inhibit the crystallisations of many co-solutes, such as
mannitol or glycine, during freezing (Hawe & Frieß 2006). The lack of a
melting point which has been documented in the literature at 185-1890C (Lee
& Da Chang 2009). There is a broad glass transition observed at 340C,
indicated by the arrow in Figure 57 which is also indicative of amorphous
sucrose (Sun et al. 1998).
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Figure 57: Example DSC profile of the freeze dried sucrose 0.5M and
dimethyl glycine 0.5M mixture.

Differential scanning calorimetry could not be used to gain insightful
information on formulations containing glycine with the methylated
derivatives due to the thermal instability of the excipients which decomposed
at temperatures much lower than their crystallisation temperature(Dunn &
Brophy 1932). The amount of crystalline material could not be quantified
using this technique. An estimation of crystallinity was made from the peak
areas of the glycine peaks obtained from the XRD analysis.
An evaluation of the XRD traces and measuring the peak area of the
diffraction patterns in Figure 39: Offset XRD powder patterns of freeze dried
samples containing varying concentrations of methyl glycine (as stated in the
figure) with 0.5M of glycine., Figure 40, and Figure 41 shows a trend of a
decrease in peak area which is shown in Figure 58 as the second
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component

is

increased.

Quantification

crystalline

and

amorphous

components can be readily done with powder x-ray analysis (Fix & Steffens
2004)
This suggests that the derivatives have an effect on the crystallisation of
glycine preventing a portion of the glycine from crystallising. This effect has
been documented for binary mixtures of crystalline and amorphous materials
an example is the use of boric acid to inhibit the crystallisation of mannitol in
solution(Yoshinari 2003). The decrease in the peak associated with glycine
could also be caused by a dilution effect of the other co-solute increasing in
concentration decreasing the total amount of glycine present.

Figure 58: Peak intensity of crystalline glycine as the concentration of
the glycine derivatives is increased.

This shows as the concentration of each of methyl glycine, dimethyl glycine,
trimethyl glycine increases the crystalline content of the glycine decreases.
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As the derivatives could be interfering with the glycine ability to hydrogen
bond thus creating amorphous material. The derivatives could also be
increasing the overall glass transition temperature of the mixture so the
amorphous material is less likely to crystallise when kept at the same
temperature.

4.6. Summary
The question this chapter addresses is how the interaction between
excipients affects their behaviour when freeze dried. Freeze dried blends
which contain; glycine, methyl glycine, dimethyl glycine, and trimethyl glycine
were each blended individually, at various concentrations with sucrose,
glycine and mannitol, which were maintained at the same concentration of
0.5M. This was done to analyse the effect the glycine derivatives, glycine,
methyl glycine, dimethyl glycine and trimethyl glycine, on the crystalline
content of sucrose, glycine, and mannitol when freeze dried into mixtures.
These mixtures were examined using Raman spectroscopy, powder x-ray
diffraction, and differential scanning calorimetry.
Mannitol samples containing glycine, methyl glycine, dimethyl glycine and
trimethyl glycine were completely characterised using XRD, Raman and
DSC. The XRD and Raman both confirm that predominately the delta
polymorph of mannitol crystallises when freeze dried regardless of the other
excipient present. DSC of these blends showed that as the concentration of
glycine, methyl glycine, dimethyl glycine, or trimethyl glycine increases in the
formulations with mannitol, the melting peak enthalpy of mannitol decreased
as there is less crystalline mannitol present, which shows that glycine, methyl
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glycine, dimethyl glycine and trimethyl glycine prevent the mannitol from
crystallising when freeze dried.
The samples containing sucrose with glycine, methyl glycine, dimethyl
glycine, or trimethyl glycine were completely amorphous which can be seen
by the lack of crystalline features found in the DSC, XRD and Raman. The
DSC showed no changes upon heating which indicates that even if the glass
transition temperature of the sucrose mixtures have been exceeded which is
very likely it still will not crystallise under the conditions examined. The XRD
support this by showing an amorphous halo and no peaks present in any of
spectra collected. The Raman showed very broad peaks at 3000 Cm -1 which
is indicative of amorphous mixture, when compared to the Raman spectra of
the raw crystalline material in Section 3.3.
Samples containing mixtures of glycine freeze dried with its glycine
derivatives did partially crystallise but glycine did show a decrease in the
crystalline content in the XRD as the concentration of methyl glycine,
dimethyl glycine and trimethyl glycine was increased. The XRD and Raman
spectra both support that the beta polymorph of glycine did crystallise
regardless of the other excipient present. These samples were also run on
the DSC but no information could be obtained as the samples decomposed
in the furnace upon heating.
From analysis of the freeze dried formulations it is has been obtained that
samples containing sucrose have the most describable features which is a
high amorphous content regardless of the glycine derivative that was added
to it at any concentration. The glycine derivatives all have very similar effect
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as sucrose and have increased the amount of amorphous content in
mannitol and glycine when combined together.
The glass transition temperature of the formulations could not be obtained
using the DSC method used to analyse the samples. Another method maybe
needed to be employed to examine these and obtain them.
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Chapter 5: Analysis of the effect of glycine
derivatives on the amorphous content of
mannitol, sucrose and glycine when cooled
from a molten state

5.1. Introduction
The results in Chapter 4 show that glycine derivatives affect the
crystallisation behaviour of mannitol and glycine but not sucrose when freeze
dried together in blends. The analysis revealed a drop in the crystalline
content and increase is the presence of amorphous material. However, no
glass transition temperature was detected in the freeze dried materials using
DSC. This chapter examines the effect of these derivatives on glycine,
mannitol and sucrose when cooled from a molten mixture to examine their
amorphous content and the effect on the glass transition of the overall
formulation.
Several

excipients

and

additives

have

been

used

to

retard

the

recrystallization of materials from the amorphous state. Boric acid as an
additive has been reported to increase the glass transition (T g) of mannitol
and retard the crystallisation of mannitol during cooling from a molten state
(Yoshinari et al, 2003).
With a rule of thumb that freeze drying and subsequent storage of
formulations should take place below the glass transition temperature to
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preserve the amorphous state and slow the crystallisation of the bulking
agent, formulations containing amorphous material with high glass transition
are desirable. The use of the amorphous state is also ideal to preserve the
biological component of a formulation in its native state and minimise the risk
of losing biological activity (Hatley & Blair 1999).
Differential scanning calorimetry studies are regularly used to determine the
glass transition temperature of a sample, therefore this method was
employed in this work (Saunders et al. 2004)

5.2. Objectives
To examine the effect of the different derivatives of glycine have on the
crystallisation of mannitol, glycine and sucrose during the cooling stage of a
heat/cool/heat cycle of a Differential Scanning Calorimetry.
To determine which derivative has the greatest effect on retarding the
crystallisation of the excipients, and what effect it has on the Tg of the
processed samples.
To explore the relevance of solubility parameters as predictors of the
interaction of glycine derivatives with other excipients by comparing the
predicted Tg from the Gordon-Taylor equation and Tg of the actual mixture
determined by DSC.
To use powder X-ray diffraction to examine the excipients cooled from a
molten state for comparison to the powder X-ray diffractions of freeze dried
blends produced in Chapter 4.
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5.3. Experimental
L-Glycine, N-Methyl Glycine (Sarcosine), N’N-DMG and TMG were each
mixed individually with mannitol, sucrose and glycine. They were ground
using a mortar and pestle to ensure sufficient mixing. The mixes were placed
in a desiccator with silica gel for 24 hours to dry the sample before running
on DSC. The sample contents were calculated as molar concentrations, the
same concentrations used in freeze drying for easy comparison. Mannitol,
sucrose, and glycine were maintained at a constant concentration of 0.5 M.
Table 9: Concentration and amounts used of the glycine derivatives.
Weight of the glycine derivatives
calculated to be in 10 ml of freeze
dried mixture. (g)
Molar
concentration of
the glycine
derivatives
0
0.1
0.2
0.3
0.4
0.5

Glycine

Methyl
Glycine

DMG

TMG

0
0.07
0.14
0.21
0.28
0.35

0
0.089
0.178
0.267
0.356
0.445

0
0.103
0.206
0.309
0.412
0.515

0
0.12
0.23
0.35
0.47
0.59

Principles of the DSC method can be found in chapter 2, section 2.4. The
DSC method used was a heat/cool/heat cycle in which the samples were
place in a hermetic aluminium pans and were heated from 35 0C at
100C/minute to 2000C, a temperature above the melting point of mannitol to
create a molten mixture. The samples were then cooled at approximately
350C/minute to -250C. The samples were then immediately heated again at
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10oC/minute to 2000C to evaluate if any changes have occurred. The
experiment was repeated three times for each sample.
The calculation of the decrease in amount of crystalline mannitol was
calculated by the subtraction of the melt enthalpy of mannitol in the first heat,
which is assumed to be a purely crystalline material, from the melt enthalpy
of mannitol in the second heat. The percentage decrease caused by the
amino acids was calculated by Equation 6: The method used to calculate the
percentage change in the melt enthalpy between the first and second melts.
Equation 6: The method used to calculate the percentage change in the
melt enthalpy between the first and second melts.

The glass transitions of the mixtures were predicted using the Gordon-Taylor
equation(Seo et al. 2005) and were compared to the glass transitions
obtained experimentally. The Hansen solubility parameters were calculated
using the Hoy and Hoftzyer/Van Krevelen method to see if they were
miscible and give reason for any differences between the glass transitions
more information on this can be found in chapter 1, section 1.11.3 (Forster et
al. 2001).
The same samples were also run on the DSC using the same heating and
cooling rates and ranges as stated previously however the samples were just
heated and cooled. And upon completion the DSC pans were opened and
examined by powder X-ray diffraction on a low background plate using the
method stated in Chapter 2, section 2.5.
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5.4. Results and Discussion
5.4.1. Gordon-Taylor Equation
The glass transition temperature for the binary mixtures was calculated using
the Gordon Taylor equation (Equation 7).
Equation 7; Gordon-Taylor equation.

Tg mix is the glass transition of the mixture, k ratio of the thermal expansion
coefficient of the two components, w1 and w2 are weight fractions of the two
components & Tg1 and Tg2 are the glass transitions of the two components.
The thermal expansion coefficient, k, used was that of the glycine, mannitol
and sucrose as it passes through its glass transition (A. I. Kim et al. 1998; S
Chongprasert et al. 2001).
The predicted glass transition temperature for mixtures including mannitol,
sucrose and glycine are calculated and shown in Table 10, Table 11, and
Table 12.
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Table 10: The calculated glass transition of the amino acids with
mannitol using the Gordon-Taylor equation.
Calculated glass transitions of the binary
mixtures including mannitol. (0C)
Molar concentration of
the glycine derivatives

Glycine

Methyl
Glycine

DMG

TMG

0.1

5.16

12.06

11.99

11.33

0.2

0.82

13.89

13.81

12.56

0.3

-3.07

15.54

15.48

13.70

0.4

-6.61

17.03

17.00

14.76

0.5

-9.82

18.37

18.42

15.75

Table 11: The calculated glass transition of the amino acids with
glycine using the Gordon-Taylor equation.
Calculated glass transitions of the binary
mixtures including glycine. (0C)
Molar concentration of the
glycine derivatives

Methyl Glycine

DMG

TMG

0.1

-61.11

-69.29

-66.23

0.2

-48.28

-51.49

-57.21

0.3

-38.04

-41.94

-48.98

0.4

-30.07

-34.48

-43.97

0.5

-23.30

-31.66

-29.17
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Table 12: The calculated glass transition of the amino acids with
Sucrose using the Gordon-Taylor equation.
Calculated glass transitions of the binary
mixtures including Sucrose. (0C)
Molar concentration of
the glycine derivatives

Glycine

Methyl
Glycine

DMG

TMG

0.1

32.77

36.32

36.45

36.17

0.2

29.46

36.58

36.86

36.35

0.3

26.92

36.92

37.20

36.51

0.4

24.34

37.13

37.56

36.69

0.5

21.70

37.41

37.93

36.85

The calculated results show that sucrose samples would have the highest
overall combined glass transitions. This is due to its high glass transition
temperature due to the relative concentration of sucrose and its high glass
transition temperature. On the other hand, the mixtures containing glycine
show low calculated glass transition temperatures which are due to the
glycine’s relative low mass and low glass transition temperature. Calculations
show that dimethyl glycine produced the greatest increase in glass transition
temperatures when added to sucrose, glycine or mannitol, assuming that the
components are fully miscible when amorphous.
5.4.2. Differential Scanning Calorimetry of Blends
Attempts to determine the experimental glass transition temperature for
glycine and sucrose using this method were unsuccessful due to excipients
decomposition upon melting. However mannitol was thermally stable upon
melting and possessed a low melting point which didn’t cause the derivatives
to decompose. A typical DSC trace of mannitol using the method described
is show in Figure 59.
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Sample: MAnnitol
Size: 5.2940 mg
Method: Heat/Cool/Heat

File: C:...\DSC\Amino acid conc\Mannitol.001
Operator: RT
Run Date: 13-Jan-2012 11:48
Instrument: DSC Q2000 V24.9 Build 121
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Figure 59: DSC scan of Mannitol as received using a heat/cool/heat
cycle.

By comparison of the first and second melts shown in Figure 60 which
occurs at 1670C there is very little change in the amount of crystalline
material within the sample. As the first melt has an enthalpy of 238.1 J/g and
the second is 239.8 J/g. As only crystalline material has a melting point and
amorphous materials does not it can be concluded that the method alone
does not affect the crystallisation of mannitol, the DSC method does not
affect the level of crystallinity of mannitol. Thus we have a valid method to
explore the effect of excipients on the recrystallisation of mannitol. Assuming
all the recrystallisation is due to mannitol, and not the other components
present effecting the enthalpy detected during the DSC method.
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Sample: MAnnitol
Size: 5.2940 mg
Method: Heat/Cool/Heat

File: C:...\DSC\Amino acid conc\Mannitol.001
Operator: RT
Run Date: 13-Jan-2012 11:48
Instrument: DSC Q2000 V24.9 Build 121
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Figure 60: DSC scan of Mannitol as received after a heat/cool/heat cycle
(Zoomed on the melt enthalpy 155-1850C).

When the DSC scans obtained from mannitol combined with the glycine
derivatives are examined, a change in the melting point of mannitol can be
observed for all the mixtures in Figure 61 to Figure 64.
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Figure 61: Stacked DSC traces of physical mixtures of Mannitol and
Glycine from a heat/cool/heat cycle.
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Figure 62: Stacked DSC traces of physical mixtures of Mannitol and
methyl glycine from a heat/cool/heat cycle.

40

–––––––
––––
––––– ·
––– – –
––– –––

Mannitol 0.5M DMG 0.1M
Mannitol 0.5M DMG 0.2M
Mannitol 0.5M DMG 0.3M
Mannitol 0.5M DMG 0.4M
Mannitol 0.5M DMG 0.5M

Heat Flow (W/g)

30

20

10

0
Exo Up

-50

0

50

100

Temperature (°C)

150

200
Universal V4.5A TA Instruments

Figure 63: Stacked DSC traces of physical mixtures of Mannitol and
DMG from a heat/cool/heat cycle.
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Figure 64: Stacked DSC traces of physical mixtures of Mannitol and
TMG from a heat/cool/heat cycle.

There is a decrease in the enthalpy of the first and second melts of mannitol
on the heating stages of the DSC traces, which suggests that not all of the
mannitol is crystallising on the cooling or during the second heating step as
the Tg is exceeded. This is also supported by the decrease of the enthalpy of
the crystallisation event during the heating step. This is also supposed by the
lack of a sharp, well defined melting transition (Shah et al. 2006).
All the amino acids have some effect on the melting enthalpy suggesting a
change in the crystallinity (Table 13). Dimethyl glycine and trimethyl glycine
showed the greatest effect on decreasing the levels of crystallised mannitol.
In general the more amino acid that is added the less crystalline the material
is present. Glass transition of blends of mannitol and glycine were not
observed. It is worthy of note that glycine was the least effective in
preventing mannitol from crystallising. Examination of the DSC scans
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containing methyl glycine did not provide evidence of transitions at
concentrations less than 0.3M. Methyl glycine was the second least effective
material at retarding the crystallisation of mannitol.
The melting points for the amino acids are not included as some are not
present due to the narrow temperature range of the DSC method because
the amino acids like TMG decompose upon melting. The glass transitions for
each of the mixtures were measured and are recorded in Table 14.
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Concentration
of Glycine
divertive
0
0.1
0.2
0.3
0.4
0.5

Glycine
Average %
decrease in the
melt of mannitol
n=3
-2.55
-8.07
-9.24
-9.54
-13.80
-14.40
S.D.
1.28
0.86
0.86
2.09
4.96
5.84
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Methyl Glycine
Average %
decrease in the
melt of
mannitol
S.D.
-2.55
1.28
-0.63
0.41
-23.30
10.45
-9.27
3.70
-59.40
7.39
-39.90
6.23

DMG
Average %
decrease in
the melt of
mannitol
-2.55
-6.99
-11.22
-47.70
-60.30
-84.50
S.D.
1.28
4.73
12.28
6.40
3.97
12.39

TMG
Average %
decrease in
the melt of
mannitol
-2.55
-14.65
-41.54
-36.61
-87.63
-90.52

S.D.
1.28
21.29
34.11
17.24
8.82
8.00

Table 13: The average percentage decrease in melt enthalpy of the first and second melts of mannitol during the DSC
cycle(n=3).

Concentration
of the Glycine
Derivatives
0.1
0.2
0.3
0.4
0.5

Average glass
transition of the
mannitol/amino
acid mixtures
-

Glycine

S.D
-
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Average glass
transition of the
mannitol/amino
acid mixtures
11.56
12.46
12.65

Methyl Glycine

S.D
1.83
0.94
0.56

Average glass
transition of the
mannitol/amino
acid mixtures
11.99
12.24
13.14
13.81

DMG

S.D
1.35
1.26
0.74
0.39

Average glass
transition of the
mannitol/amino
acid mixtures
6.30
3.32
1.79
0.60
1.31

TMG

Table 14: The average glass transition temperatures of the mixtures upon second heating (0C, n=3).

S.D
1.80
1.53
0.91
0.38
0.46

5.4.3. Solubility parameters
The Hansen solubility parameters of the individual excipients were calculated
using the Hoy and Hoftzyer/Van Krevelen method (Forster et al. 2001) to
give an indication of the miscibility of the excipients when in an amorphous
state.
As the Gordon-Taylor equation is dependent on the two components mixing
homogenously in an amorphous state this may be used to explain the
inconsistent glass transitions which have been predicted by the Gordon
Taylor equation and the experimentally recorded glass transitions on the
DSC.
Equation 8: Hoftzyer/Van Kreleven method for calculating the Hansen
solubility parameter(Forster et al. 2001).
+

+

The values used in the calculation are shown in Table 15 and the results are
shown in Table 16 The values for the COO- and N(CH3)3+ component groups
could not be found in the literature so the solubility parameter of TMG could
not be calculated.
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Table 15: Values used in the calculation of the solubility parameters.
Mannitol
CH2(2
)
CH(4)
OH(6)
Total

Glycine
Fdi+

Fpi

Ehi

V

540

0

0

32.2

320
126
0
212
0

0
300
0
300
0

0
12000
0
12000
0

Methyl Glycine
Fdi+
Fpi
CH3
420
0
CH2
270
0
-NH160 210
COOH 530 420
138
Total
630
0

Fdi+

Fpi

Ehi

V

CH2

270

0

0

16.1

-4

NH2

280

0

8400

19.2

60

COOH

530

420

10000

28.5

88.2

Total

1080

420

18400

63.8

DMG
Ehi
0
0
3100
10000

V
33.5
16.1
19.2
28.5

13100

82.6

CH3(2)
CH2
=NCOOH

Fdi+
840
270
20
530

Fpi
0
0
800
420

Ehi
0
0
500
10000

V
67
16.1
-9
28.5

Total

1660

1220

15000

102.6

Sucrose
CH2(3)
CH(8)
OH(8)
O(3)
C
Total

Fdi+
540
800
168
0
400
-70
335
0
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Fpi
0
0
4000
1600
0
5600

Ehi
0
0
16000
0
12000
0
17200
0

V
234.5
-10
80
15.2
-19.2
300.5

Table 16: Calculated solubility parameters.

Compound
Mannitol
Sucrose
Glycine
Methyl Glycine
DMG

Total
Solubility
Parameter
(mPa1/2)
44.04
26.39
23.97
20.92
20.2

The solubility parameters allow a estimation the interaction between
chemicals, in which chemicals with similar values have strong interactions,
and can be indication of solubility(Forster et al. 2001). From the values of the
solubility parameters it shows that glycine and sucrose should mix
homogenously with the glycine derivatives as the values have a no
difference greater than 7 MPa1/2, while mannitol and the glycine derivatives is
greater than 10 MPa1/2 difference which suggest they would not mix
homogenously(Mohammad et al. 2011). This could explain the difference
between the glass transition temperatures of the calculated and the
experimentally determined values of the glass transitions of the binary
mixtures of the glycine derivatives and mannitol.
5.4.4. Powder X-ray Diffraction of the cooled molten excipient blends
The samples of the excipient blends which were heated and then cooled,
were examined by XRD, and the polymorphs produced of each mixture is
stated in
Table 17, the powder X-ray diffraction traces are documented in the
Appendix 5 to Appendix 8. Again sucrose and glycine could not be examined
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using this method as they were thermally unstable when going through the
DSC method.
Table 17: Polymorphs of mannitol when cooled from a molten state and
analysed by powder-XRD.
Polymorph of Mannitol Present
Concentration of glycine or
glycine derivatives
0.1
0.2
0.3
0.4
0.5

Glycine

Methyl Dimethyl Trimethyl
glycine glycine
glycine

Beta
Beta
Beta
Beta
Beta

Beta
Beta
Delta
Delta
Delta

Beta
Beta
Delta
Delta
Delta

Delta
Delta
Delta
Delta
Delta

Because of the difference between the solubility parameters of mannitol and
the other excipients, mannitol will be less soluble in glycine and the glycine
derivatives so therefore mannitol will crystallise faster when cooled from a
molten state, as the concentration of the other excipients is increased. So the
mannitol is more likely produce the least stable delta polymorph as the other
excipients are increased.

5.5. Summary
The mixtures of excipients were blended together in the same concentrations
as used in the freeze dried mixtures analysed in Chapter 4, in which the
excipients were heated to a molten state using a heat/cool/heat cycle on the
DSC. Upon the heating cycle the glass transition of the amorphous material
was recorded. And by measuring and comparison of the endotherms of the
melt in the first, and second heating steps an estimation of the amorphous
content or loss of crystallinity can be determined. Gordon-Taylor equation
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was used determine the theoretical glass transition temperature of the
blended mixtures were calculated.

Also the solubility parameters of the

excipients were calculated, to explain the difference between the calculated
and the blends cycled through the DSC and recorded.
Sucrose and glycine cannot be analysed using the DSC method to induce
amorphous content and detect the glass transition if present. Mannitol could
be analysed using this method showing as the concentration of methyl
glycine and DMG were increased the glass transition increased as well.
Notably, TMG showed the opposite effect of lowering Tg as the
concentration was increased. However this behaviour is not consistent with
the glass transitions calculated using the Gordon-Taylor equation. The
inconsistency suggests that the excipients are not mixing homogenously as
there is still crystalline mannitol present in the DSC which is further
supported by the calculation of the solubility parameters which indicated that
the glycine derivatives are unlikely to be miscible with mannitol.
Although the DSC method was incompatible with sucrose and glycine as
they decompose upon melting the Gordon-Taylor equation suggest that
sucrose blends would have a higher glass transition and would mix
homogenously from the values from the Hansen solubility parameters
calculated using the Hoftzyer/Van Kreleven method. Sucrose mixtures may
show better stability for vaccines and viruses when freeze dried. The glycine
and the derivatives should mix homogenously from the solubility parameters
but the predicted glass transitions showed a glass transition which would be
too low for use when freeze dried.
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In summary it could be concluded that DMG when blended with mannitol and
sucrose blends seems the most likely to show greater amorphous material
and a higher glass transition when freeze dried and would be the
theoretically most likely to stabilise vaccines or a protein in the solid state
because of these factors.
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Chapter 6: The Effect of Novel Excipients on the Inhibition of
the Aggregation of Adjuvants and Viruses

6.1. Introduction
An adjuvant is used in conjunction with vaccines to increase the immune
response from the host body. This could potentially increase the vaccine’s
potency, thus only a singular dose would be required (Cox & Coulter 1997).
The most commonly used adjuvant in is aluminium-based. Aluminium
hydroxide has been used in vaccinations for over 70 years with little or no
adverse effects on individuals (al-Shakhshir et al. 1995). However, despite
this prolonged use the mechanism by which it enhances the immune
response to the vaccine in the host body is still not defined.
Two common mechanisms are frequently cited by which they increase the
immune response. The first of which is the antigen depot mechanism and
secondly the immunostimulation mechanism. The “depot” method proposes
that the adjuvant forms a reservoir at the site of injection which allows for a
slow steady release of the vaccine creating a larger immune response. The
second mechanism proposes that the adjuvant acts as a carrier for the
vaccine by binding to it and presenting the antigens to the macrophages,
creating a larger target for the immune competent cells(Cox & Coulter 1997).
Alternatively it has also been discovered that the immune response can be
demishined, or reduced, if the particle size of the Alum is too large and that
particles less than 1000 nm in diameter are more effective in creating an
immune response (Jalilian et al. 2013).
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One drawback of using aluminium hydroxide is that it cannot be frozen or
lyophilised as this causes aggregation of the aluminium hydroxide particles
causing the adjuvant to lose its beneficial effect on the immune system
(Clausi et al. 2008).

6.2. Objectives
The overall aim of the work is to explore whether the use of suitable additives
act to inhibit the known aggregation behaviour of aluminium hydroxide during
freezing or freeze-drying. Specific objectives include:


Compare the aggregation of aluminium hydroxide after freeze drying with
that after a solution has undergone a freeze-thaw cycle.



To assess the aggregation of aluminium hydroxide adjuvant after freeze
drying in the presence of different excipients using Dynamic Light
scattering (DLS) to size the aggregates.



To assess the aggregation of aluminium hydroxide adjuvant after a freeze
thaw cycle with different excipients using Dynamic Light scattering (DLS).



To measure the Zeta Potentials of the solutions containing aluminium
hydroxide adjuvant with and without excipients to explore whether Zeta
Potential relates to the size of the aggregates of the aluminium hydroxide
adjuvant.



Examine the effect of virus antigens on the aggregation of alum.
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6.3. Experimental
Excipients are the same as in previous work but there was no variation in the
concentration and were used at the highest concentrations that have been
used in previous work. The excipients and their concentration are listed in
Table 18.
Table 18: Formulations analysed during anti-aggregation experiments.
Formulation
Alum 1 mg/ml
Alum 1 mg/ml + Glycine 0.5M
Alum 1 mg/ml + Methyl Glycine 0.5M
Alum 1 mg/ml + DMG 0.5M
Alum 1 mg/ml + TMG 0.5M
Alum 1 mg/ml + Mannitol 0.5M
Alum 1 mg/ml + Sucrose 0.5M
Alum 1 mg/ml + MSM 0.5M
Alum 1 mg/ml + Mannitol 0.5M + Glycine 0.5M
Alum 1 mg/ml + Mannitol 0.5M + Methyl Glycine 0.5M
Alum 1 mg/ml + Mannitol 0.5M + DMG 0.5M
Alum 1 mg/ml + Mannitol 0.5M + TMG 0.5M
Alum 1 mg/ml + Sucrose 0.5M + Glycine 0.5M
Alum 1 mg/ml + Sucrose 0.5M + Methyl Glycine 0.5M
Alum 1 mg/ml + Sucrose 0.5M + DMG 0.5M
Alum 1 mg/ml + Sucrose 0.5M + TMG 0.5M
Alum 1 mg/ml + Sucrose 0.5M + MSM 0.5M
Alum 1 mg/ml + Sucrose 0.5M + MSM 0.5M + Glycine 0.5M
Alum 1 mg/ml +Sucrose 0.5M + SM 0.5M + Methyl Glycine 0.5M
Alum 1 mg/ml + Sucrose 0.5M + MSM 0.5M + DMG 0.5M
Alum 1 mg/ml + Sucrose 0.5M + MSM 0.5M + TMG 0.5M
Alum 1 mg/ml + Glycine 0.5M + Methyl Glycine 0.5M
Alum 1 mg/ml + Glycine 0.5M + DMG 0.5M
Alum 1 mg/ml + Glycine 0.5M + TMG 0.5M
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Firstly the formulations were prepared as placebo with aluminium hydroxide
present as a control, the same solutions were then prepared with lysozyme
protein and virus antigen present to examine the effect of the proteins on the
aggregation of alumimum hydroxide.
The alum used was initially provided as a 10 mg/ml suspension and was
diluted to 1 mg/ml with the appropriate amounts of excipients to give the 0.5
Molar concentrations shown above in table 17. Lysozyme protein and virus
antigen was added separately to all of the formulations as well to see what
effect these have on the aggregation of alum.
The zeta potential of each solution was analysed using the Zetasizer NanoZS using disposable cuvettes (DTS1060C) and the method described in
Chapter 2, Section 2.8. Three measurements were taken and the average
was recorded.
Duplicate samples of 1 cm3 of each suspension were placed in three
separate 1 cm3 freeze dried vials. Two of the samples was frozen, placing
one at -200C for 24 hours and then allowed to thaw at room temperature
prior to DLS analysis in triplicate, the other was frozen dipping the sample
into liquid nitrogen until frozen. The second sample was freeze-dried
according to the method described in Chapter 2. The freeze drying was
conducted using a Heto FD 8.0 CD 8030 Freeze dryer (Heto Lab equipment
Ltd, UK). After which the freeze dried samples were reconstituted using 1
cm3 of distilled water before being analysed using the DLS Zetasizer NanoZS.
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6.4. Results and Discussion
6.4.1. Zeta Potential Measurement
The average zeta potential of each sample is shown in Table 19. The Zeta
potential is notably affected by the excipients present in the solution and also
by the presence of lysozyme as shown in the overall average of all of the
solutions (Table 19). The viral antigen had little or no significant effect on the
zeta potential of the solutions when compared to the solutions with no protein
present, only increasing the Zeta Potential of the solutions by approximately
~5 mV. The greatest Zeta Potential recorded was the aluminium hydroxide
and lysozyme solution with no additives which has a Zeta Potential of 41.13
mV.
When looking at the effect of formulation excipients, methyl glycine 0.5 M
and Glycine 0.5 M/ methyl glycine 0.5 M produced the higher Zeta potentials,
while Sucrose 0.5M, MSM 0.5M, TMG 0.5 M and sucrose 0.5 M had the
lowest Zeta potential. Lysozyme at 1mg/ml produced the highest zeta
potential overall.
To determine if the Zeta potential is related to the amount of aggregation of
the aluminium hydroxide adjuvant the particle size was measured using DLS.
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Alum 1 mg/ml + Glycine 0.5M
Alum 1 mg/ml + Methyl Glycine 0.5M
Alum 1 mg/ml + DMG 0.5M
Alum 1 mg/ml + TMG 0.5M
Alum 1 mg/ml + Mannitol 0.5M
Alum 1 mg/ml + Sucrose 0.5M
Alum 1 mg/ml + MSM 0.5M
Alum 1 mg/ml + Mannitol 0.5M + Glycine 0.5M
Alum 1 mg/ml + Mannitol 0.5M + Methyl Glycine 0.5M
Alum 1 mg/ml + Mannitol 0.5M + DMG 0.5M
Alum 1 mg/ml + Mannitol 0.5M + TMG 0.5M
Alum 1 mg/ml + Sucrose 0.5M + Glycine 0.5M
Alum 1 mg/ml + Sucrose 0.5M + Methyl Glycine 0.5M
Alum 1 mg/ml + Sucrose 0.5M + DMG 0.5M
Alum 1 mg/ml + Sucrose 0.5M + TMG 0.5M
Alum 1 mg/ml + Sucrose 0.5M + MSM 0.5M
Alum 1 mg/ml + Sucrose 0.5M + MSM 0.5M + Glycine 0.5M
Alum 1 mg/ml +Sucrose 0.5M + SM 0.5M + Methyl Glycine 0.5M
Alum 1 mg/ml + Sucrose 0.5M + MSM 0.5M + DMG 0.5M
Alum 1 mg/ml + Sucrose 0.5M + MSM 0.5M + TMG 0.5M
Alum 1 mg/ml + Glycine 0.5M + Methyl Glycine 0.5M
Alum 1 mg/ml + Glycine 0.5M + DMG 0.5M
Alum 1 mg/ml + Glycine 0.5M + TMG 0.5M
Average Zeta potential of the solutions

Sample contents
Alum 1 mg/ml

SD
3.48

14.9
4.24
26.8
4.21
15.1
3.93
14
3.73
10.5
3.14
7.85
3.01
12.6
3.44
11.83
4.44
22.1
3.78
14.2
3.48
12
3.54
9.4
3.91
17.1
3.62
10.3
3.69
8.53
3.23
8.16
3.06
9
3.45
15.5
3.83
9.82
3.63
7.6
3.06
27.2
3.98
18.1
0.92
15.9
0.26
13.82

Average
13.1

No protein
SD
0.57

28.03
0.46
30.33
0.81
30.93
0.8
28.17
0.23
25.33
0.35
18.23
0.5
32.53
0.67
20.4
0.8
24.23
1.16
24.4
0.44
22.9
0.26
16.2
0.46
21.73
0.64
18.07
0.74
16.57
0.86
16.93
0.6
14.77
0.92
17.03
0.51
16.6
0.46
17.5
0.3
30.03
0.78
27.4
0.46
18.33
0.42
23.49

Average
47.13

Lysozyme

15
0.78
25.03 0.85
20.27 0.29
19.7
0.35
15.1
0.26
9.03
0.3
16.6
0.62
15
0.26
19.67 0.64
15.13 0.49
14.5
0.17
8.4
0.89
15.37 0.51
10.8
0.17
10.21 0.55
8.7
0.22
9.16
0.58
14.73
0.4
11.13 0.67
6.88
0.82
26.5
0.75
20.9
0.17
20.2
0.17
15.15

Average SD
15.63 0.45

Virus Antigen

Average Zeta Potential (mV)

Table 19: The average Zeta Potential (mV) of the formulations while in solution

6.4.2. Dynamic Light Scattering (DLS) measurements of Aluminium
Hydroxide adjuvant
The particle size of the aluminium hydroxide in suspension with no protein
present after freeze thaw and freeze drying are shown in Table 20. Overall
the rate at which the solutions are frozen affects the aggregation and
therefore the particle size detected by the DLS. In general, the faster the
freezing rate of water the smaller the particle size and the aggregation of
aluminium hydroxide when compared to the particle size obtained after
freezing at a slower rate. It is possible that the rate maybe slowed further
depending on the composition of the formulation, which has been linked to
the excipients physical properties. In crystalline formulations, the slower the
rate at which the excipients crystallises during freezing the slower the
aggregation process can occur.
In amorphous systems the Alums level of aggregation when frozen is
generally less than crystalline systems. And the rate of aggregation is
generally slower in amorphous with high glass transitions as shown in
(Clausi et al. 2008).
Freeze drying had a significant effect on the particle size in some cases. The
formulation containing sucrose 0.5M, MSM 0.5M, and Glycine 0.5M was
shown to significantly increase particle size. The same was noted for the
formulation containing mannitol 0.5M, Glycine 0.5M and MSM 0.5M. The
higher temperatures reached during the freeze drying method (compared to
freeze-thawing) may have caused the excipients to crystallise as the
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excipients used in the study have relatively low glass transition temperatures
promoting further aggregation.
However for some formulations the freeze drying method also caused the
particle size and level of alum aggregation to decrease. A possible
explanation for this finding could be that the excipients remained amorphous
during the freeze drying preventing particles from aggregating.
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Sample contents
Alum 1 mg/ml
Alum 1 mg/ml + Glycine 0.5M
Alum 1 mg/ml + Methyl Glycine 0.5M
Alum 1 mg/ml + DMG 0.5M
Alum 1 mg/ml + TMG 0.5M
Alum 1 mg/ml + Mannitol 0.5M
Alum 1 mg/ml + Sucrose 0.5M
Alum 1 mg/ml + MSM 0.5M
Alum 1 mg/ml + Mannitol 0.5M + Glycine 0.5M
Alum 1 mg/ml + Mannitol 0.5M + Methyl Glycine 0.5M
Alum 1 mg/ml + Mannitol 0.5M + DMG 0.5M
Alum 1 mg/ml + Mannitol 0.5M + TMG 0.5M
Alum 1 mg/ml + Sucrose 0.5M + Glycine 0.5M
Alum 1 mg/ml + Sucrose 0.5M + Methyl Glycine 0.5M
Alum 1 mg/ml + Sucrose 0.5M + DMG 0.5M
Alum 1 mg/ml + Sucrose 0.5M + TMG 0.5M
Alum 1 mg/ml + Sucrose 0.5M + MSM 0.5M
Alum 1 mg/ml + Sucrose 0.5M + MSM 0.5M + Glycine 0.5M
Alum 1 mg/ml +Sucrose 0.5M + SM 0.5M + Methyl Glycine 0.5M
Alum 1 mg/ml + Sucrose 0.5M + MSM 0.5M + DMG 0.5M
Alum 1 mg/ml + Sucrose 0.5M + MSM 0.5M + TMG 0.5M
Alum 1 mg/ml + Glycine 0.5M + Methyl Glycine 0.5M
Alum 1 mg/ml + Glycine 0.5M + DMG 0.5M
Alum 1 mg/ml + Glycine 0.5M + TMG 0.5M

Average SD Average SD Average SD
26570 11155 26127 10565 21060 4486
2948
172
1352
137
7892 1337
1061
110
1345
81
185
6
1636
129
1589
185
1177 121
2138
265
1957
207
3764
84
2920
193
1649
189
9930 3098
2613
356
3206 1049
3398 554
24090 17581 2627
406 12500 3881
1270
158
1391
137 11920 5388
742
28
369
42
618
21
1036
48
298
14
742
21
1578
115
691
10
858
21
2658
219
2780
359
2584
49
2100
238
3051
633
1196 100
2437
150
1472
23
1543
64
2639
108
1864
62
2648 657
3539
689
2118
95
3728 1034
3096
412
2316
408 19616' 125
2184
90
1374
79
580
26
3142
211
1963
148
1589
7
1630
172
2346
198
3027 319
995
31
444
18
273
8
1543
18
646
22
1616 127
2168
158
892
13
2817 1076

Aggregate size Aggregate size
Aggregate
post freezepost Freezesize post FD,
thaw (Slow),
thaw (Fast),
nm
nm
nm

Table 20: Average particle size obtained from DLS of solutions with no protein undergoing Freeze-Thaw at a slow rate/fast
rate, and Freeze-dried samples.

143

Sample contents
Alum 1 mg/ml
Alum 1 mg/ml + Glycine 0.5M
Alum 1 mg/ml + Methyl Glycine 0.5M
Alum 1 mg/ml + DMG 0.5M
Alum 1 mg/ml + TMG 0.5M
Alum 1 mg/ml + Mannitol 0.5M
Alum 1 mg/ml + Sucrose 0.5M
Alum 1 mg/ml + MSM 0.5M
Alum 1 mg/ml + Mannitol 0.5M + Glycine 0.5M
Alum 1 mg/ml + Mannitol 0.5M + Methyl Glycine 0.5M
Alum 1 mg/ml + Mannitol 0.5M + DMG 0.5M
Alum 1 mg/ml + Mannitol 0.5M + TMG 0.5M
Alum 1 mg/ml + Sucrose 0.5M + Glycine 0.5M
Alum 1 mg/ml + Sucrose 0.5M + Methyl Glycine 0.5M
Alum 1 mg/ml + Sucrose 0.5M + DMG 0.5M
Alum 1 mg/ml + Sucrose 0.5M + TMG 0.5M
Alum 1 mg/ml + Sucrose 0.5M + MSM 0.5M
Alum 1 mg/ml + Sucrose 0.5M + MSM 0.5M + Glycine 0.5M
Alum 1 mg/ml +Sucrose 0.5M + SM 0.5M + Methyl Glycine 0.5M
Alum 1 mg/ml + Sucrose 0.5M + MSM 0.5M + DMG 0.5M
Alum 1 mg/ml + Sucrose 0.5M + MSM 0.5M + TMG 0.5M
Alum 1 mg/ml + Glycine 0.5M + Methyl Glycine 0.5M
Alum 1 mg/ml + Glycine 0.5M + DMG 0.5M
Alum 1 mg/ml + Glycine 0.5M + TMG 0.5M

Average
21060
7892
185
1177
3764
9930
3398
12500
11920
618
742
858
2584
1196
1543
2648
3728
19616'
580
1589
3027
273
1616
2817

SD
16
27
3
4
6
185
236
47
10
1
1
6
90
6
16
4
28
42
42
17
58
20
20
1

Aggregation
size post FD
(Lysozyme)

SD Average
4486
402
1337
978
6
158
121
236
84
193
3098
633
554
1749
3881 1132
5388
453
21
208
21
165
21
225
49
1294
100
680
64
1018
657
933
1034 1116
125
1002
26
1145
7
941
319
973
8
249
127
256
1076
176

Aggregation
size post FD
Average
12474
5801
540
1239
1961
3074
4480
17013
1878
511
752
1293
4701
1233
900
2703
3615
5155
2550
3078
3387
915
1792
1021

SD
6989
1557
3
85
666
78
1008
####
365
7
204
430
584
79
8
88
320
1303
232
338
873
134
319
78

Aggregation
size Freeze
dried (Virus
N1H1)

Table 21: Particle size obtained from DLS of the freeze dried reconstituted solutions with and without proteins present.

The particle size of the aluminium hydroxide when freeze dried with different
excipients, with two proteins; lysozyme and virus antigen, and no protein
present is shown in Table 21. Data suggests that the solutions containing
lysozyme has the greatest effect on the particle size reducing it significantly
when compared to when the virus is present and also when there are no
protein present at all.
One factor that could be at play here is that the lysozyme is binding to the
aluminium hydroxide particles and thus the electrostatic repulsion prevents
the particles from aggregating extensively. Theoretically another factor is that
the presence of lysozyme has increased the zeta potential of the
formulations without binding and causes repulsion of the particles preventing
them from touching and aggregating.
The presence of the virus had little or no effect on particle size or zeta
potential when compared to the formulations containing no protein. The
finding suggests that zeta potential is the driving force behind how much the
aluminium hydroxide aggregates when freeze dried.

6.5. Conclusion
Addition of the Virus antigen appears to increase the particle size of the
aggregated Alum when freeze dried or frozen, although it has no effect on
the Zeta potential.
Zeta potential seems to be a factor in effecting the aggregations of
aluminium hydroxide when frozen or freeze dried. Although other factors like
glass transition temperature of the formulation and the proteins used may
also affect this, and explain some of the variations in aggregate size between
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formulations with similar Zeta Potentials (Braun et al. 2009). The glycine
derivatives appear to decrease the extent of aggregation when freeze dried
or frozen which is most likely due to the glycine derivatives forming an
amorphous freeze concentrate which isolates the aluminium hydrate
particles in the freeze concentrate solution and due to the extremely low
viscosity below Tg which reduces mobility of the particles during these
stresses. Conversely highly crystalline materials such as glycine and
mannitol increased the aggregation of the aluminium hydroxide. This is
mostly likely due to the crystal growth of the water and the excipients
causing phase separation during the freezing process increasing the
concentration of the freeze concentrated aluminium hydroxide (L Wolff et al.
2008).
A faster freezing rate, when freeze dried or freeze-thawed produces smaller
aggregates of the aluminium hydroxide. Freeze drying causes more variation
between different formulations when compared to frozen solutions alone (L
Wolff et al. 2008).
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Chapter 7: The Effect of Excipient Composition
on the Rate and Extent of Water Loss during
Freeze-Drying

7.1. Introduction
Different freeze drying methods can affect the rate of water loss from frozen
solutions containing excipients and active pharmaceutical ingredients (F
Franks 1998). If the majority water is not removed it can have a detrimental
effect on the stability of the active pharmaceutical ingredient contained within
the formulation; however a small amount of water has been proven to be
beneficial in maintaining the protein structure by interacting with the protein
and maintain its native structure to stop it denaturing in the amorphous
phase(Towns 1995; Pikal et al. 2005) .
The difficultly of removing water from excipients during primary and
secondary drying steps of the freeze drying process can have a detrimental
effect on the stability of formulations (L Yu et al. 1999). As water can have
several unwanted effects on the excipients and in turn affect the stability of
the drug/protein contained within, or directly on the proteins resulting in
hydrolysis of the peptide bond of the protein. These factors can result in poor
yields and shelf life in the final product (Arakawa et al. 2001).
When using the same freeze drying method, with different excipients and
drugs, variations in drying rates have been observed, leading to longer or
shorter freeze drying methods to be required to remove the same amount of
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water. For manufacturing purposes shorter freeze drying methods have are
more commercially violable. But can lead to the collapse of the formulation
due to incomplete water removal and the temperature rising above the Tg1 or
Tg of the formulation (Tang & Pikal 2004b). This would lead to variations in
water content using the same freeze drying method with different excipients.
Many factors can affect the rate at which water is removed during the freeze
drying method; one factor of interest is the formation of hydrates in the
formulation.
The formation of hydrates during the freeze drying process can also affect
the drying rates of samples. Mannitol hydrates can form during the freeze
drying process and remain present during a “typical” freeze drying process
but can converted to a anhydrous form upon heating (Infantes et al. 2007).
Consequently, this bound water can be difficult to remove during
lyophilisation and can subsequently result in moisture release on storage,
variation between sample to sample, and also slower drying rates (L Yu et al.
1999).

7.2. Objectives
Examine the loss of water with Karl Fischer, of excipients and mixtures,
during time points along the freeze drying method employed in previous
chapters.
To develop a method to explore what features, of the excipients already
examined in previous chapters, affect the loss of water in the secondary
drying stage the freeze drying step.
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7.3. Experimental
The freeze drying was conducted using a Heto FD 8.0 CD 8030 Freeze dryer
(Heto Lab equipment Ltd, UK). The samples were pipetted (1 cm 3) in to clear
glass 1.5 ml crimp neck vials (32 x 11.6mm). The samples were frozen at (450C) for two hours. The pressure was to 0.2 Bar and drying was
commenced at 450C for 15 minutes and was followed by subsequent stages
drying as detailed in Table 22.
At the end of each change in temperature 3 vials of each sample were
removed and stored at -20 0C for analysis.
Raman spectroscopy was attempted on the frozen solutions, before freeze
drying, to examine if the hydrate of the excipients could be detected, as done
by Beer et al, whom had detected mannitol hemi-hydrate in frozen solutions
for in-line process monitoring of freeze dried samples (De Beer et al. 2007).
This was implemented by placing the samples in dry ice and focusing the
beam through the glass vials and on to the frozen solution below. However
build-up of ice on the surface of the vial resulted in high background noise
with no identifiable peaks present within the spectra.
Samples containing sucrose, mannitol and glycine were freeze dried
individually at 0.5 Molar concentrations and also mixed with methyl glycine,
DMG and TMG at 0.5 Molar concentrations. These samples were pipetted
into 1 ml freeze drier vials and freeze dried. A list of the samples analysed
are shown below in Table 23. Three samples of each blend or single
excipient were removed at every temperature change for analysis.
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Table 22: Freeze drying cycle used for the creation of the samples, and
sample analysis time points
Temperature
Time
-38
30 Minutes
-37
1200 Minutes
-34
1200 Minutes
-20
120 Minutes
-10
120 Minutes
0
120 Minutes
10
120 Minutes
20
120 Minutes
30
1255 Minutes

Table 23: Samples contents
Sample Content
Glycine 0.5M
Methyl Glycine 0.5M
Dimethyl Glycine 0.5M
Trimethyl Glycine 0.5M
Mannitol 0.5M
Sucrose 0.5M
Glycine 0.5M, Methyl Glycine 0.5M
Glycine 0.5M, Dimethyl Glycine 0.5M
Glycine 0.5M, Trimethyl Glycine 0.5M
Mannitol 0.5M, Glycine 0.5M
Mannitol 0.5M, Methyl Glycine 0.5M
Mannitol 0.5M Dimethyl Glycine 0.5M
Mannitol 0.5M, Trimethyl Glycine 0.5M
Sucrose 0.5M, Glycine 0.5M
Sucrose 0.5M, Methyl Glycine 0.5M
Sucrose 0.5M, Dimethyl Glycine 0.5M
Sucrose 0.5M, Trimethyl Glycine 0.5M
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7.4. Results and Discussion
The average water content as determined by KF of the individual excipients
during the freeze drying method is shown in Figure 65 and Figure 66.

Figure 65: The average water content of glycine, methyl glycine,
dimethyl glycine and trimethyl glycine at the end of each temperature
change (n=3).

Figure 66: The average water content of mannitol, sucrose, and glycine
at the end of each temperature change (n=3).
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With the exception of trimethyl glycine, the other excipients show rapid water
loss between -380C and -340C. While trimethyl glycine retains it water
content for longer and loses water in stages. It gradually loses water to
approximately ~15% at -200C and remains till 00C at which point it decreases
to a similar level as the other excipients. This suggests that water is more
strongly bound to trimethyl glycine. One suggestion is the possible formation
of a trimethyl glycine hydrate; the monohydrate of trimethyl glycine has been
documented and forms naturally. The w/w of water content of trimethyl
glycine monohydrate has been calculated at 13.32% which is very similar to
the values found between -200C and 00C, which was approximate 13%
during the freeze drying method, supporting the formation of a trimethyl
glycine hydrate (White & Jiang 2011a; Cleland et al. 2004).
Sucrose and glycine have similar water content throughout the freeze drying
method losing water until reaching -200C which point both remain at
approximately ~5%. However mannitol loses water at much slower rate,
retaining water at approximately ~70% between -340C to -200C, eventually
dries to the same level as sucrose and glycine at -100C. This also suggests
the formation of a mannitol hydrate when frozen and the slow water loss is
caused by the hydrates not allowing as rapid water loss as sucrose and
glycine. As the water requires larger amount of heat energy to remove the
water from the crystal lattice. This also suggests that sucrose and glycine are
not forming hydrates during the freeze drying process (Lian Yu et al. 1999;
Mathlouthi & Genotelle 1998; Espinoza et al. 2010).
Blended mixtures of mannitol with methyl glycine, dimethyl glycine and
trimethyl glycine are shown in Figure 67.
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Figure 67: The average water content of mannitol and blended mixtures
of mannitol with methylated glycine derivatives during the freeze drying
method (n=3).

Mannitol and mannitol with trimethyl glycine lose water a much slower rate
than mannitol with either methyl glycine or dimethyl glycine. The methyl
glycine and dimethyl glycine appears to prevent the formation of hydrates
during the freeze drying process.
While mannitol with trimethyl glycine present has a similar trend to trimethyl
glycine when freeze dried individually suggesting that the trimethyl glycine is
the only thing affecting the water loss, by forming a hydrate.
Water loss of the blended mixtures of glycine with methyl glycine, dimethyl
glycine and trimethyl glycine are shown in Figure 68.
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Figure 68: The average water content of glycine and blended with
glycine derivatives when place through a freeze drying method (n=3).

Glycine and glycine with trimethyl glycine lost water at a much slower rate
than glycine with dimethyl glycine or methyl glycine present. This also
suggests that glycine and trimethyl glycine are forming hydrates. Hydrates of
glycine and trimethyl glycine have been documented (Espinoza et al. 2010;
White & Jiang 2011b)

Figure 69: The average water content of sucrose and blended with
glycine derivatives when place through a freeze drying method (n=3).
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All blended binary mixtures containing sucrose lost water quickly been -400C
to -200C, a sucrose hydrate has not been documented however it does lose
water much slower than the mixtures. This could be caused by another
interaction in which the sucrose is hydrogen bonded to the water molecules
and it is requiring more energy to remove this water from the sucrose
molecule (Mathlouthi & Genotelle 1998). The sucrose is also stopping the
formation of a trimethyl glycine hydrate which is present in other mixtures.
7.5. Summary
Mannitol, glycine, and trimethyl glycine have been shown to have lost water
at a much slower rate when freeze dried, than the other excipients,
suggesting that there is a hydrate forming during the freeze drying method
which remains until the temperature is exceeds 0 0C at which point it
becomes dry. This effect of trimethyl glycine can be seen in mixtures also
containing glycine and mannitol, but not with sucrose. This suggests that the
sucrose is preventing the trimethyl glycine forming a hydrate. But also with
mannitol the addition of methyl glycine and dimethyl glycine allows mannitol
to lose water much quickly when compared to mannitol alone, and could be
preventing the formation of a hydrate.
From the results collected from this experiment and from results in chapters
4 and 5 that mixtures which are predominately amorphous will lose water at
a much faster rate than which are predominately crystalline, however there is
a exception of mannitol, glycine, and trimethyl glycine which have been
documented to form hydrates and this is evident in rate at which samples
containing these lose water.
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Chapter 8: Conclusion & Suggestions for
Further Work

Dimethyl glycine and trimethyl glycine have recently been suggested as
potential stabilising agents in combination with excipients commonly used in
the stabilisation of proteins and vaccines in the solid state. Blends of these
mixtures were characterised to assess the interaction between the
excipients. This was undertaken using the analytical methods, namely
Differential Scanning Calorimetry, Raman Spectroscopy, Powder X-ray
Diffraction, Karl Fisher Titration, and Dynamic Light Scattering.
In Chapter 5, the excipients were milled and measured in the DSC to
determine the glass transition temperature. The methylated derivatives of
glycine were found to possess a higher Tg than glycine. The higher Tg could
be due to the reduction in molecular movement caused by the increase in
molecular weight and steric hindrance of the additional methyl groups. The
finding suggested that methylated derivatives would be beneficial in
producing amorphous content with high glass transition temperature, which
is beneficial for the stabilisation of proteins when freeze dried.
The glycine derivatives were freeze dried with sucrose, glycine, or mannitol,
and analysed using Raman spectroscopy, powder x-ray diffraction, and
differential scanning calorimetry. The analysis showed that the freeze drying
method employed only produced the delta polymorph of mannitol. DSC
examination shows that glycine derivatives decrease the amorphous content
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of mannitol. Moreover XRD traces confirm the loss in amorphous content in
glycine when freeze dried. The glycine derivatives however had no effect on
sucrose behaviour which remained amorphous regardless of the excipient
present on freeze drying. The Tg of the formulations could not be obtained
using the DSC. Another method maybe needed to be employed to examine
these and obtain them such as Dynamic Mechanical Thermal analysis
(Jones 1999), .
Analysis of the freeze dried formulations shows that samples containing
sucrose have the most describable feature, which is a high amorphous
content regardless of the glycine derivative that was added to it at any
concentration. The glycine derivatives all have a similar effect in that they
increased the amount of amorphous content in mannitol and glycine when
combined together.
Due to no method being able to detect the glass transition in the freeze dried
blends. Blends of the same excipients, at the same concentration were made
amorphous by shock cooling from a molten state on the DSC. These were
also heated again to detect the glass transition temperature of the blends
and the loss of crystallinity was also measured by comparison of the first and
second heats. This was also carried out to assess the potential of using
Differential Scanning Calorimetry (DSC) as a tool to produce amorphous
binary mixtures of pharmaceutical excipients to examine the physical
characteristics of these mixtures without the need for freeze drying. Due to
the thermal instability of glycine and sucrose, these blends could not be
examined in this way.
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Loss of amorphous content of mannitol and an increase in its glass transition
temperature was observed in the presence of methyl glycine, and dimethyl
glycine. However the glass transition temperature of mannitol with the
glycine derivatives was much lower than those calculated using the GordonTaylor equation. The solubility parameters of the excipients were calculated.
The values obtained would suggest that mannitol and the glycine derivatives
were not fully miscible thus the glycine derivatives would not greatly increase
the glass transition temperature of the mannitol blends. The calculated
solubility parameter values suggest that sucrose, glycine and the glycine
derivatives would mix homogenously and would be beneficial in producing an
amorphous content for the stabilisation of proteins in the solid state.
This study has also explored the feasibility of inhibiting the known
aggregation behaviour of aluminium hydroxide adjuvant using additives
during freezing and freeze drying. From the range of excipients and blends
assessed with the adjuvants, it was found that a faster freezing rate when
freeze dried, or freeze-thawed, produces smaller aggregates of the
aluminium hydroxide. Freeze drying produced more variation between the
different formulations when compared to frozen solutions alone.
The results in Chapter 6 showed that Zeta potential was related to the extent
of the aluminium hydroxide aggregation when frozen or freeze dried.
Although other factors like glass transition temperature of the formulation and
the proteins used may also affect this, and explain some of the variations in
aggregate size between formulations with similar Zeta Potentials. The
glycine derivatives have been shown to decrease the amount of aggregation
of the alum when frozen or freeze dried. In Chapter 7, water loss during the
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freeze drying process was measured using KF. The results showed that
certain excipients lose water at different rates during the secondary drying
phase. There is evidence that trimethyl glycine, mannitol, and glycine lose
water at much slower rates, possibly due to intermediate hydrate formation.
Amorphous mixtures of sucrose lose water faster and sucrose prevents the
formation of the hydrates of glycine and trimethyl glycine. This method of
tracking water loss during the various phases could be beneficial in quality by
design experiments to allow reductions in the time taken for the freeze drying
process used to produce these formulations.
The thesis has shown that the glycine derivatives have attributes which
would be beneficial in stabilising vaccines in the solid state when freeze
dried. These include a high glass transition temperature and the ability to
inhibit the crystallisation of bulking agents, such as mannitol and glycine.
The glycine derivatives have chemical and physical properties which have
attributes which may stabilise proteins and vaccines when freeze dried. To
further understand the glycine derivatives behaviour in the solid state and
freeze drying process, the following experiments should be investigated:


Refine DSC or utilise modulated DSC method for the detection of the
Sucrose and mannitol glass transitions temperatures, or employ
alternative method to determine the glass transition by using Dynamic
Thermal Analysis, or TAM (Al-Hadithi et al. 2004).



Using known quantities of crystalline and amorphous material to
create a quantification method using; DSC, Powder X-ray diffraction,
Raman, DVS, or TAM to analyse the formulations to accurately
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determine the quantity of amorphous and crystalline material in the
freeze dried formulations. The method would require a means of
creating purely amorphous material of each of the formulations. This
could be obtained by using a liquid nitrogen quench of molten
material, or solutions and using a very conservative freeze drying
method. To dry the formulations by removing frozen water via
sublimation, and dehydration of the freeze concentrated material
whilst remaining the below the glass transitions temperature of the
material to prevent them crystallising.


Using model proteins or vaccine as an active pharmaceutical
ingredient with known stability profiles to test the effectiveness of the
formulations containing the glycine derivatives with a suitable bulking
agent in stabilising the active against the stresses experienced during
and post freeze drying (Meister & Gieseler 2009). As part of the study
it would be sensible to conduct a 6 to 12 months stability study to
assess the potential loss of activity over time at elevated temperatures
and relative humidity after initial creation. The stability should be
assessed as loss of activity, examining the physical stability and
structure of the active.



Further investigate the effect of the glycine derivatives have on the
crystallisation behaviour of the mannitol and glycine during freeze
drying via thermal analysis of the frozen solutions and also by using a
freeze drying microscope with an optical polarisation to aid in the
identification of the crystal phases produced during the freeze drying
process.
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Appendix

Sample: DMG
Size: 7.9400 mg
Method: Ramp

File: G:...\RAw materials\DMG.001
Operator: Andrew Bright
Run Date: 18-Jan-2012 11:51
Instrument: DSC Q2000 V24.9 Build 121
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Appendix 1: DSC thermal profile of dimethyl glycine heated at
100C/minute
Sample: Glycine
Size: 3.6410 mg
Method: Ramp

File: G:...\RAw materials\Glycine.001
Operator: Andrew Bright
Run Date: 18-Jan-2012 12:40
Instrument: DSC Q2000 V24.9 Build 121
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Appendix 2: DSC thermal profile of glycine heated at 100C/minute
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Sample: MAnnitol
Size: 2.3000 mg
Method: Ramp

File: G:...\RAw materials\Mannitol.001
Operator: Andrew Bright
Run Date: 18-Jan-2012 11:27
Instrument: DSC Q2000 V24.9 Build 121
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Appendix 3: DSC thermal profile of Mannitol (Beta polymorph) heated
at 100C/minute
Sample: MEthyl glycine
Size: 5.3230 mg
Method: Ramp

File: G:...\RAw materials\Methyl glycine.001
Operator: Andrew Bright
Run Date: 18-Jan-2012 13:04
Instrument: DSC Q2000 V24.9 Build 121
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Appendix 4: DSC thermal profile of methyl glycine heated at
100C/minute
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Appendix 5: Offset XRD powder patterns of cooled molten mixtures
containing varying concentrations of Glycine (as stated in the figure)
with 0.5M of mannitol.

File # 5 = MANNITOL GLY 0.1
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Appendix 6: Offset XRD powder patterns of cooled molten mixtures
26/04/2012 13:32 P M Res=None
containing varying concentrations of methyl glycine (as stated in the
Mannitol M-Gly 0.1
figure) with 0.5M of mannitol.
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Appendix 7: Offset XRD powder patterns of cooled molten mixtures
containing varying concentrations of dimethyl glycine (as stated in the
figure) with 0.5M of mannitol.
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Appendix 8: Offset XRD powder patterns of cooled molten mixtures
File # 5 = MANNITOL T MG
0.1
Res=None
containing
varying
concentrations of trimethyl glycine (as 08/01/2012
stated13:28inPMthe
figure) with 0.5M of mannitol.
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