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ABSTRACT

This study investigated the glass transitional region of sucrose solutions and of 

freeze dried sucrose systems. Freeze drying is often used in the pharmaceutical 

industry as a method of preparing dosage forms that would otherwise be 

unstable. The freezing stage of the process may be deleterious to such 

compounds unless a glass-forming cryoprotectant, such as sucrose, is added. 

Glass-formers exhibit a glass transition, (Tg), that can be measured using thermal 

techniques.

The glass transitional region of frozen sucrose systems is complex, displaying 

two transitions. Modulated temperature differential scanning calorimetry 

(MTDSC) was used to probe the region. It was found that the lower of the two 

transitions is the true Tg, while the upper is caused by the dissolution of ice. The 

effect of annealing, the process during which a glassy material is stored below its 

Tg and allowed to relax, was investigated. Increasing the annealing time led to an 

increase in the endothermie relaxation accompanying the Tg. However, this 

reached a maximum after a short aimealing period. Dielectric spectroscopy was 

also used to study this process. Again, increasing aimealing time led to an 

increase in sample response that then tailed off

The role of the product Tg in the stability of the freeze dried product was 

investigated. A protein formulation was freeze dried for varying lengths of time. 

The link between the water content, the Tg of the product and the stability of the 

protein was explored. The effect of a change in buffer on the protein stability was 

also investigated. The effect of storage was also studied. Material was stored 

under different conditions of relative humidity and temperature. Tg proved to be 

a poor guide to the stability of the protein. However it could be used to determine 

the mobility in the formulation.
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CHAPTER 1 INTRODUCTION

1.1 Freeze Drying

Freeze-drying is the desiccation of a substance by sublimation of vapour from the 

solid state. Diying at low temperatures avoids undesirable changes such as skin 

formation, bacterial activity or chemical degradation. The resulting solid tends to 

have an open porous structure that facilitates the rehydration process.

This approach was not developed on an industrial scale until the outbreak of the 

Second World War when it became necessary to find a method of preserving 

large quantities of human blood serum and plasma (Greaves, 1946). Earlier 

studies in the United Kingdom had shown that freeze dried sera retained protein 

structure and a pilot plant intended for the production of tetanus antitoxin had 

already been built in Cambridge. This plant was used to produce experimental 

batches of sera, which were then given to patients by transfusion and shown to be 

safe. Between 1943 and 1945, an improved plant produced 500,000 bottles of 

dried plasma and serum, which met the needs of the Royal Navy, the civilian 

population together with a substantial part of the army’s requirements and the 

home needs of the Royal Air Force.

Freeze drying is now regularly used in the food industry as well as in the 

preparation of pharmaceutical products. Examples of materials that are routinely 

freeze-dried are meats, vegetables, fruit products, milk, serums, antibiotics, skin, 

hormones, bone and bacterial cultures. In the case of pharmaceuticals, freeze 

drying tends to be used for the production of drugs for parenteral injection that 

are used immediately after reconstitution (Arakawa 1991; Arakawa 1993; Pikal 

1990). Biological materials such as peptides and proteins are prone to many 

degradative reactions in solution, for example hydrolysis, aggregation or 

oxidation, so although it would be preferable to produce them in a stable solution 

in most cases this is not practical. Freeze drying is a preferred method of 

producing such formulations because it is generally thought that drying at lower
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temperatures is less harmful than comparable processes that require the input of 

heat such as spray-drying.

Freeze-drying essentially consists of three basic steps. These are the initial 

freezing of the sample, sublimation of the resulting ice and the subsequent 

removal of any unfrozen water remaining within the solute phase. However, 

these steps may overlap, for example primary drying may not be complete in one 

area of the vial before secondary drying has begun in another part.

1.2 Overview of the freeze drying process

A successful pharmaceutical product must survive processing and storage over 

the claimed shelf life without significant loss of activity or accumulation of 

decomposition products. Freeze-drying is finding increasing application in the 

processing of pharmaceutical products, especially in those of biological origin, 

such as serums, peptide-drugs and liposomes that caimot be crystallised. Stability 

of freeze-dried solids is usually much higher than the equivalent aqueous 

solution, but sometimes degradation and/or loss of activity may occur either 

during the freeze-drying process or afterwards during storage. Unlike crystalline 

materials, freeze dried products are not thermodynamically stable. With time, 

they will tend to revert to the more stable crystalline state. However, this process 

is hindered by the very low mobility that exists in these systems. The extent of 

stability is a function of the formulation and the residual water content.

Formulation is important for two reasons. Firstly, the interplay of components at 

a given concentration will give a defined and reproducible formulation glass 

transition. The second reason is that during freezing the concentration of the 

solutes increases as water is removed to form a separate ice phase, which may 

lead to degradation reactions, especially if salts or buffers are included in the 

formulation. This is because a harmless buffer concentration in an aqueous 

solution can be raised to degradative levels in the freeze concentrate, giving rise 

to significant increases in pH (Bell 1997; Franks 1992) Water plays a key role 

because of its effect of lowering glass transitions and the mobility it provides
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which is necessary for destructive reactions and structural changes to occur. 

Knowledge of the temperature at which the glass transition occurs is imperative 

because processing or storage of amorphous products above this temperature can 

cause collapse, stickiness and/or crystallisation and associated loss of activity.

1.3 Amorphous materials and the glass transition

Before continuing with a description of the freeze drying process, it is first 

necessary to describe amorphous materials and the concept of the glass 

transition, since this is central to an understanding of the molecular processes 

that occur during the formation of an amorphous freeze dried material and its 

subsequent storage.

Unlike a crystalline solid, an amorphous material does not exhibit long-range 

order. Instead, such a material resembles a liquid but without the mobility 

associated with the liquid state. Glasses are strong, brittle, transparent materials 

that soften upon application of heat. Glassy materials are completely amorphous 

with no specific boundaries or domains, which gives rise to their transparency to 

visible light, however because of their inefficient packing they are less dense 

than the corresponding crystals. Glasses are formed by quench cooling from the 

melt such that crystallisation, which is thermodynamically favoured upon 

cooling, is bypassed. Instead, the viscosity increases and mobility decrease to 

such an extent that eventually a temperature is reached at which no mobility is 

observed during the time of observation (Figure 1-1). The temperature at which 

this transition occurs is termed the glass transition and is generally denoted Tg 

(see section 1.3.1 below). At Tg, the viscosity is usually of the order of 10̂  ̂Pa.
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Figure 1-1 plot indicating the increase in viscosity associated with crossing the 

glass transition (Allen 1993)

1.3.1 The Glass Transition

All amorphous materials exhibit a glass transition, denoted Tg. The Tg may be 

observed as a change in slope of the plot of volume expansion against 

temperature and as a discontinuity in the plots of heat capacity, Cp, and 

expansivity, ap, against temperature (Figure 1-2). This transition is then very 

different to a state change, such as a recrystallisation (also depicted in Figure 

1-2) because it displays no discontinuities in the plots of enthalpy, volume and 

Gibbs energy against temperature. These discontinuities are caused by the release 

of the enthalpy (or volume) of crystallisation. The ideal glass transition merely 

shows a change in slope of the derivative plots (heat capacity and thermal 

expansivity).
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Figure 1-2 Comparison of first order and second order transitions (shown above 

and below respectively)

The Tg also differs from state changes in that the volume/temperature curve and 

the value of the Tg are dependent on the rate of cooling with slower rates giving 

rise to lower transition values and denser glasses. Figure 1-3 shows the effect of 

the rate of cooling on the Tg and the more thermodynamically favourable path 

taken upon still slower cooling that allows recrystallisation to occur. These 

observations imply that the glass formed is in a thermodynamically non

equilibrium state. Consequently, cooling at an infinitely slow rate should give an 

equihbrium value of Tg below any values experimentally obtained. This concept 

will be outlined in more detail later (p. 25).
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Figure 1-3 Schematic showing the effect of cooling rate on the observed Tg of a 

glass

Tgi shows the temperature at which a rapidly cooled glass would exhibit a Tg 

and its path below the transition is depicted by the solid line. Tg% shows the 

temperature at which the slowly cooled glass would exhibit a Tg and its path 

below the transition is depicted by the dashed line.

The glassy state is thermodynamically unstable but the viscosity is so high that 

any motion is in the order of mm/year making reversion to the more stable 

crystalline state unlikely as long as the storage temperature does not exceed the 

Tg (which may occur in the case of plasticisation by water from the 

environment). However, not all molecular motion is frozen out once the 

temperature falls below the Tg.

1.3.1.1 Molecular mobility below the Tg, the effect of annealing

Molecular mobility below Tg may be investigated by performing annealing 

experiments. Annealing is the name given to the process of storage below the Tg 

in order to allow structural relaxation to occur. This process may also be termed 

aging. Generally, when the process is deliberately induced, it is called annealing 

and when it is undesirable, it is termed ageing. Annealing experiments performed 

using polyvinylpyrrolidone (PVP); indomethacin and sucrose have shown that 

molecular mobility still occurs at temperatures up to 50K below Tg for these
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compounds (Hancock et al 1995), a value in agreement with free volume theory 

(see 1.3.2.1). A deuterium NMR study of polymers also revealed significant 

mobility below Tg (Jones et al 1991). It was shown that chain fluctuation was 

strongly coupled to Tg but rotation only moderately so and that aromatic ring-flip 

in the side chain was almost completely decoupled. These observations imply 

that only large-scale motion is linked to viscosity, and is in agreement with the 

observation that the diffusion of small molecules in polymers is largely 

unaffected by the glass transition. These phenomena may give rise to the 

appearance of smaller subsequent transitions below Tg at the temperature where 

these motions are frozen out.

1.3.2 Glass Transition Theories

A Tg may be detected by thermal analysis because of the change in heat capacity 

at this temperature. This increase arises when a material heated through its Tg 

suddenly becomes more mobile. The change in heat capacity can be related to the 

entropy (S) of the system at constant pressure by Equation 1-1.

Equation 1-1 C - T

Tg may be considered to arise through an excess of entropy. Kauzmann 

(Kauzmann 1948) calculated that when the entropy of some supercooled liquids 

is extrapolated to temperatures below Tg it appears to fall below that of a crystal 

(Figure 1-4). This contravenes the third law of thermodynamics since the 

crystalline state, the most ordered possible, must have the lowest entropy for a 

given molecular arrangement. There must therefore be a lower limit to the Tg to 

prevent this situation from arising. This limit is referred to as the Kauzmann 

temperature, Tk as depicted in Figure 1-4.
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Figure 1-4 Schematic showing the theoretical Kauzmann temperature, the dashed 

line shows the path that the glass would take below its Tg

There are many theories concerning the nature of the glassy state and the glass 

transition, which can be broadly divided into two groups. These groups are 

concerned with either the free volume or the entropy and are summarised below. 

As yet no single theory has been developed that can explain why the Tg occurs in 

respect to both of these aspects.

1.3.2.1 Free volume theories

The free volume theories assume that the transport properties of a liquid are 

governed by its free volume, the unoccupied space available within the liquid 

that is free to be filled by molecules. The idea central to these theories is that 

some space is necessary for molecules to move, and that only above the Tg is this 

space available, thus allowing an increase in the mobility of molecules at this 

temperature. The amount of free space decreases as the temperature is lowered 

thus causing an increase in viscosity. They also assume that at Tg the free 

volume of a system becomes close to zero (Fox 1950).

The Doolittle equation (Doolittle 1951) was developed to relate the viscosity of a 

liquid to its volume and free volume at temperature above Tg. However, this 

equation is only valid in the region where volume and free volume vary linearly 

with temperature. This equation predicts that an increase in pressure will
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decrease Tg, and that at some temperature below Tg the free volume will become 

zero.

c(v-v.)
Equation 1-2 7 = 7o Gxp

r\ is the viscosity, qo and C are adjustable parameters, V is the volume, Vf is the 

free volume. However, these types of theory do not explain why the free volume 

should exhibit a given value at each temperature or why the free volume 

disappears.

1.3.2.2 Entropy theories

This approach is mainly concerned with the energy of bonds in straight chain 

polymers and assumes that straight bonds are less energetic than those that are 

angled. The relaxation time of a system is then related to its configurational 

entropy; the larger the entropy the faster the material will relax.

Gibbs and DiMarzio developed an expression relating the number of ways that a 

polymer could be arranged within a lattice (Gibbs 1958). Thermodynamic data 

were then calculated to give plots of entropy against temperature. These show 

that the entropy becomes zero at a finite temperature, in a similar manner to the 

Kauzmann paradox. However, the reason for this is that where negative values 

were obtained they were assumed equal to zero The Kauzmann Paradox is 

avoided because the supercooled liquid undergoes a second-order phase 

transition causing a change in the gradient of the entropy curve, this transition is 

denoted T%.

The empirically observed glass transition is then considered as a kinetic effect, 

observed when the timescale of measurement is shorter than the relaxation 

occurring in the system. Furthermore, the glass transition is considered as merely 

a reflection of the true thermodynamic transition that occurs at Tz. This theory
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holds up quite well, in that it can predict the dependence of the T2. and hence Tg, 

on pressure, cross-linking in polymers and molecular weight for many systems.

A later theory, the Adam-Gibbs theory, assumes that configurational entropy is a 

function of the difference between the entropy of a crystal and the system under 

examination at a given temperature (Adam 1965). The assumptions are that a 

crystal only has one possible configuration and that any contributions to the 

entropy by vibration will be the same for both crystal and liquid.

The idea central to their model is that at high temperatures the mobility of 

molecules, or segments in polymers, is independent of other surrounding 

molecules or segments, but that as the Tg is approached the mobility becomes 

restricted by the movement of the other segments in the surrounding region. In 

essence, only cooperative movement is allowed once the Tg is approached, 

which leads to a decrease in the bulk mobility of the system. The relaxation time 

is then related to the overall configurational entropy of the system. Their model 

yields relaxation times that follow glassy-type behaviour (outlined more fully in 

1.3.2.4) so long as it is assumed that the configurational entropy of the mobile 

segments effectively becomes zero at a temperature T2 and that the heat capacity 

difference between the crystalline and liquid phase is proportional to the inverse 

of temperature.

There has been much debate about which of these two models better fits the glass 

transition phenomenon. They are similar in that they both assume that the 

approach of the glass transition can be determined from the amount of space that 

a mobile species has around it, whether defined as free volume or configurational 

entropy. However, neither states why this loss of space occurs at all.
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1.3.2.3 The Fictive Temperature

Because the glass transition is a kinetic event, it is only observed when the 

molecular relaxations involved occur in the same time scale as the period of 

observation. It is therefore dependent on the scanning rate of analysis. This 

means that Tg values determined in different laboratories or using different 

techniques may not be directly compared. The fictive temperature, Tf, does not 

suffer from this effect since it is independent of heating rate. This value is 

determined from thermal analysis by extrapolation of the enthalpy curves of the 

liquid and glassy states.

After careful calibration the change in specific heat through the glass transition 

region is measured

Equation 1-3 C pi = A ■¥ BT

Equation 1-4

Cpg is the heat capacity in the glassy state, Cpi is the heat capacity in the liquid 

state, a, b, A and B are constants found by linear regression.
d j '2

Equation 1-5 ^ /(O  = ^  + Q

hT^
Equation 1-6 = aT-\- - y -  + P

Integration of the above equations gives the enthalpies for the two states in this 

range. The fictive temperature is then found by solving for the temperature where 

Hg is equal to Hi.
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1.3.2.4 Temperature Dependence of Viscosity in the range of Tg, the Concept 

of Fragility

It has already been stated that the viscosity of glass-formers exhibits temperature 

dependence in the region of Tg. Glass formers may be classified as “strong” or 

“fragile” according to this dependence (Wong 1976). These terms have been 

used because it was observed that strong materials tend to be those with self

reinforcing networks. Strong materials are typically inorganic; their resistance to 

structural change is also exhibited by their characteristic small heat capacity 

changes at Tg. Their viscosity change in the region immediately above Tg can be 

described by the following equation, based on that of Arrhenius, which yields a 

straight line (Figure 1-5),

Equation 1-7 —̂  = k  exp—^
dt ^  RT

T| is the “quality” of the product that is being measured, in this case viscosity, - 

drj/dt is the rate of viscosity decrease, k is a rate constant and Ea is the activation 

energy for the deterioration process, R is the gas constant, T is the temperature. 

This equation shows that strong glass-formers exhibit linear dependence of their 

viscosity on temperature (Figure 1-5). The glassy behaviour of proteins is 

difficult to characterise, and it is thought that this is because they are strong 

glass-formers and so exhibit small ACp values at their Tg.



Chapter 1 Introduction 31

14-1

12 -

10 -

C

>
0 -

w
o FRAGILE

-2 -

0.0 0.2 0.4 0.6 OJI 1.0

Tg
Si02 1446
CaAt2Si208 1112
Na20.2Si02 713
Na20.Si02 670
2ZriP4JBaF2 550
ZiiC12 370J
69ZnC12-31Pya 275
Ca-K/N03 332
KBi2Cl$ 300
propanediol
prapMiot 85.2
propylene carbonate 152
»>ierphenyl 239.7

T*/T
Figure 1-5 viscosities and Cp curves of a variety of glass-forming systems as a 

function of reciprocal temperature T* is the temperature at which the viscosity 

reaches 10̂  ̂Ps. (Angell 1991).

Arrhenius-based kinetics are not applicable to fragile glass-formers. These 

materials obey the Williams-Landel-Ferry (WLF) equation (Equation 1-8) 

(Williams 1955) in the intermediate “rubber”, or undercooled liquid phase 

between Tg and Tm. Fragile materials exhibit large ACp values at their Tg. It is 

thought that as many such materials tend to be hydrogen-bond formers these 

bonds contribute to the ACp value. The most fragile materials so far discovered 

are polymers such as polycarbonates and polyvinyl chloride (Angell 1995).

The original WLF equation that was developed to describe the temperature 

dependence of the viscosity for fragile materials (for example sugars) is shown 

below;

Equation 1-8
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T| is the viscosity at temperature T, and r|g the viscosity at Tg. The constants 

shown are those proposed as universal values in the original paper (Williams 

1955). The more general form of this equation is;

Equation 1-9 l o g ^ =
% c.+ (r -7 ; )

where Ci is related to the inverse of the free volume in the system at Tg, while C2 

is proportional to the ratio of the free volume at Tg over the increase in free 

volume caused by thermal expansion above Tg. These constants will be different 

according to the system studied; To is a reference temperature and T)r is the 

viscosity at this temperature. If this formula is used with Tg as the reference 

temperature then it must be assumed that free volume changes are linear above 

Tg. However, it still yields good correlations for the viscosity of ffeeze- 

concentrated amorphous sugar solutions (Karel 1993). WLF plots (e.g. log 

(q/rig) vs. T-Tg ) typically show a viscosity change in the order of five orders of 

magnitude in the temperature region up to 20®C immediately above Tg, Other 

relaxation processes such as diffusion and crystallisation can also be described 

using this equation, such as the crystallisation of amorphous sucrose (Shimada 

1991) in this temperature range. Another form of the WLF equation (known as 

the Vogel-Tammaim Fulcher equation) is sometimes used to describe these 

processes;

Equation 1-10 rj = A exp

where A, B and To are constants. One of the main differences between Arrhenius 

kinetics and WLF-type kinetics is the coefficient of the temperature dependence 

in each equation. The activation energy, E, in the Arrhenius equation is a 

constant, in the WLF equation however, this coefficient is itself temperature 

dependent, i.e. the plot of log viscosity or relaxation rate vs. T'  ̂ is curved in the 

region between Tg and Tm, only approaching linearity at the uppermost limit 

(Figure 1-5).
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Tg and Tm values of pure anhydrous compounds are easily obtained by 

calorimetric measurement. For low molecular weight pharmaceuticals the ratio 

Tg/Tm is approximately 0.7 (Pikal et al 1991). The range is ~ 0.59 to 0.86. 

Sucrose has a Tg/Tm value of 0.73, for aspirin and paracetamol, the values are 

0.59 and 0.86 respectively (compared with -0.5 for symmetrical polymers e.g. 

polythene and -0.7 for asymmetric polymers e.g. polyisoprene) (Kerc & Srcic 

1995). Tg/Tm ratio can be used to estimate the Tg of a compound prior to Tg 

determination. However, glass transitions of pure components are of little 

relevance to the study of complete formulations. This is because glass formation 

is dependent upon the presence and concentrations of all components of a 

solution. Generally, Tg of the formulation is within the range of the Tgs of the 

pure components. If it is not, then some interaction is occurring and the 

components may be incompatible.

1.3.3 Effect of Water on Tg

Water acts as a plasticizer, hence increasing the amount of water present lowers 

the Tg because the molecular mobility is increased and the average molecular 

weight of the formulation is lowered. The traditional definition of a plasticizer 

comes from polymer chemistry and is “a material incorporated into a polymer to 

increase the polymers workability, flexibility and extensibility” (Slade 1993). 

When concerned with glasses the term plasticizer is used to mean a molecule that 

when added to a pure compound reduces the Tg by lowering the viscosity and 

increasing the free volume (see 1.3.1). A 1% increase in the water content of a 

formulation may result in reduction of Tg by lOK. For example the Tg of 

anhydrous saquinavir is 105®C (Royall et al. 1998), but the Tg when 5% water is 

present is reduced to 55°C.

A study was carried out in which the effect of water content on the Tg of PVP, 

poly(2-hydroxyethylmethacrylate), starch, cellulose, freeze-dried sucrose and 

lactose was analysed using the Gordon-Taylor equation (Equation 1-11), which
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is used to describe Tg of compatible polymer blends (Hancock & Zografi 1997). 

This equation assumes no interaction between the components and that volume 

additivity occurs. Tg(mix) is the Tg of the formulation containing components 1 

and 2, wi and W2 refer to the weight fractions of components 1 and 2 

respectively, Tgi and Tg% refer to Tg values of components 1 and 2 respectively 

and K is a constant that is a ratio of the free volumes of the two components 

under any given conditions.

E quation l-ll =

The study showed that if two amorphous solids had the same glass transition 

temperature the one with the highest density mass would be plasticized the most 

by a given amount of water, whereas for materials with the same density the one 

with the highest glass transition was plasticized the most. Tg and density are 

closely related so that the Gordon-Taylor constant, K, is usually approximately 

equal to 0.25. Plots of glass transition temperature against water content for the 

model compounds used gave the predicted results for most of the materials 

studied.

One of the few mixtures that did not follow the predicted behaviour was sucrose 

and water, which exhibited Tg values consistently below those predicted by the 

equation. When the data were displayed on a Schneider plot (Brekner 1988) (y 

axis; Tgmiv -Tgi/ [(Tg2 - Tgi) * W2] and x axis W2c where W2c is the weight 

fraction of the sugar) they did not fall within the “ideal mixing” zone (a linear 

plot with gradient between +0.5 and -0.5 passing through unity, see Figure 1-6). 

This demonstrated that specific interactions were occurring between the water 

and sugar molecules. In Gordon and Taylor’s original paper (Gordon & Taylor 

1952) a table was included that described the effects of intermolecular forces in 

solutions that may lead to deviations from ideal volume mixing. They described 

the case where the two components were small molecules as giving rise to 

“relatively strong deviations due to strong clustering of interacting groups if 

present”. It might therefore be expected that disaccharides and water molecules
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would always give rise to such deviations from ideality because of the possibility 

of hydrogen bonding between the hydroxyl groups of the sugar and the 

hydrogens in the water molecules. However, this is not found to be the case. 

Aqueous solutions of lactose fit into the ideal mixing zone on Schneider plots. 

This result implies that the orientation of the hydroxyls is also relevant to the 

formation of hydrogen bonds.
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Figure 1-6 Schneider plot for the binary systems lactose:water (■ )  and 

sucrose.water ( •  ) demonstrating the non-ideality of mixing in the sucrose.water 

system (Hancock & Zografi 1997)

1.3.3.1 Analysis of Tg

The change in mobility at Tg results in alteration of many physical properties of 

glass forming materials such as volume, heat capacity, viscosity, electrical 

permittivity and refractive index, which may be measured by a great number of 

techniques. Volume changes may be measured by thermomechanical analysis 

(TMA), which analyses the changes in dimension of a material with temperature 

(Le Meste & Huang 1992). Dynamic mechanical analysis (DMA), which applies 

an oscillatory force and records the response of the material as a function of 

either temperature or frequency, may be used to measure the change in 

viscoelasticity (Craig 1995b). Heat capacity changes may be measured by 

differential scanning calorimetry (DSC), which analyses the change in heatflow 

of a sample with respect to temperature. Electrical permittivity may be analysed
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by dielectric spectroscopy (Hensel et al 1996). The last two methods will be 

described in more detail in the Chapter 2.

1.4 Amorphous pharmaceuticals

Glassy materials are not generally encountered in the pharmaceutical industry 

except as containers. Indeed formulation as an amorphous end-product is not 

favoured at all because of the high cost of manufacture and their instability. 

Where solid formulations are produced, crystalline materials are favoured 

because of their ease of production, and stability. They are also relatively easy to 

characterise using, for example, differential scanning calorimetry and X-ray 

diffractometry. Amorphous materials are generally only purposefully produced 

when a drug does not crystallise easily or is not stable in solution. A possible 

exception to this may be when a drug exhibits poor dissolution characteristics in 

the crystalline form that may be enhanced by preparation in an amorphous form; 

an example from the literature is that of indomethacin (Fukuoka 1986) (Figure 

1-7).

2
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604020
Time (min)

Figure 1-7 Dissolution of amorphous and crystalline indomethacin in water (•) 

amorphous material; (o) crystalline material (Fukuoka 1986)
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It is important to note that not all crystalline materials remain purely crystalline 

after manufacture. For example grinding, which may be employed to reduce the 

particle size of a drug, can introduce amorphous character into an otherwise 

completely crystalline material because of the large amounts of energy that are 

deployed in this process (Yamamoto 1976). Similarly, tablet formation, milling 

and micronisation, which also require the input of large amounts of energy, can 

cause the generation of amorphous material at the surfaces of the tablet.

Grinding may also be employed to purposefully prepare an amorphous form as 

may be spray drying (Yonemochi 1999). This process involves spraying a 

solution through a hot nozzle into a stream of cold air (Corrigan 1995). The 

resulting particles are generally amorphous in character, although this technique 

is not suitable for the production of materials that are easily denatured by heat.

1.5 The freeze drying process

1.5,1 Initial Freezing

Freezing may be carried out by conventional techniques such as exposure to solid 

carbon dioxide or Freon, or by immersion in liquid nitrogen. However, freezing 

directly in the freeze-dryer is the usual method. Although the rate of freezing is 

much slower, it is the most convenient on an industrial scale.

The following account of the freezing process is intended to accompany Figure 

1-8, which depicts the effects of temperature and mobility on the physical 

changes described.

The rate of freezing is crucial; if  it is too slow then a skin may be formed or 

highly concentrated phases may be produced before the freezing process is 

complete. This can cause osmotic drainage to cells, or degradation reactions. 

Once the product temperature falls below 0°C then ice formation becomes 

possible only after nucléation has taken place, which occurs when water 

molecules form small aggregates (nuclei), one nucleus giving rise to the
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formation of one ice crystal. As the temperature is lowered, molecular mobility 

decreases and the lifetimes of aggregates increase making nucléation and 

subsequent crystal growth more probable. Ice formation may therefore begin at 

temperatures down to -20®C using rates that are practical in most freeze dryers 

(for homogeneous nucléation, undercooling to -40°C is possible in microlitre 

volumes, although in practice heterogeneous nucléation will usually occur first).

The degree of undercooling achieved before nucléation begins determines the 

size distribution and morphology of the ice crystals formed. Faster rates give rise 

to smaller crystals, which permits faster sublimation in the primary drying step 

and produces a finer pore structure that is easier to rehydrate. It should be noted 

that in commercial freeze dryers the rate of freezing is much lower than that 

which would be required to significantly affect the ice crystal size and 

distribution. Formation of ice causes a change in the rate of cooling because this 

exothermic process releases heat.

The removal of water to form ice has the effect of increasing the solute 

concentration, which when coupled with cooling causes an increase in viscosity 

of the solute phase. This step corresponds to the “ice and rubber” region shown 

in Figure 1-8. This concentration effect is responsible for many of the deleterious 

effects of freeze-drying. Nucléation of the solute(s) may occur leading to 

crystallising out and the formation of a eutectic system, corresponding to the 

point labelled T@ (the eutectic temperature) in Figure 1-8. A eutectic mixture is 

one in which all of the substances present are able to dissolve in one another as 

liquids. The eutectic temperature is the temperature at which the liquid reaches a 

composition such that both substances begin to separate simultaneously as an 

intimate mixture of solids. For example, sodium chloride is expected to form a 

eutectic with water at -2l°C  (Salt Institute 1999), but the rate of crystal growth is 

slow and complete crystallisation is not generally observed. Some buffers are 

known to partly crystallise during freezing. This effect gives rise to massive 

shifts in pH if only one half of the mixture is removed from the solution (Bell

1997).
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1.5 .1.1 The glass transition of frozen solutions and Tg’

If nucléation does not occur then eventually a temperature will be reached at 

which the solute phase becomes so viscous (typically -lO^^Pa) that it effectively 

solidifies and no further molecular mobility is possible preventing further ice 

formation. The temperature at which this transition occurs is Tg’ and Cg’ is the 

maximal concentration of solute in the glassy phase that should be obtained 

(Franks 1990).

The solution now has the structure of a liquid but, because of its high viscosity, is 

effectively solidified. This region corresponds to the area labelled “ice and glass” 

in the phase diagram for sucrose depicted in Figure 1-8. Distributed throughout 

the freeze concentrated solution will be the many ice crystals formed during 

freezing. On a phase diagram Tg’ is the point that intersects the Tg (also termed 

glass or isoviscosity) and the Tm (also known as fluid or liquidus curve that 

describes the solubility of ice in the solute phase) curves. Cg’ is the concentration 

of the solute in the freeze concentrate at that temperature. Phase diagrams 

describe the kinetically-constrained behaviour of the system, but do not show the 

thermodynamic equilibrium conditions. The maximal freeze concentrate of a 

solution is obtained by annealing to allow the maximum degree of devitrification 

to occur and is denoted by Cg’.
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Figure 1-8 Schematic outlining the processes occurring at different stages during 

freezing (Karel 1993; Van den Berg 1993)

The Tg’ point can be determined indirectly by extrapolation of the Tg and Tm 

lines or directly by DSC. DSC results are more usually employed, but there are 

problems associated with this method. The first of these is that rapidly cooled 

systems containing low solute concentrations may exhibit a glass transition at 

temperatures lower than Tg’ because less ice will have been formed than the 

ideal case, and so the glass will be more dilute. The second problem is that Tg’ is 

a very low energy transition and may be obscured by the onset of melting or by 

an accompanying endotherm. This has lead to considerable variation of 

published data. For the model system of aqueous sucrose, many different values 

of Tg’ and C^’ have been published in the literature (Chapter 3 tables 3-1 & 3-2).
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1.5.1.2 Annealing in the region of Tg’

Identification of Tg’ has also been complicated by the presence of a second 

transition at slightly higher temperatures in the case of some saccharides. DSC 

studies of carbohydrate solutions have revealed two transitions below the onset 

of ice melting (Ablett et al 1992; te Booy et al 1992)’. Annealing is the name 

given to the process that involves holding the system at a temperature in the 

region of the glass transition in order to allow the release of stress in the glassy 

state. Since glasses are formed under non-equilibrium conditions, they are not 

thermodynamically stable. Storing at a temperature in the region of the Tg allows 

more of this stress to be released than a sample stored at lower temperatures 

because of the increased molecular mobility. It was found that annealing at 

temperatures immediately below Tg’ gave two transitions while annealing at the 

estimated Tg’ gave only one. It was concluded that the two transitions had 

coalesced at this temperature. It is currently thought that the lower transition is 

the glass transition while the second is caused by the glass collapse and is 

denoted Tc or Tg (collapse temperature, or softening temperature (Shalaev 

1995b). These processes and transitions will be further explored in Chapter 3.

Once water has been removed from the immediate vicinity of the drug by the 

formation of ice the next step is to remove the ice from the system altogether.

1.5.2 Primary Drying

During this stage, the water separated from the solute phase in the form of ice 

during freezing is removed by sublimation under vacuum. The process leads to 

the formation of a porous structure where the ice crystals are removed. From the 

phase diagram (Figure 1-8) it can be seen that ice sublimation must be performed 

at temperatures just above Tg’ in order to allow the movement of water 

molecules through the system and to avoid crossing too far into the “ice and 

rubber” region. The temperature at which this catastrophic event occurs is termed 

the collapse temperature, Tc. In this temperature region “melt-back”, where 

water can diffuse back into the glassy phase, can occur. This would then lead to 

further dilution of the glass leading to an increase in mobility and loss of the



Chester 1 Introduction 42

porous structure. The driving force for water removal is the vapour pressure of 

ice, which increases dramatically with increasing temperature (see Appendix 1), 

Therefore to minimise processing time and expense the temperature is raised as 

high as possible whilst remaining just above Tg’. However, this is often still the 

longest step in the freeze-drying process. From a practical point of view it is 

usual to formulate a solution to be freeze dried such that Tg’ is greater than -50 

°C since this is the lowest product temperature that most commercial dryers can 

achieve easily. During primary drying the product temperature remains quite 

constant and drying follows a pseudo-steady-state rate with heat removal by 

sublimation at the same rate as heat input, supplied by the shelves. This can be 

expressed by the following equation (Pikal 1993);

Equation 1-12 • —  = —
dt dt

where AHs is the heat of sublimation, dm/dt is the sublimation rate and dQ/dt is 

the rate of heat input. The rate of sublimation can be expressed as;

Equation 1-13 —  -  — — —
dt Rp-^R,

(?o - Pc) is the thermodynamic driving-force for sublimation where Po is the 

vapour pressure of ice in the frozen sample and Pc is the total pressure in the 

chamber. (Rp + Rg) is the total resistance to sublimation, Rp is the product 

resistance and Rg is the resistance of the stopper in the vial. The rate of heat input 

can be expressed as;

Equation 1-14 ^  =

where Av is the cross-sectional area of the vial, Kv is the vial heat transfer 

coefficient and (Tg-Tp) is the heat difference between the shelf and the product, 

Tg being the shelf temperature and Tp the product temperature. Po, the vapour 

pressure of the ice in the product, increases exponentially with temperature, so
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that an increase in product temperature will cause a large increase in rate of 

sublimation. Therefore, the chamber pressure should not be set below that of the 

standard vapour pressure of water over ice at the product temperature since (see 

Appendix 1) this will prevent sublimation. In addition, the product resistance will 

increase as the thickness of the dried cake increases, thus hindering the diffusion 

of water to the solute.vapour interface and so reducing the rate of sublimation. 

Since the sublimation removes the heat supplied by the shelf, reducing the rate 

has the effect of causing an increase in product temperature, which can cause 

collapse of the cake if it is raised above Tc. To prevent this from occurring the 

shelf temperature may be lowered, or the problem can be removed by ensuring 

that any rise in temperature will not cause the product to cross Tg’.

It has already been stated that primary drying above Tg’ leads to melt back that 

may lead to collapse. It is therefore essential to have knowledge of the glass 

transitional parameters of the system in order to design the freeze drying protocol 

effectively. Since freeze drying is an expensive process it is desirable to dry at 

the highest possible temperature without damaging the product. For example, a 

temperature increase of 1°C may reduce the primary drying time by 13% (Pikal 

1985).

1.5.2.1 Design of the Primary Drying Stage

From Equation 1-14 it can be seen that it is essential to balance the heat going 

into the product and the heat being removed by sublimation. However, the 

product temperature, Tp is a simplification of the true picture. In reality, there 

will be a thermal gradient across the product depth. This effect can be minimised 

by using small fill volumes, as mentioned above. Still, if the product temperature 

is raised too quickly regions of the product may cross too far into the “ice and 

rubber” region leading to structural collapse and product inactivation. 

Conversely, if the heating rate is too slow the product temperature will drop 

leading to a decreased rate of sublimation. The thermal gradient effect is 

compounded by the fact that material at the top of the vial will be drier. This also 

hampers water diffusion to the surface leading to reduced sublimation rates and
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overheating. Because of the effects outlined above, it has been suggested that the 

fill depth should not exceed 20 mm and that the total solid content should not 

exceed 10%w/w (Franks 1998).

Another factor to consider when designing the primary drying stage is the 

chamber pressure, which is an issue because one of the main mechanisms of heat 

transfer to the product is by conduction through the atmosphere to the sample 

vial. Increasing the chamber pressure should result in increased sublimation 

rates. However, as mentioned above, if the sublimation is greater than the heating 

rate the product will cool. In addition, the standard vapour pressure of water over 

ice increases with increasing temperature. Therefore, it is vital to adjust the 

chamber pressure and shelf temperature throughout the freeze drying process 

such that the product temperature is increased at the optimal rate.

1.5.3 Secondary Drying

This is the term given to the process during which “unfrozen” water is removed 

from the freeze concentrate, so rendering the product stable at ambient 

temperatures. For amorphous products, this water is trapped in the glassy phase. 

Secondary drying is usually carried out at higher temperatures in order to reduce 

the length of the process, but they must remain below the Tg of the product. This 

is not usually a problem as removal of the plasticizing water increases the value 

of Tg (Figure 1-8). Therefore, this step is usually carried out in the range 25-60 

°C. For this reason it is very important that all ice has been removed by 

sublimation before the temperature is raised, as melt-back can still occur. To 

ensure that primary drying has ended, the vapour in the chamber may be 

analysed, as towards the end of primary drying the vapour will be nitrogen rich 

(in the early stages when rate of sublimation is fast it will contain mostly water). 

Some secondary drying may well occur before the elevation of the temperature.

Initially (in the first few hours), the rate of water removal is fast, but this soon 

falls away once a plateau level (usually ~2%w/w) of water content is reached. 

The process is controlled by the rate of diffusion to the solute: vapour interface



Chcpter 1 Introduction 45

and the subsequent evaporation and is not proportional to the concentration of 

water in the freeze concentrate (the decrease is much faster than the first-order 

dependence expected if this were the case). As the solid dries, the motion in the 

concentrate becomes much slower and consequently diffusion becomes more 

difficult. Since diffusion is also a function of the porosity of the concentrate, if 

the degree of supercooling before ice formation was too great during the initial 

freezing process then the pore size in the solute phase will be very small, and the 

diffusion of water to the solid: vapour interface will be hindered. This is unlikely 

to happen if the solution is frozen in an industrial dryer, but may be a 

consideration if liquid nitrogen has been used. The removal of plasticizing water 

during secondary drying has the effect of further raising the glass transition and 

hence the collapse temperature, therefore an ideal secondary drying protocol will 

follow the Tg increase of the product.

Product is usually driest at the walls of the vial, then at the solid/vapour interface 

and wettest at the bottom of the vial (Pikal 1993). Therefore, determination of the 

optimum degree of residual water is necessary, so that secondary drying is 

terminated when this level is reached. Pressure has little effect on the rate of 

drying because diffusion through the solid is the rate-determining step, so that 

moderate pressure is usually employed (low pressure can create problems in 

drying conditions because of the temperature dependence of the saturated vapour 

pressure of water over ice)

Chamber pressure, Pc, and dried cake thickness have little effect on the rate of 

secondary drying (Pikal et al 1990). However, raising the temperature above the 

collapse temperature (generally ~20°C greater than Tg) (Sun 1997) will lead to 

collapse of the product. Product collapse during drying not only leads to an 

inelegant product but also increases the water content (because of the possibility 

oj* sorption at the^product^urfape) and rehydration times. However, as long as all 

of the criteria discussed have been met at the end of the freeze drying process the 

product generally exhibits good porous structure with no shrinkage or stickiness, 

high drug activity and good dissolution characteristics. After backfilling with an 

inert gas and stoppering, the product is now ready for packaging and shipping. 

During this period, and subsequent storage prior to use, the product must retain
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Stability. The major cause of loss of stability is the gain in mobility incurred by 

crossing the Tg (“rubber” region in Figure 1-8), the most common reason for this 

to occur is an increase in the water content.

1.5.4 The Effect of the Container

Pharmaceutical products are generally freeze dried in the container that they will 

be dispensed in, these may be vials, syringes, bottles or ampoules. The nature 

and shape of the container, as well as the fill depth, will have an effect on the 

processing conditions. The area of the product from which sublimation takes 

place controls drying rates, so small fill depths with a large surface area will 

exhibit faster drying times than the equivalent volume in a taller thinner 

container. Vials are generally placed into the freeze diyer with the stoppers 

already part inserted. This has the advantage that the vials may be sealed at the 

end of drying without exposure to the atmosphere; which may take place either 

after backfilling with an inert gas or under vacuum. However, it also has the 

effect of hindering the escape of water from the product surface.

The container also affects heat transfer to the product. There are three 

mechanisms for heat transfer to occur. These are radiation from the surfaces of 

the drying chamber, conduction from the shelf through the vial bottom and 

between neighbouring vials and conduction from the remaining gas in the 

chamber to the container and product surface. In many cases, the heat flow by 

gas collision is greater than that by direct conduction. The presence of a part- 

inserted stopper will therefore also reduce the flow of heat to the product. 

Containers tend to be made of glass or plastics that have very low heat 

conductivities; this problem is compounded by the fact that most vials are not 

flat-bottomed and so do not have good contact with the shelf.

1.5.5 The Effect of Water on Product Stability during Storage

The Tg of the freeze-dried product must be well above the storage temperature in 

order to prevent collapse, hence determination of Tg has implications for the
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Storage stability (Nail 1993). Since collapse occurs when a product is unable to 

hold its own weight, its apparent value will depend on the sample mass and 

period of observation (and applied pressure if mechanical methods of detection 

are employed). Relatively few reports exist that discuss the importance of 

product collapse and implications for stability of pharmaceuticals although 

numerous studies may be found linking the Tg and stability in the food science 

literature. These describe phenomena such as volumetric shrinkage at collapse 

(Levi 1995), caking and stickiness (Chuy 1994) and increased rates of 

nonenzymic browning (Buera 1995).

The Tg of a formulation is heavily influenced by the residual water content, and 

its distribution within the product. A low overall %w/w water content may hide 

the true picture i.e. 3% w/w water overall may in reality exist as regions of 10% 

water within a mostly dry product.

1.5.6 Biological Products

The main problem associated with ffeeze-drying of biological material is loss of 

activity during processing or storage. It has been found that residual water levels 

may be a key factor in the stability, or otherwise, of products of biological origin 

such as proteins. Overdrying has been found to contribute to the aggregation of 

excipient free human growth hormone (hGH) at 25°C (Pikal 1993), excipient free 

plasminogen activator (tPA) also aggregates at an enhanced rate if the residual 

water level is low (Hsu 1990). However, these observations are not the norm, as 

generally lower water content improves storage stability. For example, the rate of 

haemoglobin oxidation at room temperature is doubled if  the residual water 

content is increased from 1% to 4% (Pristoupil 1985) while the rate of 

degradation of human growth hormone degradation at elevated temperatures is 

increased tenfold if the water content is increased from -1%  to 2.5% (Pikal et al 

1991). The detrimental effect of water is usually attributed to the increased 

mobility and hence reactivity of solute species. It has been postulated that above
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monolayer levels of water the protein has increased conformational mobility and 

that additional water can mobilise reactant species in the amorphous phase (Hsu

1990). This, combined with its plasticizing effect (i.e. lowering of Tg’ value), is 

blamed for the degradative properties of water. In order to counteract these 

destructive effects a cryoprotectant is commonly added that will raise the Tg of 

the formulation and/or prevent significant mobility in the frozen state as well as 

in the end product.

1.6 Cryoprotectants

Cryoprotectants are commonly added during processes such as freeze-thawing to 

afford protection from degradation. Many of the materials that are now used 

regularly as cryoprotectants were discovered by accident, since freezing was first 

regularly used for the storage of microbiological specimens in growth media that 

contain amino acids such as glycine, proline and serine. However, the freeze- 

drying process is much harsher. For example, L-aspariginase can be freeze- 

thawed without any loss of activity, but this enzyme retains only 20% activity 

after being exposed to freeze-drying (Heilman 1983). Many cryoprotectants that 

are useful additives during freeze thawing have little effect during freeze-drying 

(examples of such additives are proline and trimethylamine N-oxide) (Carpenter

1991). Nevertheless, some saccharides are effective protectants during both 

processes, so that the addition of 2% w/w glucose, mannose, sucrose or ribose to 

L-aspariginase ensures that activity is maintained after the freeze-drying process 

(Heilman 1983). Such materials may then be referred to as lyoprotectants as they 

are capable of preventing degradation throughout the freeze-diying process.

The use of sugars as means of protection during dehydration in nature is well 

known. Certain organisms possess the ability to survive complete dehydration in 

a state of anhydrobiosis, perhaps for tens of decades, without loss of activity 

upon rehydration. An example of such an organism is brewers’ yeast, which is 

fully active only minutes after rehydration. Organisms such as yeast possess 

large amounts of sugars, and their ability to survive dehydration can usually be 

correlated with the presence of one of these saccharides, either sucrose (P-D-
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fructofuranosyl-a-D-glucopyranoside) or trehalose (a-D-glucopyranosyl-a-D- 

glucopyranoside)(Clegg 1965; Crowe 1984) .
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Figure 1-9 the structure of sucrose (www.ncl.ox.ac.uk)
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Figure 1-10 the structure of trehalose

Both of these have been investigated as protective additives to freeze dried 

protein (Carpenter 1989; Hall 1995)’ and liposome formulations (Van Winden

1998). Polymers, which may also be used as stabilisers, exert their stabilising 

influence by raising the average molecular weight, increasing the viscosity of the 

formulation (Anchordoquy 1996; Blond 1994)’and thereby raising the Tg of the 

formulation. Typical additives of this kind are polyvinylpyrrolidone (PVP) and 

maltodextrins, however this effect does not explain the success of low molecular 

weight saccharides as cryoprotectants.

http://www.ncl.ox.ac.uk
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1.6.1 Mechanism o f Protein Stabilisation by Saccharides

Mannitol has been a popular choice as an excipient for pharmaceutical 

preparations because of the elegant cakes that are produced when it is included in 

a formulation. However, the mechanical strength of these cakes can be attributed 

to the crystallisation of this sugar during freezing or primary diying, which can 

lead to problems such as drug inactivation (Izutsu et al 1993) or vial breakage 

(Williams 1986). However, it is an effective cryoprotectant in some instances 

because it has the effect of raising the Tg of the complete formulation. This 

example shows that the efficacy of a compound as a cryoprotectant is not always 

linked to the Tg’ of its pure form. Mannitol is not a typical example of a 

cryoprotective sugar used in freeze drying, because it is not a di saccharide 

(Figure 1-9 and Figure 1-10).

Evidence for a possible explanation of the cryoprotective ability of some 

disaccharides is outlined below. Phosphofructokinase has been used to measure 

the potency of stabilisers since it is rendered totally inactive by ffeeze-diying 

(Crowe et al 1987). It has been found that the most effective stabilisers of this 

protein are trehalose and maltose, sucrose came next and glucose had little 

cryoprotective ability. However, the result that the di-glucose, (maltose) was an 

efficient stabiliser, suggests that the orientation of the saccharide sub-units is 

significant in the ability to stabilise enzyme activity.

As discussed earlier, ciyoprotectants are not necessarily good lyoprotectants. The 

reason for this is that there whereas a cryoprotectant only need exert an effect 

during the freezing step, a lyoprotectant must also stabilise during the stages of 

ice removal and the subsequent storage of the product.

1.6.1.1 Protein Stabilisation during Freezing

It has been postulated that carbohydrates and some amino acids stabilise proteins 

by exclusion from the protein surface (Arakawa 1991). This occurs when it is 

more favourable for the stabiliser molecules to interact with each other than with
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the protein. It is assumed that the increased chemical potential of the native 

protein because of the stabiliser exclusion increases the Gibbs free energy of 

unfolding, so stabilising the native form (Arakawa 1982). However, this also 

assumes that degradation in the unfolded form occurs at a higher rate than in the 

native form, which may well not be the case (e.g. insulin (Arakawa 1991).

1.6.1.2 Protein Stabilisation during Ice Removal and Storage

Protein instability during drying may develop over a very short period, but any 

such change during storage must be kinetically controlled because of the 

restricted mobility in the glassy form. There are two main theories that have been 

put forward to account for the stabilising effect of cryoprotectants during drying 

and storage; these are the “Water Substituent” and the “Vitrification” hypotheses.

1.6.1.3 The water substituent theory

The water substituent theory is thermodynamically based (Franks 1991; Slade

1991)’. It is based on the premise that the stabiliser interacts with the protein in 

the same way that water would, i.e. that the native state is stabilised because 

water lost during the drying process is replaced by the stabiliser molecules 

(Prestrelski 1993c). In fact some of the sugars used as stabilisers (e.g. sucrose & 

trehalose) resemble small water aggregates in the positioning of their hydroxy 

moieties. Studies using FTIR spectroscopy (Prestrelski 1993a; Prestrelski 

1993b) have indicated that the conformation of proteins that have bonded sugars 

are similar to those in aqueous solution and that the structures of some proteins 

that retain activity during freeze-drying retain their native structure.

1.6.1.4 The vitrification hypothesis

In the vitrification hypothesis, all stabilisers are considered to exert their effect 

solely by virtue of their good glass-forming properties. It is assumed that in the 

glassy state all molecular motion is removed and so degradation cannot occur. 

Evidence supporting this theory includes the observation that mobility and
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reactivity are often sharply decreased as the product temperature falls below Tg 

(Roozen 1991). This has also been used to explain the cryoprotective efficacy of 

high molecular weight polymers that raise the Tg of a formulation by increasing 

the viscosity and hence lowering the mobility. A notable exception however is 

the incorporation of the polymer dextran into human growth hormone 

formulation, which causes increased aggregation (Pikal et al 1991). The reason 

for this observation is not known. Other types of protein degradation are well 

known in the food industry. The most well known of these is the Maillard 

reaction.

1.6.1.5 Protein Inactivation by Saccharides - The Maillard Reaction

Solutions of proteins may have sugars added into the formulation to act as 

stabilisers during the ffeeze-drying process, but the dried products may exhibit 

shelf-lives that are shorter than anticipated. It has been proposed that a reason for 

this is the Maillard reaction in which the carbonyls of the sugars react with 

proteinaceous amino groups and so cause degradation of the proteins (Colaco et 

al 1997).
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Figure 1-11 Schematic depicting the Maillard reaction

The Maillard reaction is in fact not one reaction but a whole cascade initiated by 

Schiff base formation that leads to cross-linking and fragmentation of the protein 

and browning via the generation of melanoid pigments (Figure 1-11). This 

reaction has been well studied in the food industry because it is responsible for 

spoilage of many products, including refrigerated foods, which contain high 

levels of sugar and protein. The removal of water pushes the thermodynamic 

equilibrium heavily toward the Schiff base formation, and subsequent reactions 

are highly active at low water concentrations. Trehalose and sucrose, however, 

cannot take part in these degradative reactions because they are not reducing 

sugars. It may be this fact combined with their glass-forming and water 

replacement properties that has favoured their use as natural cryoprotectants.

Whatever the cause of degradation, all pharmaceutical products must be 

evaluated as to their stability over the proposed shelf-life. In order to keep this
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evaluation process to a minimum it is common to use accelerated stability testing 

in which samples are stored at temperatures and humidities much higher than 

those generally encountered so that the kinetics of their degradation reactions can 

be calculated.

1.6.2 Kinetics of Degradation Reactions of Freeze-Dried Products

It is often assumed for the purposes of accelerated temperature stability testing 

that changes due to the effects of processing and storage are dependent only on 

the temperature and time, and the following equation based on the Arrhenius 

equation is used to describe such changes;

Equation 1-15 _^Q_ _ ^ exp- - -
dt ^  RT

where Q is the “quality” of the product that is being measured, -dQ/dt is the rate 

of deterioration of quality, k is a rate constant and Ea is the activation energy for 

the deterioration process, R is the gas constant, T is the temperature. However, 

Arrhenius-based kinetics are not applicable to all glassy state phenomena. The 

above equation is useful in describing processes in the glassy state where 

processes are slow and diffusion-constrained and at elevated temperatures in the 

liquid phase, but in the intermediate “rubber”, or undercooled liquid phase 

between Tg and Tm, Arrhenius-type kinetics are not obeyed at all. The Williams- 

Landel-Feny (Equation 1-8) or Doolittle equations (Equation 1-2) are of more 

use in this range. However, care must be taken when predicting the chemical 

stability of formulations that contain biological material because there is 

probably more than one method of degradation (Lai 1999). Storage below the Tg 

does not guarantee stability of the protein within the formulation because this 

transition reflects the viscosity of the cake as a whole, whereas translational 

mobility, rotational and vibrational mobility still occur below Tg. Since the 

active ingredient is generally only present at a very low concentration in the
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formulation, the mobility of these molecules is of greater importance than that of 

the whole formulation when considering the chemical stability.

1.7 Aims & Objectives

1.7.1 Aim

• The overall aim of this project was to investigate amorphous pharmaceutical 

systems using modulated temperature differential scanning calorimetry 

(MTDSC). With the recent upsurge in the research into the use of biological 

materials as therapeutic agents, ffeeze-drying as a means of producing 

pharmaceuticals has become much more significant. However relatively little 

is known about the stability of these systems once produced. It was therefore 

decided that freeze-dried systems would be the focus of the work. MTDSC 

seemed an appropriate method with which to analyses these systems because 

it is particularly suited to the analysis of glass transitional processes.

1.7.2 Objectives

• Since the first stage in the ffeeze-drying process is ffeezing it seemed logical 

to begin by looking into the properties of a frozen solution. It was decided 

that an aqueous sucrose system would be useful. This system has been 

investigated in the food science literature, but also has relevance to the study 

of pharmaceuticals since sucrose has cryoprotective properties. However, 

there are still issues to be resolved about the glass transitional region of 

frozen sucrose solutions. MTDSC seemed an ideal tool with which to 

investigate this region because of the wealth of additional information that 

can be obtained over and above the traditional DSC analysis.

• As the glass transition region of sucrose solutions is complex, the first 

challenge was to find a suitable MTDSC experimental method to investigate 

this phenomenon without the introduction of experimental artefacts.
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• The choice of sucrose solution concentration was investigated because water 

has the effect of lowering glass transitions. This is significant for two 

reasons, first the calorimeter used in this project has capability of accurate 

cooling down to —70°C only, and secondly because low and high 

concentration sucrose solutions exhibit different properties upon freezing.

• Next, the effects of annealing on the glass transitional region were 

investigated. For the case of sucrose solutions, this region is very complex 

and it was hoped that annealing would allow the glass transition to be 

visualised more easily

• The next objective was to formulate a more complex system containing a 

protein and buffer and to investigate the effect of drying time on the glass 

transitional properties and activity. This formulation would then be stored 

under varying conditions of relative humidity and temperature in order to 

determine the effect of the environment on the stability (physical and 

chemical) of the freeze-dried material. It was hoped that a correlation would 

be seen between the glass transitional properties and the chemical stability of 

the protein in the formulation.
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________CHAPTER 2 MATERIALS AND METHODS________

2.1 Materials

The sucrose used was analytical grade (AnalaR) obtained from BDH and used 

without further purification. Sucrose solutions were prepared by adding the 

required amount of sucrose to 10 ml deionised distilled water (Elgastat still) to 

give concentrations of 20, 30,40 and 60 % w/w. The 60% w/w solution required 

gentle warming to dissolve all of the sucrose. Concentrations were confirmed by 

Karl-Fischer analysis (see 2.2.8).

Two types o f buffer were used in the preparation of the protein formulations. 

These were sodium phosphate and Tris (HCl) (Tris 

[hydroxymethyl]aminomethane hydrochloride) at pH 7.0. The phosphate buffer 

(lOmM) pH7.0 at 25°C was made up as follows: 50.0ml of lOmM sodium 

phosphate solution was mixed with 54.0 ml of lOmM disodium phosphate 

solution. The lOmM sodium phosphate solution contained 156 mg sodium di

hydrogen orthophosphate di-hydrate (lot n° 17H0956 SigmaUltra, Sigma) in 

100ml of water. The lOmM disodium phosphate solution contained 351.8 mg di

sodium hydrogen orthophosphate 12-hydrate (catalogue n® S-8282 lot n° 

97H2526 SigmaUltra, Sigma). The Tris (HCl) buffer (lOmM) pH 7.0 at 25°C 

was made by adding 134mg (“Trizma-HCl” catalogue n° T-3253 lot n° 

115H5724, reagent grade 99.9% pure. Sigma) and 1.404mg (Tris 

[hydroxymethyl] aminomethane) (catalogue n° T-1503 lot n° 54H5731reagent 

grade 99.9% pure. Sigma) to 100ml distilled water.

L-Lactate dehydrogenase (type II from rabbit muscle) was obtained as a 

crystalline suspension in 3.2M (pH 6.0) ammonium sulphate solution (catalogue 

n° L-2500, lot n° 47H9534, Sigma). The concentration was stated as 12.9mg 

protein/ml as determined by the Biuret assay, with activity of 830 unitsVmg 

protein. The protein solution to be freeze dried was prepared as follows: 25pi of 

LDH suspension was added to 5ml buffer and dialysed (cellulose tubing, 12-14
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KDalton cut-off from Medicell International Ltd.) in 80ml buffer according to 

the following method. After stirring for one hour, the buffer was replaced with 

fresh and the solution refrigerated overnight (4°C). The buffer was then replaced 

and stirred for one further hour. This procedure removed the ammonium sulphate 

from the suspension. The dialysed protein solution was then filtered (sterile 

Acrodisc PF disposable filters, 0.8/0.2 pm Gelman Sciences) and added to 

further buffer to make up 50ml of solution. The resulting solution was then added 

to 12.5g sucrose and stirred for 20 minutes to produce a solution containing 

6.45pg/ml LDH and 250pg/ml sucrose, which was used immediately.

2.2 Methods

2.2.1 The Lactate Dehydrogenase (LDH) activity assay

The determination of the protein activity was based on the spectrophotometric 

method of Wroblewski and LaDue (Wroblewski & LaDue 1961) in which the 

activity is monitored by measuring the rate of oxidation of nicotinamide adenine 

dinucleotide (NADH) to NAD, which is coupled to the reduction of pyruvate to 

lactate, the reaction catalysed by the protein. This reaction can be followed by 

the reduction in absorbance at 340 nm of the NADH using a U.V. 

spectrophotometer. All of the reagents required for the assay were purchased 

from Sigma (lactate dehydrogenase diagnostic kit catalogue number LD-340).

To a vial containing 0.2mg NADH were added 2.75ml potassium phosphate 

buffer (O.IM pH 7.5 at 25°C, autoclaved, no preservative) and 0.1ml protein 

solution. The mixture was stirred at 25°C for 20 minutes. 0.1ml sodium pyruvate 

(22,7mmol/L in O.lmol/L phosphate buffer pH 7.5 at 25^C, containing 

chloroform as preservative) was then added and the vial contents shaken to 

ensure thorough mixing before immediate transferral to a 3ml cuvette of 1cm 

lightpath. Potassium phosphate buffer (as above) was used as the reference. The

1 1 unit defined as the amount required to reduce 1.0|imol pyruvate to L-lactate in 1 minute at pH 
7.5 at 3TC
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absorbance was recorded every 15 seconds for three minutes (Perkin Elmer, 544 

spectrophotometer).

LDH activity was calculated from plotting the change in absorbance at 340nm 

over time. The gradient of the linear portion of the plot (AA/min) was then used 

in the following equation to give the LDH activity in Units/ml.

A/4/min#TCF
Equation 2-1 LDHactivity{Units / ml) =

f c * v  lightpath{cm)

TCP is a temperature correction factor (necessary if  the cuvette temperature is 

not 25°C, see Table 2-1), k  is the change in absorbance equivalent to 1 unit of 

LDH activity in a 3ml volume with 1 cm lightpath at 25°C and is equal to 0.001, 

and V is the protein solution volume (ml) in the cuvette, equal to 0.1. The 

recovered protein activity was determined as the ratio of the activity after freeze- 

drying to that of the original solution in per cent. The accuracy of the activity 

values determined from the assay was calibrated using vials of standard enzymes 

that included lactate dehydrogenase (“enzyme controls, elevated” catalogue n° S- 

1005, Sigma).

Table 2-1 temperature correction factor (TCP) necessary for LDH activity 

calculation (Sigma, product information)

Temperature (®C) TCP Temperature (°C) TCP

20 1.45 26 0.93

21 1.37 27 0.88

22 1.25 28 0.82

23 1.16 29 0.78

24 1.06 30 0.73

25 1.00 31 0.69
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2.2.2 Freeze drying

2.2.2.1 Instruments used

Two freeze dryers were used in this study. The first was employed in the 

experiments that investigated the effect of drying time on Tg and protein activity 

(Chapter 5 sections 5.3, 5.4, 5.5). This was an Edwards Modulyo coupled with an 

Edwards RV8 rotary vacuum pump (speed 8 m^hour'^). This freeze dryer did not 

have the capability to freeze in situ so samples were pre-frozen either in liquid 

nitrogen or in a domestic freezer. The minimum condenser temperature was -65 

^C. Product temperature was monitored by attachment of a thermocouple 

connected to the surface of one of the samples, the output of which was followed 

on a visual display.

Figure 2-1 Schematic of the freeze dryer used in the initial freeze drying studies
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The freeze dryer used to produce the samples that were analysed after storage 

under different conditions (Chapter 5 section 5.6) was a Virtis Advantage 

(BioPharma, Winchester U.K.) coupled with an Edward's RV8 rotary vacuum 

pump (speed 8m3hour-l). This model has the following specification; minimum 

condenser temperature -90°C; condenser capacity 21; shelf temperature range 

between -70 and 60°C; setpoint accuracy ± 1®C; shelf uniformity ± 3®C. Because 

the freeze drying programs could be designed and controlled using a computer it 

was possible to employ the best possible protocol for the system used and 

monitor the temperature of two sample vials throughout the process from the 

output of two thermocouples that were placed into two vials in the dryer. The 

shelf and condenser temperatures as well as the chamber pressure were also 

monitored. Stoppering was possible either under vacuum or after backfilling the 

chamber with nitrogen gas. Although for the samples used in the stability study, 

no back-filling was required since the samples were stored in open vials in 

desiccators at the required relative humidity. The temperature control of the 

system was calibrated at BioPharma before supply to the laboratory using an 

NST traceable standard. The product probes were calibrated electrically also by 

Biopharma.

2.2.2.2 Freeze drying methodology

0.5ml aliquots of product were placed in 7ml “squat” vials (20mm diameter, 

42mm height, BDH catalogue no 215/0078/21) semi-stoppered with 20mm 

freeze-dry stoppers (Fisher catalogue no VGA-220-504E) that had been dried at 

70 °C over phosphorus pentoxide. Vials were packed into a flat-bottomed 

stainless steel tray sitting directly onto the aluminium shelf in order to freeze. 

After initial “pre-seal” the solutions were frozen to -65 °C over 6 minutes (this 

step is uncontrolled, the time was obtained from the freeze dryer output). The 

condenser was then initialised at -90 °C and the chamber pressure reduced to 100 

mTorr. By insertion of thermocouples into two of the samples the product 

temperature was followed on a visual display. The condenser temperature was 

maintained at -90°C throughout. The remaining freeze drying protocol is shown
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in the following table. The output from the freeze dryer including the product 

temperatures is shown in Figure 2-2.

Table 2-2 the freeze drying protocol used in the manufacture of the formulation 

used in Chapter 5 (5.6)

Temperature (°C) Pressure (mTorr) Time (minutes) Hold/ramp

-55 100 500 hold

-50 100 500 hold

-20 100 1000 ramp

0 200 500 ramp

30 500 500 ramp

30 1000 500 hold

probe 1 

““" p r o b e  2 

condenser

T 1000

-•9 0 0

■ •  800
pressure

••7 0 0

=)
-40 •  •  500I

I •  •  400
-60

••3 0 0
-80

• •  200

-100
•  •  100

-120

0 500  1000 1500 2000  2500  3000  3500  4000  4500

g

time (minutes)

Figure 2-2 output from the freeze dryer showing the protocol used in the 

manufacture of the formulation used in Chapter 5 (5.6)
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2.2.3 Differential Scanning Calorimetry (DSC)

DSC is currently the technique of choice for the measurement of glass 

transitions. The calorimeter measures the response of a sample to a heat input 

relative to an inert reference that is subjected to the same thermal environment. 

The difference in heat flow between the two is measured as a function of time. 

Events that are accompanied by a change in enthalpy or heat capacity may be 

analysed using this technique. MTDSC is a software modification of this 

technique.

Before embarking on a description of the MTDSC modification, it is first 

necessary to explain the traditional DSC technique. There are two designs of 

DSC available, heat flux or power compensation. Both measure the response of a 

sample to an applied thermal stimulus, but they differ in the way that the 

stimulus is applied and the response measured.

TH ERM CELECTmC 
DtSC ICCNSTANTANI

THERM OCCIJPLH
JUNCTICN

SAMPLE

GAS PURGE
INLET

ZZZS2ZZ22ZZ22ZZ

CHRCM E
DISC

ALUMEL
WIRE

HEATING SLC CK
CMRCMEL WIRE

Figure 2-3 Heat Flux DSC Schematic
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Power compensation DSC involves the application and measurement of power to 

either the reference or the sample pan in order for the temperature difference 

between the two to be zero. The heat flow is given by the following equation

Equation 2-2 P  = I^R

where P is the power supplied in order to maintain the pans at the same 

temperature, 1 is the current supplied to the heater of resistance R. In a heat flux 

differential scanning calorimeter, such as the one used in this study, heat is 

transferred to and from the sample and reference pans by a constantan (copper 

nickel alloy) disc (Figure 2-3). The differential heat flow between the sample and 

reference is measured by thermocouples covering the underside of the platforms 

on which the pans sit. The heat flow, dQ/dt is calculated by the thermal 

equivalent of Ohm’s law;

Equation 2-3 —  = —
(It R j

Rd is the thermal resistance of the disc, AT is the temperature difference between 

sample and reference. The heat flow can then be described in terms of the 

applied heating rate as follows;

Equation 2-4 p  = ^  = Cp» —  + f( t ,T )
dt dt

Cp is the heat capacity, dT/dt is the applied heating rate and f  (t, T) is the heat 

flow from kinetic processes. This equation shows that the heat flow is a function 

of the change in temperature and of the absolute temperature. Data are presented 

in the form of a thermal analysis curve, depicting change in heat flow against 

temperature. By convention power compensation DSC shows endotherms as 

peaks in the baseline whilst heat flux DSC shoes exotherms as peaks.

The equations for the determination of heat flow and heat capacity assume ideal 

experimental apparatus. This requires the thermocouples to be inert, all contacts
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to be perfect, heat transfer by conduction or radiation only, no cross-flow of heat 

between the sample and the reference and no effects due to packing or thermal 

gradients in the sample.

2.2.3.1 Determination of Enthalpies

The integral of enthalpic peaks is directly proportional to the quantity of heat 

evolved or taken up and the mass of sample under analysis, and is given by the 

following equation;

Equation 2-5 A = K • n f { -  AH )

where A is the peak area, K is the calorimetric sensitivity, m is the mass of 

sample, -AH is the heat change. A typical endothermie response is shown in 

Figure 2-4. The enthalpy of the transition is calculated by integration of the area 

under the peak. In the T.A. Instruments systems endotherms are generally 

visualised as negative deviations from the baseline.

I
E - 4 -

I
CO0>xz

-10
-40 -35 -30 -25 -20

tem perature (®C)

Figure 2-4 Endothermie response characteristic of a melt, the sample is n-decane
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2.2.3.2 Determination of Heat Capacity

Heat capacity is the amount of heat required to raise one gram of material 1° C 

under constant pressure and so can be calculated from the rate of heat input and 

the resulting heat flow. Traditional DSC requires three scans; calibration using a 

known mass of standard (commonly sapphire) then determination of the baseline 

in the presence and absence of a known mass of sample. The following equation 

can then be used to calculate the heat capacity of the sample;

fCAY
Equation 2-6 Cp = -------

K is a proportionality constant related to the sensitivity of the calorimeter, AY is 

the difference in base line and b is the heating rate.

2.2.3.3 Measurement of Glass Transitions by DSC

The Tg value should ideally be specified as the temperature of half vitrification 

on cooling, which is the temperature at which the heat capacity is halfway 

between that of the liquid and glassy states (Wunderlich 1990). It is determined 

by extrapolation of the baselines. The Tg is then calculated as the midpoint 

between the lines (Figure 2-5).

In the literature, many other parameters of the glass transition are used to 

characterise this region. These include Ty, the beginning of the transition; the 

extrapolated onset, Ti; the end is Tg and the extrapolated end is T2 . However, the 

small changes in heat capacity at the glass transition are often hidden by an 

accompanying enthalpic relaxation (see 2.2.3.3.1), which can result in Tg being 

mistaken for a melting transition.
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Figure 2-5 A glass transition as measured by DSC (10% PVP solution)

The measured Tg is always dependent on the scanning rate. A fast cooling rate 

will produce a higher value of Tg than a lower one (Richardson & Savill 1975). 

This is because at lower temperatures relaxation times are longer, so that the 

temperature at which the glass transition is observable on the timescale of the 

measurement will be lower. It is therefore important to note the scanning rate 

when recording a Tg measurement. The rate dependence also means that it is not 

possible to compare values obtained by other techniques. This problem may be 

overcome by using the fictive temperature, Tf, which is independent of heating 

rate (Chapter 1).

2.2.3.3.1 The relaxation endotherm

As outlined above, the Tg is often obscured upon heating by an accompanying 

relaxation endotherm (Figure 2-6). This may occur because of two processes. If a 

sample is cooled slowly long relaxation times will be “fi-ozen” into the system. If 

the sample is then heated at a higher rate these relaxations will be slower than the
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heating rate and the sample will superheat, as it cannot rearrange quickly enough 

to form the liquid at Tg. This phenomenon gives rise to an overshoot in the 

enthalpy curve and derived heat capacity curve (Figure 2-7). With higher heating 

rate, the peak is shifted to higher temperature with increasing enthalpy, but the 

peak height reaches a maximum (shown by the 20°Cmin'^ curve in the figure). 

Once the relaxation times are in the same timescale as the heating rate, the 

enthalpy curve follows the predicted liquid base line. These effects may cause 

errors in the calculated Tg temperature and accompanying ACp value. An 

endotherm may also appear if structural relaxation occurs if a glassy material is 

left to come towards equilibrium. For example, the endotherm seen if a glass is 

stored at room temperature will be much larger than that seen if the same 

material is stored in a refiigerator prior to thermal analysis. The effect of 

annealing has already been outlined (Chapter 1).
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Figure 2-6 Diagram to show a glass transition as determined using DSC (Royall 

et al 1998)



Chapter 2 Materials and Methods 69

The magnitude of an endothermie relaxation can be used to determine relaxation 

times of a sample, that in turn give information about the molecular mobility in 

the glassy phase (Hancock et al 1995; Robertson 1978) This effect has been 

investigated for annealing of freeze dried lactose below its Tg (Barsnes accepted) 

and will be discussed in more detail in the MTDSC section (2.2.4.3).

To allow sufficient equilibration between the reference and sample before the 

region of interest is approached scans must be commenced at a temperature that 

is at least three times (the temperature range covered in one minute of heating) 

below the region of interest. For example, if the heating rate is 10°C min'^ and the 

region of interest begins at 40°C then the scan should begin at 10°C. Slower 

heating rates allow the equilibrium to be attained over the smallest temperature 

range.

1.8

1.6

370.3

1.4 -

371.5 /371.4

340 360 380 400

Temperature (K)

Figure 2-7 Polystyrene cooled at 2.5°Cmin'^ and reheated at 5, 20 and 40°Cmin' 

Calculated Tg values are shown (Richardson 1979)
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2.2.4 Modulated Temperature DSC

MTDSC is an extension of the original DSC technique, in which a sine wave is 

superimposed onto the linear ramping of heat input (Figure 2-8). Deconvolution 

is applied to the resultant data to give the underlying linear and modulated 

responses. This additional information makes it possible to measure heat capacity 

simultaneously with heat flow. The experimental parameters that must be set are 

heating rate (as in conventional DSC) but also those pertaining to the imposed 

sine wave, namely the amplitude (ranging from ±0.01 to 10°C) and period 

(ranging from 10 to 100s) of the modulation.

<x>

I<DQ.
E0

I -
 Temperature
 Modulated Iemperature

Time
Figure 2-8 Schematic of modulated temperature during a MTDSC experiment

The modulated temperature programme is given by 

Equation 2-7 T -  Tq + pt + Bsincot

where To is the start temperature, p is the heating rate, B is the amplitude of the 

modulation and co is the angular frequency of modulation. The heat flow in a 

modulated temperature differential scanning calorimeter is given by the
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following equation (Reading et al 1993), which is essentially the same as that for 

conventional DSC;

X

Equation 2-8
dt

The heating rate (dT/dt in the conventional DSC heat flow equation) is denoted 

by (b + Bo . cos ot), b is the underlying heating rate; f. (t, T) is the underlying 

kinetic function once the effect of the sine modulation has been subtracted; C is 

the amplitude of the kinetic response to the sine wave modulation.

From inspection of Equation 2-8 it can be seen that the heat flow signal will 

contain a component corresponding to the values of B, o  and C. The sine 

component only contributes when an enthalpic event occurs. The cosine function, 

however, is always present and is the major component of most transitions. 

When this is the case it can be assumed that C is zero and a Fourier transform 

deconvolution procedure can be applied that removes the underlying sine wave 

to give the traditional DSC output. In order for this procedure to be valid, it must 

be assumed that the temperature excursions from the underlying heating rate are 

small so that the response of the rate of the process being analysed is 

approximately linear. The same convolution can be applied to the heat input and 

the temperature signals to give the underlying heating rate and temperature at any 

time.
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Figure 2-9 Calculation of the heat flow signals in the MTDSC Experiment
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Comparison of the modulated component of the heat flow and the heating rate 

allows the heat capacity, Cp, to be determined using Equation 2-9 below, where 

A h f  refers to the amplitude of the modulation in the heatflow and A h r  refers to 

the amplitude of the modulation in the applied modulation (Figure 2-9 and Figure 

2- 10).

Equation 2-9 Cp = ^

For example when heating through a glass transition an increase in heat capacit>' 

will give rise to an increase in amplitude of the modulated heat flow output. 

Melting transitions will be seen as areas of large amplitude in the modulated 

output, because of the latent heat of melting released. An increase in modulation 

amplitude is often seen in the region between recrystallisation and melting, 

because of meta-stable rearrangement causing simultaneous melting and 

recrystallisation. This effect can be seen as an endothermie deflection in the 

reversing signal because of melting and an exothermic deflection in the non

reversing, these two effects cancel each other and so do not appear in the total 

heat flow signal.
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Figure 2-10 Schematic showing modulated heat flow and the deconvoluted 

signals obtained
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Multiplication of the underlying heating rate by -Cp allows the reversing 

component of the heat flow to be determined. Signals that appear in the reversing 

output are thermodynamically reversible at the time and temperature at which 

they are detected. All other events will appear in the non-reversing component, 

which is calculated by subtraction of the reversing component form the total heat 

flow. Examples of such thermodynamically non-reversible transitions are 

enthalpic relaxations and subsequent recrystallisations in the analysis of glass 

transition regions.

2.2.4.1 MTDSC Calibration

Temperature calibrations are usually carried out using two or three standards 

across the temperature range to be studied and under the same conditions 

(heating rate and purge gas type and flow rate). The enthalpy of melting of 

standards is also used to calibrate the enthalpic response of the calorimeter (these 

calibrations are also required when using the traditional DSC technique). In 

addition, the heat capacity must also be calibrated. Artificial sapphire is often 

used as the standard since an equation giving its change in heat capacity across a 

given temperature range has been determined (see Equation 2-10 and Figure 

2-11). Comparison of the empirical with the literature values gives the required 

constant. This is very important even if heat capacity is not being determined in 

the MTDSC experiment since the reversing signal is calculated using the heat 

capacity, which in turn is used to determine the non-reversing component.

Heat capacity calibration is usually performed as follows. The same average 

heating-rate to be used in the experiment must be used in the calibration. Empty 

pans are used in the base-line calibration (mass-balanced to ± 0.1 mg to allow 

compensation of mass imbalance across the cell). If the modulated heat flow and 

modulated heating rate signals are in phase then the baseline heat capacity is 

added to all subsequent runs, if  it is negative then the heat capacity is subtracted. 

It has been found that long period times and large modulation amplitudes give 

the most accurate heat capacity measurements (Hill 1999). One scan only is 

sufficient to obtain heat capacity values using MTDSC, (two would be required
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for the equivalent conventional DSC experiment) if  a heat capacity calibration 

has been performed using the same conditions (Figure 2-11).

Equation 2-10 Cp = 8,6446-(0.4929r)+ (s.2336• lO’Y ^ ) - (3 .5739.10-'? ')+  

(7.556 • 1 O'* 7’'' ) -  (S.0336 • 1 O'" 7* )+ (3.4219 •  1 O '" 7* )

0.0

Standard DSC Cp Measurement 

/ f  3*C/minute

te
z  -1.0

c/minute
Flow used forModulated 

Cp Measurement

40 50 6020 3010
Temperature (*C)

Figure 2-11 heat capacity calibration using MTDSC compared with DSC

2.2.4.2 Phase Angle Correction

The measured heat capacity can be further divided into components that are in- 

phase or out-of-phase with the imposed temperature modulation. The phase angle 

is the response of the modulated heat flow to the modulated heating rate. Ideally 

when the heating rate is at the maximum the heat flow out of the sample will be a 

minimum, and the phase angle will be 90® (n rad). In reality, this will not be the 

case because of lag between the cell/pan interface and pan/sample interface. This 

means that the response of the sample is non-ideal and the calculation of Cp from 

dH/dt is not valid unless a correction can be made for this experimental lag.



Chapter 2 Materials and Methods 75

3.00 .0 -, p h a se  angle

2.5heat flow

2.0^  - 0 . 5 -

□0

0.0

- 0.5

- 2.0
20 40 80 100 12060

(D

o

?

tem perature (°C)

Figure 2-12 phase angle variation throughout a MTDSC experiment (freeze dried 

sucrose)

If the phase angle is plotted with respect to temperature (see Figure 2-12), two 

features are apparent. Firstly that the phase angle is not zero (y-intercept 

indicated by the arrow) but linear in the regions where no thermal events are 

observed and secondly that there are deviations from this line through the 

transitions labelled a and b, a glass transition and recrystallisation respectively. 

The experimental effect mentioned above can be corrected for by subtraction of 

the constant non-zero deviation. Nevertheless, the deviations at transitions will 

remain. These may be helpful in assigning values to glass transitions that occur 

in “noisy” temperature regions, such as in frozen systems. Fîowever, they also 

show that a sine component is contributing to the modulated heat flow. To 

remove the contribution of the sine component to the heat capacity that is used to 

calculate the reversing and nonreversing signals it is necessary to calculate 

exactly what the contribution is from the phase angle (Reading 1992).

Equation 2-11 

Equation 2-12

C/?'= Cp*cosO  

Cp"=Cp* sine
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The total heat capacity is now referred to as the complex heat capacity, Cp and 

the reversing and kinetic heat capacities are denoted Cp’ and Cp”  respectively 

and are calculated as shown (Equation 2-11 and Equation 2-12). The reversing 

heat capacity can then be used to calculate the reversing heatflow without 

contribution from the kinetic heat capacity (Figure 2-13).
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Figure 2-13 Calculation of the heat flow signals in the MTDSC experiment 

including phase angle correction

However, it can be shown that signals calculated from either the in-phase or the 

total heat capacity are not significantly different during the Tg or reciystallisation 

region, the principal area analysed using this technique in this study, although 

there are deviations during state transitions (Figure 2-14). Therefore, the terms 

reversing and non-reversing as used throughout the rest of this thesis refer to the 

signals calculated from the total (complex) heat capacity. Nonetheless, deviations 

between signals attributable to the out-of-phase response can be seen during the 

melt if  the total heat capacity is used to calculate the reversing and nonreversing 

signals (Figure 2-14). This area is currently the focus of academic interest (Van 

den Mooter submitted; Wunderlich 1998).
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Figure 2-14 Variation of MTDSC signals across transitions according to whether 

the Cp* or Cp’ is used in their calculation (Aubuchon 1997; TA Instruments 

1997; Wunderlich 1998)

2.2.4.3 Measurement of Glass Transitions

MTDSC is advantageous in the measurement of glass transitions because the 

deconvolution procedure separates the step change in the heat capacity that 

appears in the reversing signal from the accompanying relaxation in the non

reversing signal (compare Figure 2-6 and Figure 2-15, these glass transitions 

were determined for the same sample). This allows the more accurate 

determination of Tg values and of the magnitude of the enthalpic relaxation 

itself

Theoretically this removes the need for lengthy annealing or cycling. It also 

makes it possible to resolve overlapping events such as glass transitions and 

recrystallisations in a mixture. Weak glass transitions can be detected more easily 

because the sine wave increases the sensitivity and, to an extent, the curvature of 

base-line effects is removed, so that samples containing diluents or having low 

amorphous content can still be accurately analysed. However, the large 

modulation amplitudes and low scanning rates that must be employed to give 

both high resolution and sensitivity can cause problems because at least six
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modulations are required to take place during the course of one thermal event. 

This requires low heating rates that increase the length of experiments.
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Figure 2-15 A Tg of saquinavir as observed using MTDSC (Royall et al 1998)

Care must be taken if very accurate Tg measurements are required because the 

temperature at which the transition occurs is dependent on the heating rate and 

modulation frequency, co, with lower frequency rates decreasing the onset of the 

glass transition upon heating (Boiler et al 1995). Hysteresis effects can occur if 

the cooling and heating rates are not matched. This effect is important when 

measuring the size of an endothermie relaxation accompanying a Tg. Often a Tg 

determined from the reversing signal will be shifted slightly compared with the 

same transition determined from the total heatflow. This is because the transition 

measured is kinetic and is therefore affected by the applied frequency. This effect 

also gives rise to a peak in the nonreversing signal.

To calculate the effect of the peak in the non-reversing signal caused by the 

frequency effect it is necessary to measure the enthalpy twice, once upon heating 

(which will also contain the frequency effect) and once upon recooling using the 

same modulation parameters. The true magnitude of the endothermie relaxation
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is obtained by subtraction of the cooling endotherm from the endotherm 

measured on heating.

MTDSC has been used to accurately measure the endothermie relaxation 

accompanying the Tg that is caused by structural rearrangement of the glass 

(Barsnes et al, 2000). The magnitude of the relaxation is a measure of the 

mobility that was present in the glassy state. If an amorphous material is stored 

below its Tg, the size of the endothermie relaxation obtained upon reheating can 

be correlated with the temperature of storage. If a series of such experiments are 

performed, it is possible to determine the dependence of mobility on temperature 

in the amorphous state.

2 2.4.4 Calculation of relaxation times from enthalpy relaxation at the Tg

The magnitude of the enthalpy relaxation accompanying the glass transition can 

be related to the degree of molecular mobility in the sample. With increasing 

annealing time the enthalpy increases because the material has had more time to 

relax. The enthalpy can also be related to the storage temperature if it is plotted 

in terms of Tg-T(Hancock et al 1995) (Barsnes et al, 2000).

The first step in the calculation of the molecular mobility is to calculate the 

maximum enthalpic relaxation possible at the temperature of the experiment, 

denoted AHoo- This value is calculated from the following equation

Equation 2-13 = (r, -  t )» AC,

where T is the experimental temperature and ACp is the change in heat capacity 

at the glass transition. The extent to which the material has relaxed, is then 

calculated from the measured relaxation endotherm, AHt at the time of 

measurement, t.

Equation 2-14 ^ A//,  ̂
A H ^j
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The molecular time constant can then be calculated. For this study the Williams- 

Watt approach was used (Williams & Watts 1997), because Equation 2-15 was 

developed for use in the study of dielectric relaxation data it contains a 

parameter, p, termed the relaxation time distribution parameter, that is related to 

the range of the relaxations in the material. The P parameter can vary between 0 

and 1. For small monomeric molecules it can be assumed that p is equal to 1, 

implying that there is no range of relaxation times (Hancock et al 1995) (Barsnes 

accepted). The following equation can then be used to calculate the mean 

relaxation time constant

Equation 2-15 = exp

Where x is the mean relaxation time constant. If In ^  is then plotted against time, 

the gradient of the linear fit yields -1/x. It is then possible to calculate how the 

relaxation time increases with increasing storage temperature below the glass 

transition.

2.2.4.5 Quasi-isothermal Studies

As mentioned previously, the Tg as observed in DSC experiments is dependent 

on the scanning rate. An additional way of investigating the Tg is to perform a 

quasi-isothermal experiment that removes the influence of time. This involves 

starting at a temperature above the Tg region and stepping down in TC 

increments through the transition region. Before the quasi-isothermal experiment, 

it is necessary to remove annealing effects by first cooling and reheating. The 

temperature is modulated without ramping; the first ten minutes at each 

temperature are used to allow the sample to equilibrate and so are not saved 

(Royall 1998; Thomas 1997). This technique has been used to investigate the 

isotropization transition between the liquid ciystalline and liquid state (Chen 

1998). By plotting lissajous figures of the data from such an experiment, 

inferences can be made about the nature of the transition.
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2.2.4.6 Lissajous Figures

Lissajous plots are the curves formed by combining two mutually perpendicular 

harmonic motions, and are used to investigate the response of a system to an 

applied modulation. Such figures can help to determine the stability of MTDSC 

measurements and to provide information about phase transitions. They are 

obtained by plotting modulated heat flow against the derivative of modulated 

temperature (Figure 2-16). Ideally a Lissajous plot will be a straight line, in 

reality it will be an ellipse because of thee effects of heat dissipation and phase 

lag. If the modulation is ideal then the ellipses will retrace. The slope of the 

ellipse gives information about the heat capacity; the width gives information 

about heat dissipation. A clear difference should be seen between the width of 

the ellipses above and below the Tg because of the increased^ntropy in the 

liquid phase leading to increased heat dissipation (Hill et al 1998; Simon 1997).

0 . 2 - Width ~ Heat 
Dissipation

T3
- 0 . 2 -

Slope = Cp

5 0 5
Derivative Modulated temperature (*C/min)

Figure 2-16 Representation of a Lissajous figure
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Figure 2-17 Lissajous figures for a quasi-isothermal MTDSC experiment.

The Lissajous figures shown in Figure 2-17 are from the investigation into the 

isotropization transition between the liquid ciystalline and liquid state mentioned 

above. They show that the major part of the transition occurs between 408.05 and 

408.25K. The second and third sets of data show that initial large deviations in 

the ellipses formed that disappears with time, indicating that the sample stays in a 

steady state between the two states.

Lissajous figures may also be used in order to determine if a loss of steady state 

parameters has occurred. An example of this would be the case where the 

modulation period were too short, causing a severe distortion of the ellipse. This 

method has been reported as a useful means of assessing the suitability of a 

modulation profile (Hill 1999).
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2.2.5 MTDSC compared with DSC

The additional modulation parameters that must be set allow greater variability in 

the design of experiments so that it is possible to fine-tune the method to best suit 

the transitions being analysed and obtain more information from the analysis of 

one sample. However, this requires greater understanding on the part of the 

operator in order to prevent the introduction of experimental artefacts.

There are practical problems associated with the measurement of events that 

occur in the region of state changes because of the evolution or requirement of 

latent heat to form or break the bonds involved. This gives rise to problems with 

the applied modulation and also means that it can no longer be assumed that the 

response of the process being analysed is linear or that the temperature 

excursions form the underlying heating rate are small. Therefore the 

deconvoluted signals will contain artefacts (Figure 2-18). This problem was 

especially relevant to the section of work involving the analysis of frozen 

solutions in the region of ice melting (Chapter 3). During heating, the system 

does not increase in temperature during the state transition as latent heat (heat of 

fusion) is taken up in order for hydrogen bonds to be broken between the 

molecules in the ice structure. Because the system does not appear to respond to 

the heating part of the modulation cycle more heat is applied giving rise 

modulations and anomalies in the deconvoluted signals.
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Figure 2-18 MTDSC of a melt (n-decane)

2.2.5.1 Improving the Accuracy of Experimental Data

Small sample sizes of uniform size distribution sealed into hermetic pans 

minimise the effects of packing, thermal gradients and heat transfer due to 

convection into the air. Small samples also increase the resolution, but 

conversely lower sensitivity. Large samples can be helpful in broadening small 

transition peaks but this effect can give rise to ghost peaks because of thermal 

gradients in the sample. Low heating rates are usually employed to minimise the 

effects of lag and, more importantly, loss of steady state since this is assumed in 

the basic DSC equations. This ensures that the resolution is as high as possible, 

but unfortunately lowers the sensitivity. It is also necessary to carefully match 

the weight of the reference and sample pans so that differences in pan weight are 

avoided. In cases where “base line noise” must be kept to a minimum, an inert 

mass may be added to the reference pan (for example pieces of pan-lid) to match 

the mass of the sample. DSC profiles may show some base-line curvature
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(“bowing”) at extremes of temperature, which can cause errors in the integration 

of peaks that are spread over a wide temperature range, and may also reduce the 

ability of the analysis program to detect glass transitions that only result in small 

changes in heat capacity.

2.2.5.2 The calorimeter

Samples were analysed using a TA Instruments DSC 2920 with MTDSC 

capability and refrigerated cooling system (RCS) that allowed analysis in the 

sub-ambient temperature range. This instrument works on the heat flux principle 

as outlined earlier (2.2.3 and Figure 2-3). The DSC cell was purged with nitrogen 

flowing at 40 cm^ m in '\ while the RCS was purged with helium flowing at 

ISOcm^min’̂  throughout all of the sample analysis. The RCS is connected to a 

heating jacket that surrounds the heating block, thus providing a heat sink for the 

furnace to work against. The sample and reference pans sit on raised platforms 

on a constantan disc. A chromel wafer is attached to the underside of the disc. 

Chromel wires attached to the underneath of the wafers act as thermocouples that 

record the temperature of the sample above. The two thermocouples are 

connected so that the output is proportional to the difference between the sample 

and reference platforms.

2.2.5.3 Calibration

Temperature calibration was carried out using GPR-grade indium (supplied with 

TA Instruments DSC Cell Accessory Kit, melting point 156.61 "C), n-octadecane 

and n-decane (both from Riedel-de-Haen, melting points of 28.24 & -26.66 °C 

respectively) at a scan rate of 2°C m in'\ Enthalpic responses were calibrated 

against the known enthalpy of melting of the same samples (28.57, 238.76 & 

199.87 Jg ' respectively). The heat capacity was calibrated by performing a set of 

experiments in which the base-lines of empty pans and alumina (AI2O3, artificial 

sapphire) against an empty pan as reference were determined using the same
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heating rate and over the same temperature range as the experiments to be 

performed. During these calibration experiments the cell (enthalpy) and heat 

capacity constants were set to unity (uncalibrated). The first experiment 

performed with empty pans indirectly measured the effect of cell asymmetry. 

The positive phase angle indicated that the imbalance was on the sample side, 

and the heat capacity was subtracted from all subsequent runs. The experiment 

was repeated with pans containing alumina powder to determine the temperature 

dependent cell constant.

By comparison with the data obtained using the equation for change in sapphire 

heat capacity with temperature (Archer 1993) (using the spreadsheet function of 

the Microcal Origin 5.0 graph analysis program) the heat capacity across the 

temperature range studied was calibrated. This value was then used to calculate 

the heat capacity background of subsequent sample analyses.

2.2.5.4 Methods used

All samples were analysed at 2°C m in '\ with modulation of ±0.3°C over 60s. 

These parameters were chosen after evaluation of the effects of modulation on 

the Tg region of frozen sucrose solutions, this investigation is outlined in Chapter 

3. Helium was used as the purge gas flowing at a rate of 150cm^min"\ Solutions 

were analysed in the range -65 to 10°C. Freeze dried samples were analysed over 

the temperature range -65 to 100"C. Experiments where different heating rates 

were used are indicated in the text.

2.2.6 Dielectric Spectroscopy

2.2.6.1 Description of technique

Dielectric spectroscopy measures the response of a sample to an applied stress in 

the form of an alternating current. From the sample response, it is possible to 

obtain information regarding the structure and behaviour of the sample. 

Frequency domain measurement (in which the sample is subjected to a
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harmonically varying stress), involving the application of an alternating current 

over a range of frequencies and temperatures, was used in this study. This 

technique can be used to obtain information regarding the electrical properties of 

a sample that can be related to changes in structure or morphology, for example 

in the cases of crystals or gels. It can therefore be used to fingerprint materials or 

to compare similar samples. In the area of pharmaceutical science it is 

particularly suited to the measurement of stability where this can be inferred 

from relaxation data, as is the case with creams and gels or those systems where 

the mobility of water is an issue (Craig 1995). The ability to measure the 

behaviour of water is ideal for the determination of the structure of frozen 

systems. It is particularly suited to the analysis of glassy systems where it is 

important to determine how much water is present in the glassy phase and 

whether the remainder of the water in the system is ice or free water.

2.2.6.2 Theory

Dielectric spectroscopy indirectly measures permittivity, e, which is the ability of 

a material to store charge. The related value of relative permittivity, 8r, is used 

more often and is known as the dielectric constant of a material. The two are 

related by the following equation

C sEquation 2-16 e ^ -  —  = —
^0 0̂

where C is the capacitance of the sample, Co is the capacitance of a vacuum in a 

cell of equal dimensions and Go is the permittivity of free space. A polar material 

will have a higher dielectric constant than a non-polar one. When a directional 

electric field is applied to the sample the dipoles will tend to align themselves in 

the direction of the field, the material will then become polarised (Figure 2-19). 

Polarisation, P is defined as the dipole moment per unit volume of sample. The 

dipole moment,|i is given by the following equation

Equation 2-17 // = gZ,
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where q is the charge magnitude and L is the separation distance. In the case of 

polar molecules the dipole is permanent. For example, if H-Cl is placed in an 

electric field the material will act as a capacitor, allowing charge to be stored at 

the electrodes, but it will not allow d.c. conductivity because the atoms are not 

ionisable. Molecules that usually exhibit a small dipole moment, such as CCI4, 

will experience distortions of their electron clouds in an applied field. This effect 

will cause an increase in their dipole moment. If the field is then removed the 

dipoles will revert to their original state, this process is known as relaxation.

+

H "
■

field

Figure 2-19 Representation of a dielectric material in an electric field

The permittivity can be related to the polarisation by the following equation 

Equation 2-18 P = SQ{ej^- 1)E

Where E is the field strength. Non-polar materials will also experience an effect 

but not to the same extent. The applied field will affect the electron cloud 

surrounding the molecular nuclei thus polarising the molecules.
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2 2.6.2.1 Dielectric Polarisation

A parallel plate capacitor consists of two flat metal plates separated by a constant 

distance, d. One plate is given a positive charge and the other a negative charge 

of the same magnitude. This charge is evenly distributed over the surface of the 

plate. If the area of each plate is denoted A and the charges on the plates are +q 

and -q , the field can then be described by

qEquation 2-19 Eg =
So A

If the space between the plates is filled with a sample of relative permittivity 8r 

then the field is now described by the following equation

qEquation 2-20 =

The field has been reduced by a factor of 1 / s r . The reduction in charge is caused 

by polarisation of the material between the plates. The capacitance of the 

capacitor is defined as q/V where V is the potential difference between the plates. 

V can also be defined by the following equation

Equation 2-21 V = E j i

From Equation 2-20 it can be seen that 

Equation 2-22 — = —- —

and that capacitance is also given by the following equation

Equation 2-23 c  = ̂  =
V d
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2.2.6.22 Dielectric relaxation

If the source of perturbation is removed then the polarisation induced will not 

instantly return to the original value. Because it is related to the mobility of the 

dipoles within the material, the rate of decay gives information about its structure 

the nature of the polarisation that has been induced. Polarisation of the electron 

cloud will decay the fastest, while polarisation that involves the rotation of 

molecules will take longer. Small liquid molecules will decay faster than large 

molecules in the solid state. Because dielectric analysis generally involves the 

application of a varying frequency to a sample, the different mechanisms of 

polarisation can be seen.

2.2.6.3 The effect of an alternating field 

The voltage at time t is given by 

Equation 2-24 P = sin wt

Vo is the maximum voltage and co is the angular frequency (Hz). If all of the 

energy applied by the field is used to reorientate the dipoles, the current and the 

voltage will be 90° out of phase.

Equation 2-25 1 = coCVq cos(<uf)

In reality, some energy is lost as heat and the phase angle, 8, will then vary 

between 0 and 90 degrees (Figure 2-20). Tan Ô values are commonly measured 

and plots of tan 6 against temperature are often used in assigning temperatures to 

phase changes such as glass transitions at the peak value. The response of the

sample then contains two components, the out-of-phase energy storage

component and the in-phase loss component.
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Figure 2-20 Relationship between the applied voltage and polarisation current.

If a Fourier transform is applied to polarisation phenomena, the time-dependence 

of the reorientation process is converted to a frequency dependence. The 

following expression is obtained, which necessarily contains a complex term

Equation 2-26 P* (co) = €Qi%*{a>)E* {(o)

where % is the susceptibility of the sample. Because this parameter is complex it 

can be resolved into its real and imaginaiy components as follows

Equation 2-27 /  [a)) = y ( ( u ) - iz"{cû)

However, there are a number of other ways of expressing the real and imaginary 

components. The two most commonly found in the literature are the capacitance, 

C, for the storage and dielectric loss, G/co (G refers to the conductivity) and the 

relative permittivity (e’ and e” for the real and imaginary components 

respectively). These two sets of components are mathematically related. The real 

part of the permittivity (or susceptibility) refers to the capacitance elements of 

the sample and this is termed the storage component. This is given by the 

following;

Equation 2-28
c(a>y

ASn
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The imaginary part is related to the resistance, the energy lost as heat, and is 

termed the loss component. It is described by the following equation

Equation 2-29 e' ' {cd) =_G(®V
coASq

The difference between the permittivity and susceptibility is that the term e*(0 ) 

refers to the sum of all the permittivities between infinity and the frequency of 

interest, while x*(®) refers to the permittivity at that specific frequency. The 

response in terms of the complex permittivity (e*) at a given frequency (co) may 

be described in terms of the real and imaginary components by the following 

equation

Equation 2-30

2.2.6.B. 1 The frequency dependence of dielectric relaxation

The dependence of the sample response upon frequency is termed dispersion. 

There are two processes occurring that exhibit this dependence. The first is 

resonance, the regular vibration of molecules at a given frequency, for example 

side-chain movement in the case of a polymer; this type of behaviour is detected 

by spectroscopic techniques such as NMR. The second type is caused by the 

response of a sample because of polarisation that is hindered by its environment. 

At low frequencies, the dipoles are easily able to reorientate with the change in 

direction of the applied field. At very high frequencies the dipoles are unable to 

keep pace with the changes in field direction and the polarisation of the system 

falls. Between these two extremes is the characteristic frequency (©p) where the 

permittivity is a maximum. This situation arises because the sample relaxation 

times match the rate of applied field direction change. The orientation with the 

applied field will be at a maximum but the random perturbations caused by the 

environment will be at a minimum. In the classical Debye response, a peak is 

observed in the imaginary part of the permittivity at ©p. This value is related to 

the relaxation time by



Chapter 2 Materials and Methods 93

Equation 2-31 (u = —
r

2.2.6.4 Debye Theory and modifications

The characteristic relaxation time of a system is therefore not only dependent on 

the dipoles but also the environment that surrounds them. The frequency 

dependence of the relaxation process was examined by Debye (Debye 1945). The 

complex susceptibility of a reorientating dipole may be given by

Equation 2-32 = %(0)— î—
1 + iO)T

where /(O) is the static susceptibility (i.e. the susceptibility as the frequency 

tends to 0). The real and imaginary components of the susceptibility are then 

given by

Equation 2-33 x'=  z(o):— V t
1 + <S? T

and

o r
Equation 2-34 / -%(o)-  ̂ 2

1 + Û) T

Similar equations are used to define the permittivity. The complex permittivity is 

given by

Equation 2-35 e* =n^ + ̂ ^
l + iû?r

where n is the refractive index (equivalent to at optical frequencies) and es is 

the static field permittivity (i.e. the field permittivity at frequency = 0). The real 

and imaginary components of the permittivity are then given by
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Equation 2-36 

and

Equation 2-37
,  (es-n^)a>T

' ~ l+ û > V

The real permittivity is effectively constant but tails off at higher frequencies. 

The frequency dependence of an ideal dielectric material can therefore be 

defined in terms of %(0) and t . The above equations predict the relationship 

between and x ”  shown in Figure 2-21,
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Figure 2-21 Depiction of the classical Debye relaxation

The peak labelled cOp, is the peak loss frequency and corresponds to the 

maximum energy absorption. The width at half height is 1.144 decades (log 

cycles) of frequency and the gradients of the slopes in the imaginary 

susceptibility above and below the peak are -1 and 1 respectively. The real part 

of the susceptibility remains constant at low temperatures but then decreases with 

a logarithmic slope o f-2.

These ideal types of response are almost never seen because there is generally 

more than one polarising species in a sample and these will tend to interact. 

Therefore, while the Debye approach is a good basis for the description of the
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dielectric response of materials it is of little use in the study of real systems. Cole 

and Cole introduced the idea of susceptibility functions (Cole 1941). These 

correction factors may allow better fitting of observed results then the Debye 

fimction alone. The modification is as follows

Equation 2-38

where e is the permittivity at infinite frequency and a  is a fitting parameter that 

may have a value between 0 and 1, if  it is set to 0 then the Debye model will fit 

the data. A Cole-Cole plot shows the imaginary plotted against the real 

permittivity, and the case for an ideal Debye response is shown below (Figure

2-22)

Cole-Cole response
£ ' • Debye response 

jin g le  relaxation time)

aic/2

Figure 2-22 Cole-Cole plot showing ideal Debye response, and a sample that 

deviates in a manner described by the Cole-Cole modification

The ideal Debye response shows a symmetrical semi-circle. In reality, this 

symmetry is seldom seen and the Cole-Cole modification does not fit many real 

systems. A further modification was suggested by Davidson and Cole (Davidson 

1951) and is given by
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Equation 2-39 sCs)) -  f(oo)= - —— ■

Where P is a fitting parameter that. Like the a  parameter in the Cole-Cole model 

may have values between 0 and 1, where a value of 1 indicates a Debye 

response. However, many systems still do not fît this. A further modification that 

essentially combines Equation 2-38 and Equation 2-39 is given below

Equati on 2-40 £(û)) -  f(oo) = -r----

This was suggested by Havriliak and Negami (Havriliak 1966). This 

modification will be used to model the processes occurring in frozen sucrose 

systems as described in Chapter 4.

2.2.6.5 Dielectric Spectroscopy Applied to the Study of Pharmaceutical 

Systems

2.2.6 6 Measurement of Glass Transitions

The glass transition temperature may be identified from dielectric measurements 

as the temperature corresponding to the maximum in tan § or from the effect of 

temperature on the relaxation time obtained from determination of the ©p value 

on a plot of imaginary permittivity. The observed value will be frequency 

dependent. Because dielectric spectroscopy operates over a much wider 

frequency range Tg values obtained using this technique may be very different to 

those obtained using MTDSC. Dielectric measurements have been used 

previously to obtain information about the molecular mobility of amorphous 

materials above Tg and the effect of temperature and relative humidity (Andronis 

1998); these results were correlated with data obtained from DSC measurements. 

It was found that water decreased the molecular relaxation times of 

indomethacin. This result may be predicted from the knowledge that water acts
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as a plasticizer and so has the effect of increasing the mobility of an amorphous 

system.

22.6.1 Instrument Used

The instrument used in this study was a Novocontrol Broadband Dielectric 

Converter (BDC) (Novocontrol GmbH, Hundsangen, Germany) in conjunction 

with a Solartron SI 1255 vector voltage analyser, a Stanford amplifier and Quatro 

Cryosystem attachment to allow sub-ambient operation. The frequency range of 

the instrument is 10*̂  -  10  ̂Hz with capacity and resistance ranges of 5. 10'^^-10' 

 ̂F and 10" ̂  -10^^ Q respectively. The temperature range of operation is -150 °C 

- 400 °C. The cryosystem uses liquid nitrogen as the cooling agent with the PC 

controlling the pressure of the liquid. The instrument is PC-controlled using the 

WinDETA software package. The measured data are analysed using the WinFIT 

program on the same PC.

2.2.6.8 Calibration

Each time the instrument is switched on; it performs the following three 

calibrations automatically. The internal reference calibration calibrates the 

reference capacitors relative to each other, and the capacities of the internal 

components and the capacity that compensates for the measurement lines. Two 

reference samples were provided with the instrument and these are used to check 

that the performance of the instrument is accurate. These samples are small 

electronic circuits that contain defined resistors and capacitors. The first sample 

simulates two Debye relaxations with relaxation frequencies at 8Hz and 20KHz 

resulting in a capacity change from 100 pF to 1040 pF. The second sample is a 

low-loss 100 pF capacitor. The loss factor of this capacitor is below the limit of 

the instrument and so shows the accuracy limit.
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22.6.9  Sample preparation

Solutions were prepared as described earlier (2.1) The solution samples were 

placed in the gold-coated copper cell with a steel top plate consisting of two 

parallel capacitor plates and with an 18mm diameter and 10mm depth. This 

arrangement was then placed in the active cell that itself sat in the cryostat. To 

allow for expansion of the solution once frozen the cell was not completely filled 

with sample. Therefore, in each experiment a volume of 0.5 ml of solution was 

covered over the cell surface.

2.2.6.10 Methods

The following method was used to analyse the 20 % (w/w) solution in the 

temperature range from -110 to -15 °C using frequencies ranging from 1.5 xlO'^ 

to 10  ̂ Hz (see Chapter 4). The sample was rapidly cooled to -110 °C before 

commencing the measurements. Between measurements the cell was heated at 

2°Cmin*\

For the comparison of 20% and 60% (w/w) sucrose solutions with pure water in 

the range of the sucrose solution Tg, frequencies in the range l.Oe'^ to 1.0 e  ̂Hz 

were applied in the temperature range from -60 to -12^C. For the aimealing 

experiments the samples were rapidly cooled to -55°C and held for the following 

time periods; 60; 120; 180; 300; 400; 960 minutes. The samples were then 

analysed at applied frequencies of 10'  ̂ and 1.5x10"  ̂ Hz at temperatures of -64; 

-56; -48; -44; -40; -36; -32; -24 and -15 °C.

2.2.7 Thermogravimetric analysis

Thermogravimetric analysis involves heating a sample at a defined rate in a 

controlled environment and measuring any change in mass. The technique is 

routinely used to characterise materials that exhibit mass gain or loss caused by 

decomposition, oxidation or dehydration. It is particularly useful in the
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measurement of water contents, especially where only small quantities of sample 

are available. It is also possible to determine between sorbed and chemically 

bound water in a material. The disadvantage of this technique is that while mass 

changes can clearly be seen it is not possible to determine what may have caused 

the change. However, it is possible to connect the outlet to a mass-spectrometer 

in order to identify the evolved species. In the case of the instrument used in this 

study, this was not possible. Mass losses were confirmed as water by comparison 

with Karl-Fischer analyses (2.2.8.)

2.2.7.1 Instrument used

The thermogravimetric analysis was performed using a T.A. Instruments TGA 

2950 Thermogravimetric Analyzer. A single Platinel II thermocouple located 

immediately above the sample is used to control furnace heating and to measure 

the sample temperature. The system operates on a null-balance principle. The 

balance arm is kept in the horizontal position by a light-sensitive mechanism. On 

top of the balance arm there is a flag that controls the amount of light that 

reaches a pair of photosensors from an infrared LED. As the sample gains or 

loses mass the amount of light reaching the photodiodes becomes unbalanced. By 

changing the amount of current that supplies the meter movement the balance is 

then rotated back to its null position. The amount of current required is directly 

proportional to the change in mass of the sample. This instrument can detect 

changes in mass down to Ipg. Inert nitrogen gas flowing at 60ccmin'^ was used 

to ensure even heating of the sample. After taring the empty pan in the weighing 

boat the sample is added. After each measurement has ended compressed air is 

used to cool the ftimace back to 30°C before the next experiment is begun.

2 2 .1 2  TGA methodology

Samples were analysed as soon as possible after production or immediately after 

removal from the controlled environment to minimise water uptake from the 

atmosphere. Samples were analysed in open aluminium pans (Perkin Elmer)
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sitting in a 100 |nl platinum weighing boat. Sample masses ranged between 5 and 

10 mg. The instrument was purged with nitrogen flowing at 40cc/min. Samples 

were heated at 20°Cmin'\ Water contents were determined as the mass loss up to 

160.0°C. The method was validated by comparison with Karl-Fischer analysis. 

TGA was preferred because smaller sample masses could be employed. Data 

from each experiment were saved to a PC. Mass losses (expressed as % for ease 

of sample comparison) were calculated using the T.A. Instruments Universal 

Analysis software.

2.2.7.3 Calibration

Because the TGA employs a single thermocouple to control the heating rate and 

to determine the sample temperature highly exothermic or endothermie reactions 

cause minor changes in the programmed heating rate. Therefore, at a melting 

point a peak will appear in the heating rate derivative. The onset of this peak is 

used to calibrate the instrument for temperature. GPR-grade indium (supplied 

with TA Instruments DSC Cell Accessory Kit, melting point 156.6 °C) was used 

to calibrate for temperature.

The instrument operates in either of 2 weight ranges. These are both calibrated 

using mass standards. The masses used to calibrate the instrument are lOmg and 

Ig. Calibration was performed before and after each set of measurements.

2.2.8 Karl-Fischer Analysis

Thermogravimetric analysis determines mass losses but the loss cannot be 

assigned to a specific material unless the output is connected to a gas 

chromatographer or mass spectrometer. Therefore volumetric Karl-Fischer 

analysis (Metrohm 701 KF Titrino) was used in order to verify that the mass 

changes were caused by loss of water. Measurements were made as soon as 

possible after the samples had been produced.
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The Karl-Fischer technique involves measuring the amount iodide formed by the 

reaction of iodine in the presence of methanol and a suitable base; the water in a 

sample is consumed by the reaction. These components together react to form 

alkylsulfurous acid. The alkylsulfite ion is oxidised by iodine in the presence of 

water and further base to give alkylsulfate and iodide. The general reaction is as 

follows

Equation 2-41 C H fiH  + SOj + iW  ^

HjO  + / j  + [ÆW/JSO3C/ / 3  + 2RN  -> + 2{RNH'^

2.2.8.1 Materials

The reaction is highly susceptible to the effects of pH, which was not an issue for 

the samples analysed in the present work, therefore a one-component reagent was 

used for the titrations (Hydranal-Composite, Sigma.). The reagent contained 

imidazole, sulfur dioxide and iodine dissolved in diethylene glycol monoether. 

The solvent medium was methanol (dried product number 34940, Sigma). 

Because sucrose is very soluble in methanol, the addition of extra solvents was 

not necessary (Hydranal 1997).

2.2.8.2 Method

The essential practical steps in the analysis are to titrate the methanol to dryness 

before addition of the sample and subsequent determination of the water content 

The instrument used allowed the background water to be subtracted from the 

calculated value. Therefore, to ensure that the background water was not 

interfering with the data produced, titrations were only performed when the 

background drift after the solvent titration was less than 10 pgmin'^ of water.

Sample masses used ranged from 10 to 20mg. To reduce the possibility of 

contamination by water from the atmosphere the system used was closed, sample 

was added using a glass weighing spoon, by removal of the septum stopper that
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was replaced immediately after sample addition. The spoon was weighed before 

and after addition of sample in order to obtain accurate sample mass. For liquid 

samples, the solutions were introduced by injection through the septum. The 

syringe was weighed before and after addition of sample.

2.2.8.3 Calibration

The machine was calibrated before each set of measurements. The instrument 

was calibrated by determination of the water content of sodium tartrate 

(Na2C4H406.2H20, SigmaUltra S4797).

2.2.9 Scanning electron microscopy

Scanning electron microscopy uses electrons rather than a light beam in order to 

image a sample. This allows the resolving power to be considerably improved 

over a light microscope, which is limited to a resolution of 0.2pm because of the 

dependence of resolution on the wavelength of the light. Electron microscopes 

are capable of resolution down to 0. Inm.

In the present work, the structure of freeze dried sucrose was investigated using a 

PhillipsXL20 SEM (Philips Electron Optics, Eindhoven). A sample of the 

lyophile was cut using a scalpel and mounted onto a metal stub using a low 

temperature glue. The sample was then sputter coated with gold (Emitech K550 

sputter coater) for two minutes in an argon atmosphere. The purpose of the 

coating is to improve the image by improving the external surface conductivity 

of the sample surface.
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2.2.10 Hot Stage microscopy

Hot stage microscopy allows a sample to be heated in a controlled manner while 

observing any changes through a microscope. The system used in this study was 

a transmission compound microscope (Olympus BX system microscope, 

Olympus Optical Co. Ltd, London) connected to a monitor (Hitachi VM-920K) 

and a video-printer (A6 300dpi, Sony). An objective lens (x20) was used. The 

hot stage heating unit (FP5/FP52, Mettler Instumente AG, Zurich) was centred in 

the field of vision. The unit comprises a flat electrically heated oven and a 

resistance thermometer that controls the temperature. The temperature calibration 

of the heating unit was checked by heating a small piece of indium on a 

microscope slide and observing the temperature of melting. The sample was 

placed on a glass slide and heated at 1®C m in'\
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CHAPTER 3 INVESTIGATION INTO THE GLASS 
TRANSITION PROPERTIES OF FROZEN SUCROSE 

_______________________ SOLUTIONS____________________

3.1 Introduction

As described in the introduction there are two advantages of MTDSC over the 

conventional technique. Firstly through imposition of a sinusoidal temperature 

program onto a low linear heating rate the instantaneous heating rate, and hence 

the sensitivity, is increased without loss of resolution. Secondly, that the 

resulting modulated heat flow signal is then transformed into total heat flow 

(equivalent to the output from the traditional DSC technique). This signal is then 

resolved into the reversing (in phase), and, by subtraction, non-reversing (out of 

phase) signals. This deconvolution makes possible the separation of overlapping 

thermal events.

A sucrose solution was chosen as the model system because it has been widely 

studied using DSC, having application to both the food and pharmaceutical 

industries. However, the first paper to use MTDSC in the study of frozen sucrose 

systems was only published in March 1996 (Izzard 1996). As mentioned 

previously, the glass transition region of frozen sucrose solution is very complex, 

so it was important to ensure that the best possible parameters were chosen with 

which to analyse this region without the imposition of experimental artefacts. To 

this end a series of experiments was conducted in order to investigate the effects 

of changing each of the parameters that define the instantaneous heating rate on 

the data produced by MTDSC experiments. These parameters are the 

temperature amplitude, the modulation period and the underlying heating rate.
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3.2 The Glass Transition of Frozen Sucrose Solutions

The region containing the transition from glass to liquid is of particular interest 

because it gives a good indication of the stability of a system. Generally, the 

higher the glass transition* value the more stable a glass will be during storage. ^  

This region is of particular interest to those involved in freeze drying as sucrose 

is a commonly used cryoprotectant that yields amorphous products.

As stated previously, during the initial freezing step of the freeze drying process 

it is vital to maintain the product temperature below that of the collapse 

temperature for the system to be lyophilised or the product will experience 

meltback. This term refers to the process during which water within the glassy 

phase is released because it is no longer trapped by the restricted mobility of the 

glassy state. The movement of the water further reduces the viscosity of the 

system resulting in loss of structural integrity. The resulting increase in mobility 

can cause degradation of the drug.

For frozen carbohydrate systems, such as sucrose, the glass transitional region 

yields what appear to be two glass transitions upon reheating (Goff 1996). This 

complexity has led to a range of values being published for the Tg’ of aqueous 

sucrose and its maximal freeze concentration depending on which transition has 

been labelled the Tg (see Table 3-1 and Table 3-1). Further complications arise 

when comparing literature values because they have been determined from 

solutions of different sucrose concentrations using different methodologies and, 

in the case of DSC, often using different scanning rates. Some workers have 

decided that the upper transition is the Tg (Levine 1986) while others have 

attributed this to the collapse temperature (Shalaev 1995).

The observed decrease in the baseline of the reversing signal associated with the change fiom glass to liquid upon heating has 
been called the glass transition, Tg, throughout but strictly the glass transition is defined as the same upon cooling a sample
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Below zero, the formation of an amorphous state is time-dependent because the 

process is limited by the rate at which water can be removed from the glassy 

phase by the formation of ice. Fast cooling leads to depression of the glass 

transition (Sahagian 1994). This is because water is unable to freeze in the time 

available between the temperature at which ice nucléation first occurs and the 

temperature at which the viscosity of the remaining solution becomes so great 

that further ice formation is unlikely. The combination of these factors leads to 

excess quantities of water remaining in the glassy phase. The value Cg’ is 

therefore a theoretical value of maximal sucrose concentration in the glass. In 

practice, the actual amount will probably be lower, because it is an indirect 

measurement of the quantity of water remaining in the glass that is unable to 

crystallise within the time-scale of the freezing process.

Table 3-1 Values of Tg’ of Sucrose Reported in the literature, taken from (Goff 

1996)

Tg’ CO Reference

-32 (Slade 1988),(Franks 1990),

(Levine 1986),(Slade 1988),(Franks 1985),

(Maurice 1991),(Hatley 1991), (Hatley 1993), (Roozen 1991)

-40 (Ablett et al 1992), (Blond 1994), (Sahagian 1994)

-46 (Le Meste & Huang 1992)



Chapter 3 Frozen Solutions 107

Table 3-2 Values of Cg’ of Sucrose Reported in the literature, taken from (Goff 

1996)

Cg’ (%w/w) Reference

64 (Slade 1988), (Franks 1985),

80 (Le Meste & Huang 1992), (Roos 1991), (Roos & Karel 1991a),

(Izzard 1991)

83 (Hatley 1991), (Hatley 1993), (Roos 1993)

3.2.1 Allocation of the glass transition temperature

The first (lower) of the two transitions is reversible and not dependent on sample 

size. The second transition however has been reported as being not only 

irreversible but also as a phenomenon that does not occur in bulk vitrified sugars 

(Shalaev 1995). These observations support the hypothesis that the second 

transition is either caused by interaction between the bulk ice and the glassy 

phase or because of trapped water being released from the glassy phase into the 

bulk ice just before the onset of melting (Goff 1996). However, Shalaev et al 

(Shalaev 1995) have postulated that it is caused by the irreversible collapse of 

the glassy matrix.

Others have observed the second transition on heating and again upon cooling 

with an accompanying peak in the phase angle signal (Thomas 1997) and this 

effect was also observed during preliminary experiments in this study (see Figure

3-13). The heat flow phase angle is observed to show a sharp positive peak on 

cooling through the crystallisation of water, while heating through the same 

transition reveals a negative value. The phase angle changes accompanying the 

two transitions associated with the glass transition region of sucrose are both 

negative on heating and cooling, which indicates that both have glass transition

like properties. However, the heat capacity change accompanying the second 

transition is larger than that expected if  only sucrose molecules were 

contributing, again indicating that water/ice is playing a role in this transition.
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The region between these transitions is of interest because normal Arrhenius type 

kinetics are not observed for changes in viscosity or devitrification, instead WLF 

(Williams-Landel-Ferry see Chapter 1) or VTF (Vogel-Tammann-Fulcher see 

Chapter 1) models are more appropriate. For the case of a ‘fragile’ carbohydrate 

(Angell et al 1994), such as sucrose, the VTF model is more closely followed.

The glass transitional properties of another carbohydrate, galactose, have also 

been studied and may shed some light on processes occurring in sucrose systems. 

Until recently, galactose was also thought to exhibit two glass transitions. 

However, the higher transition has recently been ascribed to the glass 'softening’ 

temperature, Ts’ (Shalaev 1995) at which the glass viscosity decreases from 10̂  ̂

to 10  ̂Pa s. In the same report, the discontinuity observed in the total heatflow 

signal at this temperature was assigned to irreversible sample reconfiguration 

rather than to a change in heat capacity. Softening or collapse temperatures (Ts 

and Tc respectively) are often described in the literature. They are the physical 

manifestations of glass devitrification that generally occur a few degrees above 

the glass transition temperature. Differences between softening and collapse are 

attributable to the different techniques used to measure them. Above these 

temperatures, loss of texture and appearance may occur and uneven or 

incomplete drying may follow if a glassy product (e.g. freeze-dried sucrose) is 

allowed to rise above its Tc during drying processes.

3.3 Objectives

• To find a suitable modulated heating profile with which to analyse the glass 

transition region of sucrose solutions.

• To investigate the effect of sucrose solution concentration on properties of 

the glass transition of sucrose.

• To investigate the effect of annealing temperature and length of annealing on 

the response of sucrose solutions in the glass transition region and thereby 

attribute the two transitions in this region to processes.



Chapter 3 Frozen Solutions 109

3.4 Investigation to find a suitable heating profile with which to analyse the 

glass transition region of frozen sucrose solutions

Because the glass transitional region of frozen sucrose solutions is complex and 

the transitions observed are small, it is very important to select a heating profile 

that allows the clearest observation of the processes occurring without the 

introduction of experimental artefacts. Therefore, the first part of the study 

involved an investigation into the effect of heating rate, temperature amplitude 

and period of modulation on the transitions observed in this region.

3.4.1 Materials and Methods

3.4.1.1 Preparation of Sucrose Solution.

Sucrose (analytical reagent grade AnalaR) was obtained from BDH. Water used 

was distilled. 20, 30,40, 50,65 70 & 80% (w/w) sucrose solutions were prepared 

by addition of sucrose to the water until clear solutions were produced. The more 

concentrated solutions were produced by vigorous stirring with gentle warming. 

All samples were used freshly prepared to prevent the possibility of solute 

recrystallisation. Concentrations were confirmed using Karl-Fischer analysis.

3.4.1.2 DSC Sample Preparation

All samples were analysed in aluminium hermetically sealed pans (Perkin 

Elmer). Reference and sample pans were matched to within 0.1 mg for all 

experiments. The reference pan contained air only. Mass determinations were 

carried out using a Mettler Me balance. Sucrose solutions used weighed between 

12.273 and 19.992 mg. Calibrations were performed as outlined in Chapter 2.
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3.4.1.3 Temperature Programs

All scans were carried out in heating mode.

3.4.1.3.1 Temperature Amplitude of Modulation

In this set of experiments all parameters were kept constant except the 

temperature amplitude, the amplitudes used were; ±0.1, 0.2, 0.3, 0.4, 0.5, 1.0 & 

3.0 °C. Samples were rapidly cooled (again using the ‘jump’ step of the 

programming cycle) to -65 ®C prior to scanning. The same sample, of a 20% 

(w/w) sucrose solution, was allowed to equilibrate at room temperature between 

experiments and was used throughout the study. This ensured that no differences 

in heat flow could be attributed to differences in sample or pan mass and that 

there were no differences between the temperature histories of the glasses 

formed. A start temperature of -65 °C was employed in the scanning of the 

samples, because this was the lowest temperature that the calorimeter could 

accurately hold. The samples were scanned whilst heating at 2 °C min  ̂ with a 

modulation period of 60s from -65 to -20 °C. Data points were collected every 

second.

3.4.1.3.2 Time Period of Modulation

In this set of experiments, the period of modulation was varied whilst all the 

other parameters were kept constant to investigate the effect on the data 

produced. In this study a 20% (w/w) sucrose solution was used throughout. The 

samples were rapidly cooled (again using the ‘jump’ step of the programming 

cycle) to -65 °C prior to scanning. This treatment was applied to all samples to 

ensure that they had all undergone the same temperature history. A start 

temperature of -65 ®C was employed in the scanning of the samples, because this 

was the lowest temperature that the calorimeter could accurately hold. Samples 

were scanned whilst heating at 2 min"  ̂with temperature amplitude of ±0.3
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from -65 to -20 °C. The periods used were 30 ,40,60,70,90 & 100s.

3.4.2 Discussion of Results

3.4,2.1 General Appearance of the Profiles

Two general types of profile were produced that were dependent on the 

concentration of the solution being studied. The low concentration solutions 

displayed profiles with similar features to those published (Ablett et al 1992) (see 

Figure 3-1), with a step change in the reversing signal in the region of -45°C 

accompanied by a relaxation endotherm in the non-reversing signal. Upon further 

heating, a second endothermie relaxation was seen in the non-reversing signal, 

which accompanied a step change in the baseline of the reversing heat flow 

signal. The heat capacity change was far larger than that occurring at the lower 

transition and of too high a magnitude to be attributed to a glass transition (ACp 

~ 2.6 - 2.9 J/g°C (Roos & Karel 1991b). This second transition, which was 

previously thought to be a glass transition of the maximally freeze concentrated 

liquid - the Tg ’ transition, is still controversial but is now generally considered to 

be either caused by the dissolution of ice from the glassy phase (Goff 1996) or 

because of a collapse of the amorphous phase (Shalaev 1995).

The 65 and 70% (w/w) solutions produced profiles of a very different nature (see 

Figure 3-2) indicating that a substantially different process had occurred on 

cooling these highly concentrated solutions. No glass transition was visible in the 

region studied (glass transition temperatures for 65% solution have been reported 

to be in the region of -70 °C (Izzard 1991). Instead, they produced what appeared 

to be a sharp devitrification followed by a large ice dissolution endotherm (much 

larger than would be expected from comparison with the lower sucrose 

concentration samples).
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This concentration effect has been noted in electron spin resonance studies of 

frozen sucrose solutions (Roozen 1991) (such studies give information about the 

rotational ability of spin-labelled molecules). When spin probes that prefer to 

form hydrogen bonds with water rather than sucrose were added to sucrose 

solutions it was found that at concentrations above 40% (w/w) sucrose fewer 

hydrogen bonds were formed between the probe molecules and the water. This 

result indicated that the system had changed from being a solution of hydrated 

sucrose molecules to a sucrose-water phase where all water molecules were 

either directly or indirectly hydrogen bonded to sucrose. This observation would 

explain why such large quantities of water appear to remain in the amorphous 

phase. Because all the water molecules are "bound" to sucrose molecules they 

are unable to diffuse through the glassy matrix and form ice.
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S.4.2.2 Amplitude Effects

Change in amplitude had very little effect on the glass transition as determined 

from the reversing signal (see Figure 3-4) and accompanying endotherm (see 

Figure 3-5), although at the smallest amplitudes the glass transition was very 

difficult to detect. This was because of the lower instantaneous heating rate and 

hence decreased sensitivity. At very high temperature amplitude (± 3.0 ®C) no 

detail could be seen in the profile produced. This was probably caused by the 

sample exhibiting significant heating lag, as the instantaneous heating rate 

became too large for the sample to follow. This effect lead to transitions 

appearing to be shifted to higher temperatures, and inaccurate measurement of 

enthalpy and heat capacity changes. At intermediate values, changing the 

amplitude did not significantly affect the ability of the samples to follow the 

applied heating rate. Since conducting this section of work, T.A. Instruments (the 

makers of the calorimeter used in this study) have produced literature in which it 

is stated that modulations amplitudes in the region between 0.3 and 2 °C can be 

used safely without causing significant phase lags within samples (TA 

Instruments 1997 and Figure 3-6 ).

Comparison of the output from experiments when different periods were applied 

showed that increasing the time period had the effect of decreasing the 

temperature at which the glass transition occurred in the reversing heat flow 

(Figure 3-7). This observation is in agreement with findings in the field of 

polymer science (Hutchinson & Montserrat 1996). Frequency dependence may 

also explain the difference of ~2 °C previously found when comparing predicted 

with actual MTDSC experimental data (Izzard 1996).

The data from the experiments, during which the temperature amplitude was 

kept constant, became increasingly harder to analyse at higher periods because of 

the lower instantaneous heating rate. In addition, there were less than six 

modulations through the transitions giving rise to a greater degree of instability 

in the base line (see Figure 3-8). This also made accurate determination of the
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enthalpies of the endothermie relaxations in this region difficult (see Figure 3-9).
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experimental data (TA Instruments 1997).
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3.4.3 Conclusion

The temperature region of interest (-45 °C) was very close to the minimum 

temperature at which the instrument could accurately equilibrate (-65°C). 

Therefore, it was important to apply a heating profile that produced consistent 

modulations before reaching the region of interest to prevent artefacts in the 

experimental data. It was also important that the modulations produced by the 

instrument were the same throughout the temperature range of study. In those 

instances where the temperature excursions were large, i.e. short periods or large 

amplitudes the instrument took longer for the modulations to settle into a regular 

pattern. From visual inspection of the data produced in this study it was decided 

that a temperature amplitude of ± 0.3 °C over a period of 60 seconds was the 

optimum modulation for the analysis of the glass transition region of frozen 

sucrose solutions. This temperature program allowed six modulations throughout 

the transitions of interest, had reached equilibration before the transition region 

and gave the most well defined transitions (see Figure 3-10).
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Figure 3-10 Analysis of 20% (w/w) sucrose solution using modulation 

parameters of ± 0.3 °C over a 60s period

3.5 Investigation into the Effect of Sucrose Solution Concentration on 

Properties of the Glass Transition

3.5.1 Introduction

Once the MTDSC parameters had been chosen, the next logical step was to look 

at the effect of the concentration of sucrose on the glass transition region of the 

frozen solutions. This area has been studied in the past, but using conventional 

DSC only, and the resulting data are rather complicated to interpret (see Figure 

3-11). It was hoped that the extra resolution and the deconvolution capability of 

the modulated differential scanning calorimeter above the traditional technique 

would enable the complex glass transition region to be explored more fully.
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Ŝ 0.3

0.1

-25-75 -50-100

Figure 3-11 DSC profile of the glass transition region of sucrose solutions 

showing the effect of varying sucrose concentration (Ablett et al 1992)

The temperature region containing the endotherm attributable to the melting of 

ice was also investigated for the different sucrose solution concentrations so that 

the response of the modulation through this state transition could be investigated. 

The enthalpies as measured from the total and nonreversing signals for this 

transition were compared. This allowed an approximate indirect measurement of 

the quantity of water in each of the systems.

3.5.2 Temperature Programs

Samples were cooled (using the ‘jump’ step of the programming cycle) to -55 °C, 

and annealed for twenty minutes before rapidly cooling to -65 prior to 

scanning. This treatment was applied to all samples to ensure that they had all 

undergone the same temperature history. A start temperature of -65 °C was 

employed in the scanning of the samples, because this was the lowest 

temperature that the calorimeter could accurately hold. Samples were scanned at 

heating rate of 2 °C min'^ with modulation of ± 0.3 °C over 60s.
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3.5.3 Results and Discussion

3.5.3.1 The effect of sucrose solution concentration on the glass transition 

region.

The low concentration solutions (< 65%) displayed a glass transition in the 

reversing signal in the region of -45 °C, the onset temperature appeared to be 

related to the initial sucrose concentration with the lowest initial concentration 

showing the lowest onset value (see Table 3-3 and Figure 3-12). This result 

shows that the lowest concentration solution still contained the most water even 

after a twenty-minute annealing period. The step change in the baseline 

associated with the glass transition was also visible in the total heat flow signal, 

but was overlaid with the endotherm making it difficult to distinguish between 

( the two transitions (see Figure 3-1). Even in the reversing signal the transition i 

was still small, but was verified by the appearance of a peak in the phase angle 

approximately in the middle of the transition (see Figure 3-13). These samples 

also displayed an associated enthalpic relaxation endotherm visible in the non

reversing heat flow signal (see Figure 3-16). This signal was again proportional 

to the original concentration of sucrose in the solutions. The 20% (w/w) solution 

appeared to be the most mobile since it gave the largest endotherm. This effect is 

probably related to the larger amount of water that was still trapped in the glassy 

phase of this system compared to those that had higher initial sucrose 

concentration in the solutions. In the past, there has been some disagreement 

about the assignment of this endotherm, since an endotherm may also be 

observed upon cooling (Hutchinson & Montserrat 1996). However, it is now 

known that cooling endotherms are caused by frequency effects, the contribution 

of these effects to the endothermie relaxation can be removed by subtraction of 

the endotherm observed upon cooling (Chapter 2).

In the following tables the abbreviations ID, ID endotherm and Tg endotherm 

have been used to signify the ice dissolution transition onset, the endotherm 

accompanying this transition that appears in the nonreversing signal and the 

relaxation endotherm that accompanies the glass transition respectively. The Tg
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onset values were determined from the reversing signal, and the enthalpies were 

determined from the nonreversing signal in all cases the data reported are from 4 

experiments.

Table 3-3 Effect of Sucrose Concentration on the Glass Transition of Sucrose 

Solutions

Sucrose cone" % (w/w) Tg onset Tg endotherm (J/g)

2 0 -48.2 ± 1.5 0.50 ±0.20

30 -42.3 ± 0.48 1 . 2 0  ± 0 . 1 2

40 -44.7 ± 0.78. 0.54 ±0.3

65 None None

70 None None
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Figure 3-12 Effect of concentration on the Tg region of sucrose solutions as 

observed in the reversing signal, (20, 30, 40, 65 and 70% from top to bottom)
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Figure 3-13 Effect of concentration on the Tg region of sucrose as observed in 

the phase angle signal (20, 30, 40, 65 and 70% from top to bottom).
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Figure 3-14 Effect of concentration on the endothermie relaxation accompanying 

the Tg of sucrose as observed in the nonreversing signal.
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Table 3-4 Effect of Sucrose Concentration on the Ice Dissolution Transition of 

Sucrose Solutions

Sucrose conc“ % (w/w) ID onset (®C) ID endotherm (J/g)

2 0 -31.8 ±0.08 1.14±0.2I

30 -31.7 ±0.40 1.65 ±0.21

40 -30.9 ±0.31 2.26 ±0.49

65 -11.3 19.2

70 -14.4 20.7

The high concentration solutions (65 and 70% (w/w)) did not exhibit a glass 

transition in the range studied, but a large exotherm immediately followed by an 

endotherm (see Figure 3-2 & Figure 3-14). This endotherm can be attributed to 

the dissolution of ice in a similar way as for the low concentration solutions. 

However, the exotherm has been ascribed to the devitrification of ice (Ablett et 

al 1992). In the same paper a Tg value for 65% (w/w) sucrose solution was 

reported in the region of -70°C. This transition was not observed in the current 

study because it was below the operational range of the instrument. The reason 

that high concentration solutions do not follow the behaviour exhibited by lower 

concentration solutions is that such systems exhibit extremely high viscosities, 

trapping water in the sucrose phase, and so plasticizing the Tg to a value much 

lower then predicted from purely thermodynamic considerations.

3.5.4 Effect of Sucrose Concentration on the Ice Melting Endotherm.

The enthalpy of the melting endotherm gives the quantity of heat taken up in 

order for ice to melt and form water. From the value of the latent heat (heat of 

fusion) of ice (= 333.39J/g (Weast 1988) the quantity of water free to melt in 

each of the systems studied was determined. Values were taken both from the 

total heat flow and from the non-reversing heat flow for comparison. These data 

illustrate the non-ideal nature of the modulation during a state transition (see
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Figure 3-15 Table 3-5). As described in the introduction the heat output does not 

follow the heat input closely because of the very substantial heat intake. As the 

temperature reaches that of ice melting the system takes in vast quantities of heat 

over a minute temperature range, the heat capacity of the system will tend 

toward infinity at this point. Because the reversing, and indirectly the non

reversing, heat signal is calculated from the heat capacity this gives rise to large 

artefacts in the signals in this range. The effect is seen in the enthalpy of the 

endotherm that appeared in the non-reversing heat flow in the initial 1 0 % 

sucrose solution system. The value 338.5J/g indicated either that there was more 

water present in the system than at the start of the experiment or that the non

reversing signal cannot be relied upon quantitatively in this region. Although 

some ice build-up occurs in the outer part of the cell during long experiments, 

the quantity is minute and is removed at the beginning of each new experiment 

by heating the empty cell to 250°C with inner lids removed. This vaporises any 

water/ice that is present, which is then swept away with the purge gas. Therefore, 

it is extremely unlikely that more water had entered the pans during the
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Figure 3-15 Differences between the ice melting endotherm when observed in 

the total and nonreversing signals
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Table 3-5. Effect of Sucrose Concentration on Quantity of Trapped Water in the 

Amorphous Phase.

[sucrose] 

% (w/w)
^Hfusion

non-rev

[waterJtrapped 

% (w/w) (J/g) total

[waterjtrapped 

% (w/w)

1 0 337 272 50

2 0 243 26 228 37

30 146 47 183 34

40 88.4 46 1 2 1 37

50 78.2 35 74.8 36

65 21.4 31 42.8 26

70 13.6 27 1.9 30

80 0 2 0 0 2 0

The results calculated from the total heat flow signal indicate that the amount of 

water “trapped” in the amorphous phase decreases as the sucrose concentration 

increases, with minimum concentration in the amorphous phase of - 2 0 % 

occurring at 80% sucrose concentration. If supercooling were taking place at 

concentrations of -60% and over, then it may be expected that the degree of 

water trapped in the amorphous phase at these concentrations would be 

anomalously high, but this was not found to be the case. This observation may be 

explained by the large ice dissolution endotherms produced upon reheating the 

65 and 70 % (w/w) sucrose systems.

3.5.5 Conclusion

The non-reversing signal cannot be used to calculate the enthalpy associated with 

ice-melting endotherms because the sample does not produce a linear response in 

this region. It should also be considered that the determination of water 

concentration from ice melting endotherms is more difficult than has been
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presented here. The temperature dependence of the latent heat of ice melting and 

the heat capacity “background” must be taken into account when making such 

calculations (Ablett 1992),

3 . 6  Annealing Experiments

3.6.1 Introduction

Glasses are not in a thermodynamically stable state, but are kinetically trapped in 

a highly viscous liquid state. Therefore, given the right conditions of temperature 

and time, they will rearrange into a more ordered system. Annealing, the process 

of holding the material at a fixed temperature allows this to occur (see Chapter 

1). Annealing may be carried out purposefully during the manufacturing process 

in order to obtain the system of the highest stability, or it may occur naturally 

during the lifetime of a product if it is stored at a temperature in the region of the 

glass transition.

For the case of frozen aqueous systems annealing is especially important as it 

leads to the removal of further water from the glassy phase and its crystallisation 

in the form of ice. For these systems, it would be expected that the most effective 

annealing temperature would be in the region between the glass transition and 

the onset of ice devitrification. Aimealing in this region would allow water in the 

glassy phase that would be at its most mobile to migrate to sites of ice nucléation 

while the glassy phase would retain its structure.

The effect of annealing on the stability of an amorphous material at a given 

temperature can be measured by determining the enthalpy of the endotherm that 

accompanies the glass transition. The magnitude of the endothermie relaxation 

that accompanies the glass transition indicates the degree of stress in an 

amorphous material. More heat will be released by a more stable system since it 

will have relaxed to a more enthalpically favourable state. MTDSC is therefore 

an ideal technique with which to measure the effect of annealing on a sample.
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since the endothermie relaxation is seen separately in the non-reversing signal 

and can therefore be measured more accurately than with the traditional DSC 

technique.

Ablett et al (Ablett et al 1992) carried out an annealing study on frozen sucrose 

solutions using the conventional DSC approach and determined the optimum 

annealing temperature of this system to be -  40 ®C, which they assigned the Tg’ 

of the system. The method they used involved annealing a 40 % (w/w) sucrose 

solution at temperatures in the region of the glass transition and then analysing 

using DSC to determine the onset of the glass transition. In the study reported 

here, their approach has been modified to include the measurement of the 

endothermie relaxation, as well as more accurate measurement of both of the 

transitions that occur in the glass transition region of a frozen sucrose solution 

using MTDSC.

3.6.2 Heating Programs

3.6.2.1 Isothermal Annealing

All experiments were carried out using a scanning rate of 2 °C min'^ and a 

modulation of ± 0.3 °C over a period of 60s. Annealing times used were 20, 60, 

120, 180, 200, 300, 400 and 960 minutes. As previously samples were rapidly 

cooled from room temperature (using the ‘jump’ step of the programming cycle) 

to ^55 °C before annealing at this temperature. This treatment was applied to all 

samples to ensure that they had all undergone the same temperature history. A 

start temperature of -65 °C was employed in the scanning of the samples, 

because this was the lowest temperature that the calorimeter could accurately 

hold. From the experiments in the previous section, it had already been 

determined that the modulations had equilibrated prior to the region under 

investigation.
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3.6.2.2 Isochronal Annealing - The Effect of Anneal Temperature

Samples were rapidly cooled from room temperature (again using the ‘jump’ 

step of the programming cycle) to -55 °C before annealing for twenty minutes at 

the required temperature then rapidly cooled (again using the ‘jump’ step of the 

programming cycle) to -65 °C prior to scanning. This treatment was applied to all 

samples to ensure that they had all undergone the same temperature history. 

Samples were scanned at a heating rate of 2 min'^ with a modulation of ± 0.3 

®C over 60s. The following annealing temperatures were used for all of the 

samples; -30, -35, -40, -45, -50 & -55 ‘̂ C.

3.6.3 Results and Discussion

In the following tables, all temperatures were determined from the reversing 

signal and enthalpies from the nonreversing signal. Values given are averages 

from 4 experiments. The following abbreviations are used o. m. and e refer to the 

transition onset, midpoint and endpoint respectively, while BR is the 

abbreviation used to refer to the endothermie relaxation and ID refers to the ice 

dissolution. Values given are averages of 4 experiments; the symbol ± refers to 

the standard deviation.

3.6.3.1 Isothermal Annealing

Results produced in this study show that the relaxation enthalpy associated with 

the glass transition grew larger with increasing annealing time as expected (see 

Figure 3-16, Figure 3-17 & Figure 3-18). The effect was increased with 

increasing sucrose concentration (Table 3-6) and was greatest for the most 

concentrated solution, indicating that this system contained the most sucrose in 

the glassy phase. However, no matter what the concentration of the solution, the 

enthalpy appeared to reach a maximum at the 400-minute time point. It was
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possible to create a linear fit through the data up to and including this time point 

that exhibited a reasonable regression coefficient. However, a reasonably good 

sigmoidal fit could be made through all of the points except the 400-minute 

timepoint- Clearly it would be desirable to continue this work by examining the 

behaviour of the same systems that had been annealed at time points between the 

400 and 960-minute values. However, because of time constraints this was not 

possible.

The increase in endothermie relaxation that this system exhibited was not 

reflected by a large change in the Tg onset with time (see Figure 3-19). The 

greatest increase in glass temperature onset across the time range studied was, 

however, seen from the most dilute solution (compare Table 3-7 with Table 3-8). 

This may reflect the fact that this system contained the most water in the glassy 

phase and so exhibited the most mobility at the annealing temperature used in 

this study.
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Figure 3-16 The effect of annealing time on the endothermie relaxation 

accompanying the glass transition of a 40% (w/w) sucrose solution.
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Table 3-6 The effect of isothermal annealing on the glass transition of 30 % 

(w/w) sucrose solution.

Anneal time (min) T g(o)(°C ) TgER

(J/g)

2 0 -42.3 ± 0.48 1 . 2 0  ± 0 . 1 2

60 -41.2 ± 1.76 2.36 ±0.3

1 2 0 -41.6 ± 1.58 2.24 ± 0.3

180 -42.6 ± 0.67 2.58 ±0.4

2 0 0 -41.2 ± 1.12 2.59 ±0.3

300 -42.6 ±2.91 2.41 ±0.4

400 -41.8 ± 1.84 2.18 ±0.3

960 -41.2 ± 1.21 2.73 ± 0.4
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Figure 3-19 Effect of anneal time on the Tg onset of 40 % (w/w) sucrose solution
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Table 3-7 Effect of isothermal aimealing on the glass transition region of 20 % 

(w/w) sucrose solution.

Anneal 

time (min)

T g(o)C C ) T g (m )('C ) T g(e)C C ) TgER (J/g)

2 0 -48.2 ± 1.50 -41.1 ±0.89 -37.6 ±0.18 0.50 ±0.2

60 -43.8 ± 1.5 -42.0 ± 1.73 -40.4 ± 2.00 0.73 ± 0.3

1 2 0 -43.4 ± 0.67 -42.3 ± 1.01 -41.0 ± 1.20 0 . 6 8  ± 0 . 2

180 -43.5 ±2.18 -41.0 ±2.06 -38.5 ±2.15 0.96 ±0.5

2 0 0 -42.4 ± 1.10 -41.0 ±0.92 -39.4 ±1.77 1 .1 2 ± 0 . 1

300 -41.5 ±1.79 -39.2 ± 1.53 -37.1 ±0.97 1.34 ±0.4

400 -40.3 ± 3.63 -39.0 ± 0.53 -36.8 ± 0.85 1 . 2 0  ± 0 . 2

960 -44.8 ±3.28 -41.0 ±0.91 -37.8 ±2.11 1.64 ±0.5

Table 3-8 Effect of annealing time on the glass transition of 40 % (w/w) sucrose 

solution.

Anneal

time

(minutes)

Tg(o)CC) Tg(m )CC) Tg(e)CC) TgER(J/g)

2 0 -44.7 ±0.78 -40.37 ±2.46 -37.64 ±2.41 2.26 ± 0.3

60 -43.58 ± 0.98 -40.85 ± 1.19 -37.78 ± 2.32 2.45 ± 0.2

1 2 0 -47.05 ± 2.97 -40.18 ±2.08 -37.12 ±2.91 2.80 ±0.4

180 -43.17 ±0.65 -40.27 ±0.26 -37.13 ± 1.55 2.78 ±0.3

2 0 0 -43.11 ± 1.59 -40.54 ± 0.44 -38.12 ±2.05 2.98 ± 0.2

300 -43.94 ±0.58 -39.75 ± 2.87 -35.93 ± 0.98 3.00 ± 0.3

400 -42.88 ±0.77 -38.79 ±0.56 -38.08 ± 1.12 3.64 ± 0.3

960 -45.49 ± 1.88 -39.94 ± 1.05 -35.72 ±0.91 2.94 ±0.4
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Annealing at -55 °C had little effect on the thermal properties of the ice 

dissolution transition. The onset values of this transition for the 20% (w/w) 

solution remained constant within experimental error (Table 3-9, Figure 3-20 & 

Table 3-12). Also no increase was seen in the endotherm accompanying the 

transition with increased annealing time (see Figure 3-16 & Table 3-10) although 

the enthalpies were consistently higher with increased sucrose concentration 

indicating that this transition is related to some property of the sucrose in the 

solution (Figure 3-21). These effects provide evidence that the upper transition is 

indeed attributable to the dissolution of ice and not a glass transition of the 

frozen sucrose system. No change was seen in either of the other concentrations 

studied (Table 3-11, Table 3-12 & Table 3-13). A glass transition would have 

shown an increase in onset temperature with increased annealing time and an 

increase in the endotherm accompanying the transition caused by relaxation 

effects. Since these results were not exhibited the ice dissolution phenomenon is 

not a glass transition.

Table 3-9 Effect of annealing time on the ice dissolution transition of 20 % 

(w/w) sucrose solution.

Anneal time 

(minutes)

ID(o)CC) ID (m) CC) ID (e)CC)

2 0 -31.8 ±0.08 -30.5 ±0.1 -29.2 ±0.16

60 -30.3 ± 1.96 -28.4 ±1.77 -26.6 ± 2 . 1 0

1 2 0 -29.9 ± 1.34 -28,5 ± 1.65 -26.8 ±2.13

180 -31.0 ± 1.49 -29.7 ±1.77 -28.4 ± 2.06

2 0 0 -30.8 ± 2.24 -28.7 ±2.93 -26.4 ±3.70

300 -29.5 ± 0.87 -27.8 ± 1.84 -25.7 ± 2.27

400 -29.2 ± 0.07 -27.5 ± 0.89 -25.8 ±1.38

960 -31.2± 1.15 -28.4 ±2.85 -26.6 ±2.80
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Figure 3-20 Effect of anneal time on the ice dissolution onset of 20 % (w/w) 

sucrose solution.

Table 3-10 Effect of annealing time on the ice dissolution endotherm of 20 % 

(w/w) sucrose solution.

Anneal time 

(minutes)

ID ER (J/g)

2 0 1.14 ±0.21

60 1.10±0.71

1 2 0 0.69 ±0.19

180 1.15 ±0.59

2 0 0 1.93 ±0.74

300 1.41 ±0.70

400 1.25 ±0.66

960 1.40 ±0.84
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Figure 3-21 The effect of time on the ice dissolution endotherm of sucrose 

solutions of varying concentration.

Table 3-11 The effect of isothermal annealing on the ice dissolution of 30% 

(w/w) sucrose solution

Anneal time (minutes) 03(0) (°C ) ID ER (J/g)

2 0 -31.7 ±0.40 1.65 ±0.21

60 -30.0 ± 1.14 1 . 8 8  ± 0 . 6 8

1 2 0 -29.9 ±0.54 1.53 ±0.74

180 -29.9 ± 0.28 1.31 ±0.72

2 0 0 -29.7 ± 0.84 1.47 ±0.89

300 29.8 ±0.47 1.63 ±0.67

400 -30.3 ± 0.70 1.29 ±0.54

960 -30.7 ± 1.10 2.63 ±0.82
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Table 3-12 Effect of annealing time on the ice dissolution transition of 40 % 

(w/w) sucrose solution.

Anneal time 

(minutes)

m (o )C C ) ID (m) CC) ID (e) CC)

2 0 -30.9 ±0.31 -29.12 ±0.49 -27.95 ± 0.35

60 -30.67 ±0.77 -29.35 ± 0.70 -27.31 ± 1.64

1 2 0 -30.58 ± 0.28 -29.29 ± 0.46 -28.4 ±0.41

180 -30.42 ± 0.22 -29.08 ±0.39 -28.03 ±0.13

2 0 0 -30.35 ± 0.70 -29.19 ±0.54 -27.17 ±0.75

300 -30.54 ± 1.14 -29.07 ± 0.34 -27.87 ±0.37

400 -30.50 ± 0.27 -28.85 ± 0.50 -28.08 ± 0.99

960 -30.90 ±0.51 -29.30 ±0.38 -26.72 ± 1.9

Table 3-13 Effect of annealing time on the endotherm accompanying the ice 

dissolution transition of 40 % (w/w) sucrose solution.

Anneal time (minutes) IDER(J/g)

2 0 2.26 ± 0.49

60 2.05 ± 0.69

1 2 0 2.36 ±1.04

180 2.54 ± 0.94

2 0 0 2.98 ± 0.79

300 2.95 ± 1.04

400 2.59 ±0.55

960 2.52 ± 0.80

The relatively low degree of reproducibility exhibited by the results of this study 

indicates that this particular type of instrument is not suited to extended 

isothermal measurement since the ability of the instrument to maintain accurate
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temperature under subambient conditions is not sufficient.

3.6.3.2 Isochronal Annealing

A correlation was found between the annealing temperature and the onset of the 

glass transition (Table 3-14, Figure 3-22 & Figure 3-23). Data from these 

experiments revealed optimal annealing temperatures for 20, 30 and 40 % 

solutions to be approximately -42, -38 and -38 °C respectively. The wide range of 

these results indicates the complexity of the different processes occurring in the 

glassy phase in this temperature region and the effect that concentration has on 

them. Not only must the mobility of the bulk sucrose be considered but also the 

diffusion of water within the glass and between the glass and the icy regions. The 

optimum annealing temperature for a sucrose solution of concentration within 

the range studied here (such as that generally used in the preparation of freeze 

dried pharmaceuticals) therefore probably lies in this region.

Table 3-14 Effect of annealing temperature on the glass transition of 20 % (w/w) 

sucrose solution.

Annealing 

temperature (°C)

TgER (J/g) Tg(o)CC) 

2 0  minutes

Tg(o) CC) 16 hour

-35 0.26 ± 0 . 1 0 -42.9 ± 4.7 -42.6 ±4.6

-40 0.58 ±0.39 -44.1 ±4.1 -39.9 ±3.7

-45 1.18 ±0.07 -43.2 ± 1.5 -42.7 ± 1.6

-50 1.28 ±0.06 -43.8 ±3.2 -41.6 ±2.3

-55 1 . 2 2  ±0.06 -44.6 ±1.7 -45.5 ±3.7

-60 1.16 ±0.05 -48.5 ± 0.3 -44.6 ±2.2
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Figure 3-22 Effect of annealing temperature on the Tg onset of 40 % (w/w) 

sucrose solution.
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Figure 3-23 Effect of annealing temperature on the Tg onset of 40 % (w/w) 

sucrose solution, raw data obtained from the reversing signal.
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In the range of annealing temperatures studied here the effect of decreasing the 

annealing temperature was to cause an increase in the glass transition 

temperature onset until -40 °C, further decrease in annealing temperature caused 

the glass transition onset temperature to decrease. The effect was most marked at 

the highest concentration studied (40 % (w/w) (see Figure 3-22), These results 

are similar to the DSC results published for a 40 % (w/w) aqueous sucrose 

system (Ablett, 1992), They showed that the glass transition onset increases with 

decreasing annealing temperature down to ~ -40 °C but decreases with further 

decrease (see Figure 3-24). The values reported here are slightly higher than their 

DSC results. However, they also show that the fitting to these data of a gaussian- 

type curve misrepresents the effect of crossing the Tg when considering 

annealing temperature of glasses that contain water. This is because the effect of 

increasing the temperature above Tg has a much greater depressing effect on the 

observed Tg than would be predicted from a symmetrical gaussian curve centred 

about Tg. From the data shown here (Figure 3-22) the plasticizing effect of water 

diffusing into the glassy matrix is at annealing temperatures greater than Tg is 

clearly reflected in the measured Tg values.

-35

-40
o

-45

-50 -40
annealing tennperature/°C

-35 -30-45-50

Figure 3-24 Correlation between annealing temperature and observed Tg from 

DSC (Ablett et al 1992)
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The increase in Tg associated with increasing temperature when annealing at 

temperatures below Tg can be related to the mobility of water within the glassy 

phase. Below Tg increasing the temperature allows an increase in the rate at 

which water is able to diffuse out of the rigid glass to form further ice. Above Tg 

mobility of the whole phase increases sharply and water can then interact with 

the sucrose molecules, possibly by hydrogen bonding. This interaction causes 

rapid plasticization of Tg. Therefore annealing above Tg causes the measured Tg 

to rapidly decrease. The shape of the curve through the data produced from 

annealing of the 40 % (w/w) solution demonstrate this point, the slope of the fit 

through the data measured at annealing temperatures above Tg is much larger 

than the gradient of the fit through the data obtained from glasses annealed 

below Tg.

The effect of temperature on mobility is seen in the graph of measured enthalpy 

at Tg against anneal temperature for the 40% (w/w) solution (Figure 3-25). From 

this graph Tg would be predicted as having a value between -50 and -45 °C since 

the maximum recovered enthalpy is found between these values. The correlation 

of mobility with temperature above Tg is demonstrated more sharply in the data 

from the 20% (w/w) solution (see Table 3-14 & Figure 3-25). >

The recovered enthalpy at ice dissolution for the 40% (w/w) solution increased in 

the same manner as for the Tg endotherm, however no change was observed in 

the transition onset temperature (Figure 3-23 & Table 3-15). However, the 

maximum enthalpy at this transition for the same system was found to be 

achieved upon annealing at -35 ®C, with a sharp decrease in enthalpy when 

annealing took place at the higher temperature of -30°C (Figure 3-26). This 

indicates that maximum ice dissolution occurs at a temperature between -30 and 

-35 °C. A similar effect was observed for the 20% (w/w) solution (Table 3-16).
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Figure 3-25 Effect of annealing temperature on the endotherm accompanying the 

glass transition for 40 % (w/w) sucrose solution.
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Table 3-15 Effect of aimealing temperature on the ice dissolution properties of 

40 % (w/w) sucrose solution.

Anneal temperature (°C) ID(o)CC) IDER(J/g)

-30 -30.3 ± 0.03 0.77 ±0.14

-35 -30.6 ± 0.02 3.16 ±0.25

-40 -30.2 ± 0.04 2 . 8 8  ± 0 . 0 2

-45 -30.2 ± 0.45 2.57 ±0.12

-50 -30.0 ± 0.03 2.21 ±0.34

-55 -30.5 ± 0.03 1.63 ±0.24

-60 -31.0 ±0.04 1.78 ±0.32

Table 3-16 Effect of annealing temperature on the ice dissolution onset for 20 % 

(w/w) sucrose.

Annealing temperature (°C) m (o )C C ) ID E R (7 / / /

-35 -33.0 ±4.9 1.70 ±0.43

-40 -33.5 ±3.1 1.81 ±0.54

-45 -32.0 ±0.8 2 . 0 0  ±0.80

-50 -30.0 ±0.1 1.79 ±0.56

-55 -31.8 ±0.1 1.14 ±0.21

-60 -29.6 ±0.2 1.92 ±0.07

V

The effect of annealing at different temperatures for 20-minute periods had little 

effect on the Tg of the 20 % (w/w) system. Therefore it was decided to repeat the 

annealing experiment using a longer time period of 960 minutes. However, this 

resulted in no significant change in the observed Tg onset Figure 3-27).
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Figure 3-27 Effect of annealing temperature and time on the Tg onset of 20 % 

(w/w) sucrose solution.

3.6.4 Conclusion

The results of this study have indicated that the temperature and duration of 

annealing have a dramatic effect upon the stability of a sucrose solution as 

measured by the transitions that occur in the glass transition region and 

accompanying endothermie relaxations. These effects appear to be independent 

of the quantity and mobility of plasticizing water in the system.

A good correlation was found between anneal time and the relaxation enthalpy 

associated with the glass transition with larger endotherms seen at all anneal 

times for the highest concentration studied. Onset of the glass transition in the 

reversing signal increased with increasing annealing time up to -7.5 hours and 

then plateaued. Likewise the endothermie enthalpy change reached a maximum 

at around the same temperature, indicating that complete annealing had occurred 

at this time. This result is in agreement with data reported in the literature for 

aged glasses (Schmidt & Lammert 1996).
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From the data shown here and results published in the literature the following 

model is hypothesized for the processes that occur upon freezing, annealing and 

reheating a low concentration sucrose solution.

At room temperature the system will exist as one continuous phase of fluid. 

Upon cooling nucléation of water crystals and growth will begin, the temperature 

at which this occurs depends on the rate of cooling, in the calorimetric analyses 

performed in this study an exotherm associated with the formation of ice usually 

occurred with peak onset at —20 ®C. As the ice is generated it will form a 

separate phase. Removal of water by ice formation increases the viscosity of the 

remaining fluid so that further diffusion of water molecules to nucléation points 

is retarded. When the viscosity of the sucrose phase reaches ~ 10̂  ̂Pa it is no 

longer fluid at timescales used for MTDSC measurement and the glass is formed 

accompanied by a step change in the heat capacity. The temperature at which the 

onset of this transition occurs is termed the glass transition temperature 

(Richardson & Savill 1975).

Some unfrozen water remains trapped in the glass and is unable to freeze. The 

quantity remaining depends on the rate of cooling; a faster rate will produce a 

more dilute glass since more water will be trapped inside.

The marked decrease in heat capacity that occurs at the glass transition is a result 

of the cessation of the translational mobility of the sucrose molecules, however 

motion caused by vibration and rotation will still occur at temperatures up to 50 

°C below the glass transition. Water is still able to diffuse through the amorphous 

matrix (Figure 3-22) and this study has shown that this will have an effect on the 

temperature stability of the system. Water diffusivity in the glass is not 

dependent on viscosity and so does not follow the Stokes -Einstein relationship. 

This observation has been confirmed by NMR studies (Karger & Ludemann 

1991). There is a weak dependence of the diffusivity upon the water 

concentration in the system, which is more pronounced at higher concentrations.
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Reheating of the glassy system through the glass transition enables the water 

molecules in the glassy phase to diffuse into the bulk water where it freezes at — 

32°C, the quantity of ice in the system reaches a maximum at —30 °C (Hatley 

1991). With increasing temperature the bulk water will begin to melt with 

consequent dilution of the sucrose and associated enthalpy change.
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CHAPTER 4 INVESTIGATION INTO THE DIELECTRIC 
PROPERTIES OF FROZEN SUCROSE SOLUTIONS

4.1 Introduction

4.1.1 Relevance of Mobility in the Glassy State to Pharmaceutical Systems

Sucrose is commonly used as a cryoprotectant and lyoprotectant in the 

formulation of sensitive pharmaceutical materials (Chapter 1). When used as a 

lyoprotectant, the formation of a frozen sucrose system is the first step in the 

freeze drying process. It is therefore important to understand the degree of 

mobility that remains in the glassy state since it will have an impact on the 

degree of degradation that occurs to the protected pharmaceutical in the frozen 

system.

It has already been demonstrated using MTDSC, that there are two kinds of 

water present in the amorphous frozen sucrose system (Chapter 3), 

corresponding to the frozen water (ice) and the water that has been trapped in the 

amorphous phase. While the ice crystals are greatly restricted in their mobility, 

mobility of water in the glassy phase does not cease abruptly below the glass 

transition, thus allowing the diffusion of water through the glassy matrix, albeit 

at a greatly reduced rate compared with the same system at temperatures above 

the observed Tg. It is thought that this remaining mobility may be the cause of 

degradation to labile pharmaceuticals during the freeze drying process. The 

degree of mobility that remains in the amorphous phase is dependent upon the 

difference between the storage temperature and the glass transition of the glassy 

phase (Chapter 1, Barsnes accepted; Hancock et al 1995).

Annealing below the glass transition has the effect of allowing further water to 

diffuse out of the glassy matrix and to form ice, which is thermodynamically 

favoured below 0 °C. The effect of annealing is to lead to an increase in the total 

amount of “free” water that exists as ice in the system. This is a desirable process 

since removal of water will lead to an increase in the glass transition value and a
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reduction in the rate of any degradative reactions that may occur in the 

amorphous phase.

Since the two water types present in the sample will exhibit different mobilities 

and consequently different relaxation times it should therefore be possible to 

measure the increase in ice formed by the annealing process using dielectric 

spectroscopy. However, the effect of the glass transition on the sucrose 

molecules cannot be measured using this technique because the relaxation times 

of the sugar phase increase by several orders of magnitude over a very narrow 

temperature range.

In Chapter 3 the effect of annealing on the glass transition region of frozen 

sucrose solutions was investigated using MTDSC. It was found that there was a 

good correlation between the anneal time and the relaxation enthalpy associated 

with the glass transition. Onset of the glass transition in the reversing signal 

increased with increasing annealing time up to -7.5 hours and then plateaued. 

Likewise the endothermie enthalpy change reached a maximum at around the 

same temperature, indicating that complete annealing had occurred at this time. 

This result is in agreement with data reported in the literature for aged glasses 

(Schmidt & Lammert 1996). It was not possible to determine the effect of 

annealing temperature below the Tg on the molecular mobility in the glassy state 

using this technique because the cooling unit used by the calorimeter did not 

have a sufficiently low temperature limit.

At Tg the relaxation constant, x, is typically in the region oflO^s compared with 

10'^  ̂s in the liquid state. It is possible to view the extent of mobility that remains 

even in the glassy phase using dielectric spectroscopy, however such relaxation 

times are below the limits of detection of the instrument used in this study. In the 

temperature region between 10 and 30K lower than Tg, values of x varying 

between 10"̂  and 10  ̂have been reported in the literature (Struik 1978), (Hancock 

et al 1995) The extent of reduction in mobility below Tg depends on the system; 

sucrose has been calculated to have a x in the 10  ̂ scale at Tg-30 K while
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indomethacin at the same temperature below its Tg showed relaxation times that 

were greater by a factor of 100 (Hancock et al 1995).

4.1.2 Application of dielectric spectroscopy to pharmaceutical systems

Dielectric spectroscopy has been used to investigate a wide variety of 

pharmaceutical systems. For example, the mobility of membranes in liposome 

encapsulated drug systems. In this instance the technique has the advantage that 

the mobility can be determined without the need to include molecular probes that 

themselves may disrupt the membranes (Barker et al 1994; Smith 1995). Drug 

and ion release from microcapsule suspensions have also been investigated using 

dielectric spectroscopy. It was shown that the dielectric response of these 

systems could be related to the distributed drug release rate (Smith 1995). The 

effect of aging on the structure of bioadhesive gel systems has also been explored 

(Craig & Tamburic 1997). The thermotropic phase changes of glyceryl 

monoolein-water systems have been studied using low frequency dielectric 

spectroscopy (He & Craig 1998), as has the influence of the incorporation of a 

polar drug into these systems (He & Craig 1999).

4.1.3 Dielectric spectroscopy of amorphous systems

Isothermal aging below the Tg of an amorphous sample has the effect of 

lowering the dielectric permittivity with respect to time as well as the volume, 

enthalpy and entropy. Therefore dielectric spectroscopy can be used to examine 

the effect of relaxation behaviour on the dielectric properties of amorphous 

materials.

Annealing also has the effect of causing a reduction in the magnitude of the P- 

relaxation. This phenomenon occurs at temperatures well below the glass 

transition of fragile materials. Fragile systems exhibit large ACp values at Tg and
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have p values* less than unity (Chapter 2). These properties can be attributed to 

the non-linear dependence of their relaxation constants, x, on temperature. The 

equation that relates relaxation time to temperature is the Vogel-Tamman- 

Fulcher equation (Chapter 1) and is shown again below.

Equation 4-1 r = A* exp

where the parameters A, B, and To are fitting constants. Since dielectric 

spectroscopy allows the indirect measurement of x values, it is possible to plot 

log X against T/Tg in order to determine whether a system is strong or fragile 

from the gradient near T/Tg. This property is important since if the dependence 

of X on temperature is non-Arrhenius then any degradation occurring in the 

glassy system will also follow a non-Arrhenius dependence on temperature.

Because polymers typically exhibit high Tg values their sub-Tg transitions are 

easily within the temperature range accessible to dielectric spectrometers and so 

examples of their transitions have been reported in the polymer field (Johari 

1997). For these types of material the P - transition is related to the cessation of 

movement of pendant groups along the backbones of polymers that have already 

ceased movement and is observed at frequencies several orders of magnitude less 

and is much broader than the Tg-transition (Kudlik 1999). However, for frozen 

carbohydrate systems the P - transition is not particularly relevant to the 

investigation of mobility in the glassy state, since the transition will occur at 

temperatures well below the likely storage temperature of these systems.

4.1.4 Dielectric spectroscopy of frozen carbohydrate systems

Unfortunately no references relating to the dielectric measurement of frozen 

sucrose solutions were found in the literature. However, measurements of the

* 3 refers to the stretched exponential parameter in the Williams-Watt equation that relates x to 
temperature (Equation 4-4)
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dielectric properties of other carbohydrate solutions have been made. Early 

studies comparing NMR data with dielectric spectroscopy experiments appeared 

to show that dielectric measurements are sensitive to the rotation of side groups 

of sugars, which are manifested as the (^-transition discussed above (Noel 1996).

The effect of water concentration on the dielectric properties of frozen maltose 

and glucose solutions has been examined in the frequency range 10  ̂ - lO^Hz 

(Noel 1996). It was shown that maltose solutions exhibit two relaxations below 0 

°C. The primary a-transition was observed in the region above the glass 

transition as a peak in the dielectric loss (related to e” ) when plotted against 

frequency. Increasing the water content had the effect of reducing the 

temperature at which the peak occurred. It was assumed that this transition was 

related to the glass transition as observed in calorimetric experiments. The 

secondary (^-transition occurred below the glass transition.

It was also reported that the effect of increasing the water content was to increase 

the peak permittivity of the secondary relaxation. It has been postulated that this 

transition is caused by the cessation of the motion of hydroxymethyl groups on 

the hexose rings of the carbohydrate. These findings are pertinent to the work 

reported here since it might be expected that the dielectric properties of sucrose 

would be similar to those of maltose because of their structural similarities. It 

was also found that maltose and glucose underwent different secondary 

relaxation behaviours, indicating that the structure had a profound effect on their 

glassy behaviour (Tg of glucose is 30°C, Tg of maltose is 95°C, clearly there is 

also an effect of molecular weight).

4.1.5 Dielectric spectroscopy compared with MTDSC

Because the glass transition is a kinetic phenomenon the temperature at which it 

is observed is dependent on the method of measurement. Dielectric 

measurements are much slower than MTDSC experiments because more data is 

acquired at each temperature. This is because measurement of the dielectric 

experiments is usually performed such that frequency sweeps are made at each
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temperature. As a consequence of this it is possible for annealing to occur during 

the time period of measurement. Therefore it is not valid to compare the 

temperatures of transitions obtained from MTDSC and dielectric spectroscopic 

data directly. Rather, in this investigation it was anticipated that the dielectric 

spectroscopic data would shed frirther light on the data already produced from 

the calorimetric measurements since processes occurring at much slower rates 

could be observed. An additional benefit of this technique over the MTDSC data 

produced was that the spectrometer used in this study employed a liquid 

nitrogen-driven cooling system that allowed analysis further into the sub-Tg 

region.

4.2 Objectives

The first objective of this study was to investigate the dielectric behaviour of 

the frozen sucrose system in the region of the glass transition, in order to 

further clarify the transitions that were observed during the MTDSC 

measurements.

The second aim was to further investigate the effect of annealing time on the 

glass transition region of frozen sucrose solutions.

4,3 Measurement of the dielectric properties of 20% (w/w) sucrose solution in

the temperature range -110 to -10 °C.

In order to investigate the glass transition region of the frozen system it was 

necessary to perform an experiment in which a broad range of frequencies was 

applied. This enabled the visualisation of all of the dipolar relaxation processes 

occurring in this temperature range. However, because of the wide range of 

temperatures and frequencies applied this type of experiment has the 

disadvantage that annealing can occur during the measurement process. 

Therefore a secondary objective was to use this experiment to choose two 

frequencies with which to examine the effect of annealing time on the dielectric
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processes of the amorphous system without allowing a significant amount of 

relaxation to occur during measurement.

4.3.1 Methods

The solution was prepared and the method used was as outlined in Chapter 2.

4.3.2 Results and Discussion

The disadvantage of this type of experiment where a wide range of frequencies is 

applied across a wide temperature range is that annealing may take place during 

the course of the measurement. Therefore the temperatures at which peaks were 

observed to shift or increase in magnitude cannot be taken as absolute values 

because of the history that will have been created during the course of the 

experiment. However, it is possible to allocate temperature regions during which 

specific features dominate.

Analysis across the temperature and frequency range revealed three regions with 

respect to temperature (Figure 4-1 & Figure 4-2). The highest temperature region 

(between -10 and -30 °C) showed an almost linear decrease in response of the 

imaginary and real permittivities across the frequency range with a small peak in 

the imaginary permittivity in the kHz range. In the real permittivity response a 

step decrease was exhibited in the same region. These features are indicative of a 

relaxation in the system that corresponded to the applied frequency. This effect 

was probably caused by relaxation of the unfrozen water that had been present in 

the amorphous phase.

In the intermediate temperature range from -30 to -50°C, a peak was observed in 

the kHz region of the imaginary permittivity response (Figure 4-1). The real 

response showed the same effect, however the step decrease in the capacitance 

was decreased by an order of 1 0  because the response at lower frequencies was 

much less in this region (Figure 4-2). This temperature region contained the glass
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transition of the 2 0 % (w/w) sucrose solution as measured using MTDSC 

(Chapter 3). As observed at higher temperatures the main feature was the 

relaxation corresponding to the motion of the unfrozen water present in the 

system.
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Figure 4-1 The effect of temperature on the imaginary permittivity of a 20 % 

(w/w) sucrose solution



Chapter 4 dielectric investigations 155

-2 4 X

-3 2 X

-4 0 X

-110°C

■I' tTiiiBf—I "1 ii'iiin ' I I I nmq - i I'ltiiin i 11 miq—r i\ I  I'l
1 0 * 10 "’ 10® 10 '  10 * 10 ^  10 "  10 ® 10 *

frequency (Hz)

Figure 4-2 The effect of temperature on the real permittivity of a 20 % (w/w) 

sucrose solution

10

10 ®

1 0’’

frequency (Hz)

Figure 4-3 Dielectric response of sucrose solution at -110°C
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The lowest temperature region studied showed different features again. The low 

frequency response in the imaginary permittivity had now completely shifted out 

of the frequency window of observation, allowing the clear visualisation of the 

higher frequency peak, which had shifted down to the Hz region at -110°C 

indicating that the relaxation time had increased (Figure 4-2). The step change in 

the real response was also shifted to this region and the gradient of the slope 

greatly decreased as were the linear portions on either side (Figure 4-1). This 

temperature region was below the Tg of the frozen sucrose solution as measured 

by MTDSC. The shift in the step change in the real component of the 

permittivity can be attributed to a reduction in conductance in this region. Only at 

temperatures well below the glass transition temperature did the main peak 

display the step decrease in the real permittivity accompanied by a peak in the 

imaginary permittivity that are the features of a standard Debye type response 

curve of permittivity with respect to applied frequency (Figure 4-3).

Three-dimensional plots of the effect of temperature and applied frequency on 

the dielectric response of sucrose allow the visualisation of the effects of these 

factors in tandem (Figure 4-4 and Figure 4-5). It can be seen that the low 

frequency region of the plot showed high responses at temperatures above the 

glass transition region as determined from MTDSC measurements (Chapter 3).
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Figure 4-5 Effect of temperature on the imaginary permittivity of a 20% sucrose

solution
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4.3.3 Determination of the effect of temperature on the peak relaxation times 

occurring in the 2 0 % solution

It is possible to determine the relaxation times of motion from the inverse of the 

frequency peak observed in the imaginary permittivity response. The Winfrt 

program (version 2.6, Novocontrol GmbH) was used to analyse the frequency 

sweeps in order to produce a plot of the change in mean relaxation time with 

temperature. The Havriliak-Negami model was used to fit the glass transition 

temperature region of the data. This model was developed for the modelling of 

the dielectric relaxation phenomena in polymers but produced reasonable fits of 

the data.

r  cr V  3 
Equation 4-2 €{g))= ^€'-s ” = - i  ——

ySQÛ) j

where co =2:tfrequency and Go denotes the vacuum permittivity. This model 

allows the increase at low frequencies to be correlated with an increase in 

conductivity. The slope of the increase is determined by the exponential factor N 

and is generally equal to unity.

The modelling program allowed the optimisation of parameters that had 

already been estimated. Fitting was performed on the real and imaginary 

permittivity data plotted on a logarithmic scale. The fitting parameters were 

estimated as follows;

As gives the difference in s' at very low and infinite frequencies and is 

also proportional to the area under the s" relaxation peak. The value of s' at 

infinite frequencies is determined by Soo. t  specifies the relaxation time. If a  and 

p are not too low then the maximum frequency of the relaxation peak in the s" is 

found at approximately l/(27ii). The width parameter a  specifies the slope of the 

low frequency side of the relaxation in s". p is the asymmetry parameter, -ap 

gives the slope of the high frequency side of the relaxation in s".
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The relaxation times obtained from this fitting procedure are plotted below.
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Figure 4-6 effect of temperature on the relaxation time of water in a 20% (w/w) 

sucrose solution

From Figure 4-6 it can be seen that the temperature corresponding to the Tg of 

sucrose, as determined from the MTDSC experiments in Chapter 3, has a 

profound effect on the mobility of water in the solution. As the temperature 

approaches -40°C there is a divergence from the rate in decrease in mobility 

expected from pure water. Between -40 and -56 °C the rate of decrease curves to 

give relaxation times that are much shorter than would be predicted from the rate 

of increase above. Below -56 °C the relaxation times increase in a linear fashion. 

An estimate of the p value of a system can be found from the gradient of a plot of 

In X against T/Tg from data derived at temperatures just below Tg. The gradient 

of the line (denoted m) yields P by substitution into the following equation 

(Bohmer 1993)

Equation 4-3
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where mo is 250 and s is 320. From the values yielded at temperatures just below 

Tg a p value of 0.76 was obtained indicating that the sucrose water system is 

fragile (Chapter 1). It must be stressed that this is only an approximation since 

only three data points were used to obtain the gradient. However this value 

confirms that the sucrose water system acts as a fragile glass.

4.4 Comparison of high and low concentration sucrose solutions in the 

temperature range -60 to -10 °C.

In order to assist in the assignment of dipoles with the relaxations observed the 

behaviour of the 2 0  % sucrose solution was compared with a 60 % (w/w) 

solution and pure water. The high sucrose concentration was chosen since 

relaxations associated with the movement of the sucrose molecules would be 

increased in magnitude compared with the 2 0 % (w/w) solution.

However it has already been shown that the two concentrations of sucrose 

solution behave very differently in the region of the glass transition when 

analysed with MTDSC (Chapter 3). The 20 % solution underwent a glass 

transition, while the 60 % solution only appeared to undergo a devitrification 

process indicating that the Tg of this solution was much lower. It was therefore 

anticipated that their dielectric responses would also differ in this region and that 

it may have been possible to further investigate these processes since the 

relaxation times of the phases would be different according to whether the phase 

was above or below its Tg.

4.4.1 Materials and methods

2 0  % and 60 % (w/w) sucrose solutions were prepared as described previously 

(Chapter 2). Dielectric measurements were performed as outlined in Chapter 2.
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4.4.2 Results and Discussion

Plotting the real permittivity against frequency revealed a sudden rise in response 

at low frequency with onset at -32 for both sucrose solution concentrations 

(Figure 4-7). This effect was more pronounced in the 60 % w/w solution, which 

also showed a small increase in the real permittivity at -36 ®C when the two 

highest frequencies were applied.

The 20 % w/w sucrose solution exhibited an increase in the imaginary 

permittivity response at low frequencies once it had been warmed to-32 ®C, with 

a further large increase at -20°C (Figure 4-8). For the 60 % w/w solution the 

same magnitude of response was observed at -32®C, which corresponds to the 

onset of ice melting seen in the MTDSC data, and was shifted to higher 

frequencies with an increase in temperature. The 20 % w/w solution also 

exhibited a relaxation at -20 °C that did not occur in the 60 % w/w solution, 

indicating that the higher concentration solution was more strongly bound and 

acted as one phase at that temperature. This observation backed up the data 

produced by the MTDSC experiments that showed a glass transition at this 

temperature for the 2 0 % solution but not for the 60% solution.

In the mid to low frequency range, the 60% sucrose solution exhibited the lowest 

permittivity below and the greatest increase at -32 °C to give the highest 

permittivity in the region between -30 and -10 °C. The probable cause was the 

lower quantity of ice formed in this system. The reasons for this are twofold; not 

only was the initial quantity of water present lower, but also the high viscosity of 

the solution reduced the mobility of the water molecules present and thus the 

probability of their interacting to nucleate and form ice crystals. However in the 

region above -20°C the slope of the increase in permittivity with temperature 

appears to be the same for both of the sucrose concentrations. It is therefore 

postulated that the low frequency response of the 60% solution below the onset 

of ice melting was caused by the relatively immobile sucrose phase trapping 

water within it and preventing the formation of ice.
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Figure 4-9 Effect of temperature on the dielectric response of water measured at 

5*10'^ Hz

The plot of the dielectric response of water data on a linear permittivity scale 

showed that there was a clear increase in both the permittivity and the 

susceptibility with temperature (Figure 4-9). Water appeared to undergo an 

almost linear response across the temperature region of study when plotted on a 

logarithmic scale to accommodate the large changes in permittivity of the 

sucrose solutions across the temperature range studied. However, all of the 

samples showed an increase in the real permittivity in the region of -32 °C. This 

was associated with the onset of ice melting (Figure 4-10).



Chapter 4 dielectric investigations 165

- ■ - 60%  

■ 20%1 0 S
—■ — water

CO
10 T

10 1

y : - - '
 g --------- ■ — ■ — ■

. •  J*lOS

-70 -50 -10-60 -40 -30 -20

tem pera tu re  (°C)

Figure 4-10 Effect of temperature on the real permittivity of varying 

concentrations of sucrose solutions measured at 15*10'^ Hz.

- • - 60 % 

- • - 20% 

•  - water1 0 *

1 0 '

1 0 ®

1 0 ®

10

 •:

io ’

1 0 ®

-50 -30-60 -40 -20 -10

tem pera tu re  (°C)

Figure 4-11 Effect of temperature on the imaginary permittivity of varying 

concentrations of sucrose solutions



Chapter 4 dielectric investigations 166

4.4.3 Calculation of mean relaxation times in the solutions

From the dielectric data the relaxation times of the water molecules in the 20 and 

60% sucrose solutions were compared with those of pure water over the 

temperature range studied. The same modelling procedure was used as in 4.3.3.

water

20% sucrose
60% sucrose

1 0 ®

1/T (K ')

Figure 4-12 Effect of temperature on the relaxation time of water in varying 

concentrations of sucrose solution

It was assumed that the relaxations measured were caused by the water in the 

systems, since they were much faster then those expected from a material in the 

glassy phase (4.1.1). The calculated relaxation times clearly show that the 

presence of sucrose in solution prevents the reduction in mobility associated with 

the formation of ice below 20°C. The relaxation times of the water molecules in 

the lower concentration of sucrose solution are higher than for the water alone 

because water remains trapped in the glassy phase unable to form ice. The effect
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is more pronounced for the 60% solution because of the higher concentration of 

sucrose relative to the water present. The water is prevented from forming ice 

even though it is much more mobile than in the 2 0 % solution.

This phenomenon might be explained if it is considered that the low 

concentration of water means that the molecules have to travel further to find a 

nucléation site where ice crystals may form. Whereas in the case of a 20% w/w 

sucrose solution that has formed a maximally freeze concentrated glass the 

amorphous phase contains 20% of water. This equates to only 6.25 % of the 

water in the original solution that remains unfrozen.

The 60% solution showed the strongest dependence of the relaxation time on the 

temperature. The sharp increase in mobility with temperature ended abruptly at 

the data point corresponding to -  40 °C. This point coincides with the exothermic 

devitrification transition observed in the MTDSC experiments, that was followed 

by a broad ice dissolution and melting endotherm. It is therefore proposed that 

the heating of a 60% sucrose solution leads to a sharp non-linear increase in 

mobility of water molecules until the onset of the devitrification exotherm at 

which point the water released by this process forms ice that subsequently melts 

as the temperature is further increased.

From the data produced from these experiments and the calculated relaxation 

times the two lowest frequencies were chosen to probe the effect of annealing 

time on the dielectric properties of the frozen sucrose system. These frequencies 

were chosen because they produced the largest variation in response of the 

system over the temperature range studied.

4.4.4 Conclusion

The effect of annealing during the process of dielectric spectrometric 

measurement is not a trivial one. If the data produced in section 4.3 and4.4 

relating to 20 % sucrose solutions are compared (by plotting the data from Figure
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4-6 & Figure 4-12 in the same form, a large disparity is seen in the peaks of the 

relaxation times calculated from these data.
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Figure 4-13 effect of temperature on the mean relaxation times observed in a 

2 0 % sucrose solution

A probable cause for the large differences seen is that in the first experiment the 

sample was cooled to well below the theoretical Kauzmann temperature, which 

has been referred to as the temperature below which molecular mobility 

effectively ceases on an experimentally measurable timescale. However, in the 

second experiment the sample was only cooled to 20K below the Tg. The 

implications of this are that, upon reheating, the system may have still retained 

the higher mobility.
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4.5 Investigation into the effect of annealing time on the dielectric properties 

of 2 0 % w/w sucrose solutions

4.5.1 Materials and methods

20 % (w/w) sucrose solutions were prepared as described previously (Chapter 2). 

Dielectric measurements were performed as outlined in Chapter 2. The two 

lowest frequencies that were practical to use were chosen in order to investigate 

how the dielectric properties of the solution changed with annealing time. The 

use of only two frequencies also significantly reduced the measurement time at 

each temperature, thus reducing the possibility of annealing during the 

measurement process.

4.5.2 Results and discussion

In all of the sucrose solutions, regardless of annealing time a clear increase in the 

real permittivity was seen at -32 °C (see & Figure 4-15). This was in agreement 

with the onset of the transition observed in the MTDSC experiments that was 

attributed to the onset of ice dissolution (Chapter 3) and the previous dielectric 

spectroscopic experiments (Figure 4-1 & Figure 4-4). All of the samples showed 

a rise in permittivity across the temperature range of measurement associated 

with an increase in mobility until the glass transition temperature was reached. 

This transition was associated with an abrupt rise in the permittivity 

corresponding to the exponential rise in mobility in the region of collapse 

combined with the onset of ice melting.
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Figure 4-14 Increase in the real permittivity seen at -32°C for all anneal times

The effect of increasing the annealing time was to cause an increase in the 

response of the samples over the entire temperature range in both their real and 

imaginary permittivity (Figure 4-15 & Figure 4-16). However, this increase 

reached a maximum at an annealing time of 300 minutes. Thereafter the response 

decreased, although the responses at the longest annealing times were still greater 

than the initial measurement after 1 hour. The reason for this peak in the 

response after five hours is unclear.

A possible explanation may be that the mobility that still exists below the glass 

transition allows the formation of species with larger dipoles. These may then 

have interacted further during the annealing period to form some other species, 

eventually give rise to a limiting value in response at the observed frequencies. 

Such phenomena are observed during the ageing of thermoplastics, although in 

these materials there are defined chemical reactions occurring that allow the 

formation of dipoles (Johari 1991).
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Figure 4-16 the effect of anneal time on the imaginary response of a 20% w/w

sucrose solution to an applied frequency of 5*10'^ Hz.
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4.6 Conclusions

The broad conclusions from this section of work are that the frozen sucrose 

system exhibits mobility below the glass transition and that this mobility does not 

show a linear dependence on temperature in the region of the glass transition. 

The extent of nonlinearity in this region was evaluated by determination of the p 

value that is used as a measure of the fragility of a system.

A clear difference was observed in the behaviour of high and low concentrations 

of sucrose in solution and the glass transitional properties, and their mobilities 

both above and below the Tg, confirming the results found by MTDSC.

The annealing investigation allowed the effect of storage time on the extent of 

mobility in the glassy state to be studied. As discussed previously (Chapter 3) the 

effect of annealing is to cause an increase in the enthalpy relaxation at the T as 

determined by thermal analysis of a system. The Williams-Watts equation can 

then be used to determine the extent of relaxation under given conditions

Equation 4-4 = 1- = exp

The value of the stretched exponential parameter, p, can be obtained from a 

Cole-Cole plot, which involves plotting the imaginary against the real 

permittivity.

This method has been used previously to determine the effect of molecular 

mobility below the glass transition of the aggregation of a monoclonal antibody 

using DSC and dielectric spectroscopy (Duddu 1997). However, there are 

problems associated with such an experiment. The most important being that the 

two techniques effectively measure different relaxation times since their 

timescales of observation are so different. Therefore it may not be plausible to 

use a stretched exponential factor derived using dielectric spectroscopy together
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with relaxation times determined from a DSC experiment in order to calculate 

the relaxation time constant.

The P value may also be determined by plotting the dielectric loss against log 

frequency for a range of temperatures. The width at half-height of the peak 

corresponding to the loss maximum, co can then be used to determine p using the 

following equation

Equation 4-5 {{- p ) - \  .04?(l -  o)~̂  )

The P value obtained using these two methods could then have been compared 

with the value obtained from the initial investigation in this Chapter.

The effect of annealing time was to cause an increase in both the real and 

imaginary permittivity responses of the 20% solutions. However, the observation 

that the responses peaked at an annealing time of 300 minutes would not have 

been predicted but was similar to the observed peak endothermie relaxation 

observed at the Tg from annealing studies conducted using the MTDSC (Chapter 

3).
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CHAPTER 5 INVESTIGATION INTO THE GLASS 
TRANSITION PROPERTIES OF FREEZE DRIED 

________________ SUCROSE FORMULATIONS_____________

5.1 Introduction

5.1.1 Freeze dried Pharmaceuticals

A successful freeze dried pharmaceutical product must exhibit physical and 

chemical stability throughout its recommended lifetime. On this basis and 

because these amorphous materials are inherently kinetically unstable it is 

important to allow for undesirable changes in properties such as glass transition 

temperature, water content and mobility with time. Mobility is related to the 

glass transition temperature and this in turn is influenced by the water content, so 

latter consideration is by no means trivial. It is therefore essential that the final 

glass transition onset of the product is sufficiently high that it will be able to 

withstand shipping and storage conditions that might either cause the ingress of 

water or an increase in temperature. If the glass transition of the product should 

become lower than the storage temperature then phenomena such as product 

collapse, stickiness and/or crystallisation may be observed along with the 

associated loss of product activity.

Before considering the stability of the end product it is important to choose a 

formulation that has the thermal properties necessary to allow the design of a 

reasonable freeze drying protocol. The Tg’ of the formulation should be found 

well within the temperature operating range of the freeze dryer to be used in the 

manufacturing process. The production will be faster and more cost effective the 

higher the Tg’ value.

It is also important to consider the chemical stability of the product during the 

freezing stage of manufacture. This can be maximised by carefully considering 

the effects of freeze concentration and/or the crystallisation of buffer salts.
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Adverse effects on the chemical stability during storage may be caused by use of 

excipients that themselves can cause degradation of the product (for example the 

Maillard reaction, see Chapter 1) or are not amorphous and so provide no 

protection at all at this stage, for example mannitol. Storage of the product at 

temperatures that are too close to the glass transition may also result in increased 

rates of degradation in the glassy state because of increased mobility.

5.1.1.1 Sucrose as a Cryoprotectant

Sucrose is commonly chosen as a bulking agent in freeze dried products because 

it exhibits a reasonably high glass transition onset temperature (70 °C (Saleki- 

Gerhardt & Zografi 1994), 6TC  (te Booy et al 1992)), is cheap and does not 

contain a reactive carbonyl moiety and so cannot take part in the Maillard 

degradation reaction (Chapter 1). Trehalose has a higher Tg value then sucrose 

(119 °C (Naini 1998), 125°C (Sussich 1998)) and is also nonreducing but is 

generally thought to be prohibitively expensive for use as a bulking agent. The 

common pharmaceutical excipient lactose is not suitable as a bulking agent for 

freeze dried formulations, even though it has a high Tg (reported variously as 

101 °C (Roos & Karel 1991), 104 °C (Sebhatu 1997)or 108 ‘̂ C (Saleki-Gerhardt 

& Zografi 1994) because it is a reducing sugar.

Sucrose is often cited as exhibiting protective effects toward proteins during 

freeze drying because, apart from being a good glass former, it also exhibits good 

hydrogen bonding properties. For example sucrose is a much more effective 

cryoprotectant than the monosaccharide glucose at an equivalent concentration 

(Santarius 1998). However, if  the only requirements for a good cryoprotectant 

were that it formed glasses and hydrogen bonds then other disaccharides such as 

maltose would also be good cryoprotectants. While this sugar shows some 

cryoprotective ability it is not as efficient as sucrose because it can act as a 

reducing sugar.

The exact mechanism by which sucrose protects proteins is not known. There are 

many theories, and these have already been outlined in Chapter 1. No one theory
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can provide a complete explanation. For example after examination of their 

respective Tg onset values it might be predicted that trehalose would be a better 

cryoprotectant than sucrose. However for recombinant human interleukin-1 

receptor agonist sucrose is the better agent (Lai 1999). It is probable that each of 

the mechanisms postulated may contribute in part to the overall ability of sucrose 

to protect proteins in the glassy state.

In light of the questions that still remain regarding the possible mechanism for 

degradation of pharmaceuticals in the frozen/freeze dried state it was decided to 

produce a formulation containing a model protein that could then be stored in 

order to assess the effects of the environmental conditions on the stability of the 

active. However, first it was necessary to produce a simpler model in order to 

assess the method of production and characterisation. The objectives of this 

chapter are therefore as summarised below.

5.2 Objectives

• To produce freeze dried sucrose reproducibly and optimise the analytical 

methods used to characterise it.

• To investigate the effect of freeze drying protocol on a model proteinaceous 

freeze dried formulation containing sucrose.

• To investigate the effect of storage conditions on the physical and chemical 

stability of a model proteinaceous freeze dried formulation as related to its 

glass transition.
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5.3 Production of Freeze dried Sucrose and Development of Protocols to 

Characterise the Solids Produced

5.3.1 Freeze-Drying of Sucrose Solutions

In this first set of freeze-drying experiments, seven batches of pure amorphous 

sucrose were produced from a 20 % (w/w) solution. Each batch was processed 

and analysed in the same manner so that the reproducibility of the method of 

manufacture could be determined both between samples in the same batch and 

between batches.

Three methods were chosen to measure the reproducibility of the samples; 

modulated temperature differential scanning calorimetry; thermogravimetric 

analysis and Karl-Fischer titration analysis. The concentration of 20 % (w/w) 

aqueous sucrose solutions was chosen because it approximates the levels used in 

pharmaceutical freeze-dried systems found in practice (Adams & Ramsay 1996; 

Engel 1994; Izutsu et al 1991)

5.3.2 Materials and Methods

Sucrose solutions were prepared and then freeze dried according to the methods 

outlined in Chapter 2. After freeze-diying, the samples were stoppered and stored 

over phosphorus pentoxide at a constant 25 °C. MTDSC Analysis was performed 

as described in Chapter 2. Mass determinations were carried out using a Mettler 

Me balance. Freeze-dried sucrose samples used weighed between 0.500 and 

1.500 mg. Karl-Fischer analysis (Metrohm 701 KF Titrino) was performed to 

measure the water content of the samples as soon as possible after their 

production. The machine was calibrated before each set of measurements. 

Sample masses used ranged from 10 to 20mg. Thermogravimetric analysis (TA 

Instruments Hi-Res TGA 2950) was performed to measure the reproducibility of 

the mass loss profiles obtained upon heating from ambient to 200 °C at 10
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^Cmin'\ Samples were analysed as soon as possible after production.

5.3.3 Results and Discussion

In the following tables the abbreviations ± and IB have been used to mean the 

standard deviation and the interbatch variation respectively. All values given are 

a mean of 4 experiments.

Table 5-1 MTDSC Analysis of glass transition properties

Tg onset and ACp values were determined from the reversing heat flow

Batch Tg onset (°C) TgACp(J/g/K)

1 28.1 ± 2 1 0.58 ±0.30

2 39.4 ± 12 0.40 ± 0.29

3 35.1 ±3.9 0.26 ± 0 . 1 2

4 43.4 ±3.3 0.33 ±0.17

IB variation 33.2 ± 14 0.42 ± 0.26

Table 5-2 MTDSC Analysis of recrystallisation properties

The recrystallisation onset and enthalpy values were determined from the total

heat flow (n = 4).

Batch Tĉ ys m AHcrys (J/g)

1 83.5 ± 19.9 30.7 ±20.4

2 80.3 ± 10.6 29.7 ±16.6

3 78.1 ±3.98 39.8 ±2.91

4 88.7 ±5.95 51.0 ±8.55

IB variation 81.5 ±12.4 38.4 ± 13.8



Chapter 5 Freeze Dried Sucrose Formulations 179

total heatflow  
nonreversing heatflow
reversing heatflow0 .0-1

-0.04I
I
0)>
2

-0.05

I -0 06

-0.3
80 10020 40 600

I
IQ)
1
%
2

temperature (°C)

Figure 5-1 Typical MTDSC data from analysis of freeze dried sucrose

5.3.3.1 MTDSC Experiments

The glass transition was clearly visible in the reversing heatflow signal as a step 

decrease in the baseline. This transition was accompanied by a relaxation 

endotherm in the nonreversing signal (Figure 5-1). The exothermic 

recrystallisation event appeared in both the total and nonreversing heatflow 

signals.

All of the parameters studied showed a reasonable degree of reproducibility in 

these initial experiments. However between batches the standard deviation was 

larger. The third batch showed consistently lower ACp Table 5-1) and AHcrys 

values (Table 5-2) indicating that there was a lower degree of amorphous 

character in these samples. An explanation for this is that the lyophiles may have 

partly recrystallised during the period between production and analysis. The
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reduced Tg onset values indicated that plasticisation caused by water may have 

occurred but this was not reflected in the measured water contents.

5.3.3.2 Thermogravimetric Analysis
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Figure 5-2 Typical TGA data from analysis of freeze dried sucrose

The tables of results have been divided into two sections, the mass loss below 

1 10.°C and that between 110 and 160 °C, because it was clear from the derivative 

mass loss data that there were two types of mass loss that occurred in these 

distinct temperature regions (Figure 5-1). The water lost below 100 °C was 

attributed to surface moisture, while the water lost at higher temperatures was 

thought to be bound within the structure of the product.
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Table 5-3 Reproducibility of water content of freeze dried product: 

Thermogravimetric analysis

Batch % Mass loss 

30-»110°C

% Mass loss 

1 1 0 1 6 0 . 5  °C

Total % mass loss 

^  160.5 °C

1 4.89 ± 1.66 0 . 8 8  ± 0 . 1 2 5.77 ± 1.69

2 4.80 ± 1.73 1.13 ±0.48 5.94 ±2.18

3 4.16 ±0.62 1.02 ±0.35 5.18 ±0.78

4 3.11 ±0.85 0.98 ± 0.20 4.09 ± 0.77

IB variation 4.14 ± 1.39 0.92 ±0.37 4.91 ± 1.81

Unsurprisingly most of the mass loss from these amorphous samples occurred in 

the lower temperature region, indicating that there was little structural water 

present. Mass losses were determined in the range up to 160 °C only because the 

sucrose began to melt and decompose above this temperature (Wade, 1994).

The reproducibility between samples both within and between batches was good 

with the exception of the samples mentioned previously.

5.3.3.3 Karl-Fischer Analysis

Table 5-4 Reproducibility of water content of freeze dried product: Karl-Fischer 

analysis

Batch Water content (% w/w)

1 6.82 ±2.64

2 4.94 ±0.65

3 5.02 ±1.11

4 4.96 ±0.56

IB variation 5.26 ± 1.75

Reproducibility of the water content as measured by Karl-Fischer analysis was 

good and agreed well with the total percentage mass losses from the TGA data
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indicating that all of the mass loss found in the TGA data was because of the 

removal of water from the samples. However, problems arose when the smallest 

sample masses were analysed using Karl-Fischer analysis, because the titration 

volumes were already at the lowest values recommended by the reagent 

manufacturer. Therefore Karl-Fischer analysis was useful as a secondary 

technique to validate the mass losses from the thermogravimetric analysis but 

required samples that were too large for analysis of every sample produced.

5.3.4 Conclusion

Reproducibility of the batches as measured by MTDSC, TGA and Karl-Fischer 

analysis was reasonable. Some variation could be attributed to the time of 

exposure to the atmosphere between removal of samples from the freeze-dryer 

and stoppering and again between unstoppering and analysis of samples. 

Exposure times were kept to an absolute minimum but the temperature and 

humidity at the time of these initial experiments were high. The agreement 

between the TGA mass loss results and the Karl-Fischer water content analyses 

was reasonable. Both techniques have practical drawbacks. By the nature of 

TGA analysis samples cannot be sealed into pans and so must incur some 

exposure to air, whilst the electrostatic nature of the freeze-dried sucrose made 

transfer from the weighing vessel into the Karl-Fischer titration container 

difficult.

In summary the method of manufacture and analysis produced freeze-dried 

sucrose samples with water contents of ~ 5% with a good degree of 

reproducibility as shown by the thermal analyses techniques used here. Karl- 

Fischer analysis of the water content may not be an appropriate technique for 

these samples because of the low water contents, small sample masses available 

for analysis and the difficulty in transferring sample into the titration vessel.

The MTDSC data revealed an apparent correlation between the Tg onset in the 

reversing signal and the recrystallisation onset in the total heat flow. However, it
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may have been expected that samples that exhibited the highest Tg and Tcrys 

values would also have displayed high ACp values at the glass transition and 

large enthalpies of recrystallisation but such a relationship was not found. Indeed 

the ACp and Tcrys values appeared to show little correlation with the other data.

5.4 Freeze Dried Formulations Containing Protein

5.4,1 Introduction

After measuring the glass transition properties of freeze dried sucrose, the next 

logical step was to examine a more realistic and thus complicated system, that of 

a protein and buffer plus a cryoprotective agent. This model system was used to 

mimic a typical protein drug formulation that would include buffer to maintain 

pH.

Sodium phosphate buffer was selected because of its buffering capacity in the 

desired pH range (Perrin 1974). The protein chosen was lactate dehydrogenase 

because of its known sensitivity to freezing (Nema 1996) and freeze drying 

(Carpenter 1991) ease of activity assay and low cost and sucrose was used 

because of its known efficacy as a cryoprotectant (Arakawa 1991; Heilman 

1983). As mentioned previously there are essentially two theories that have been 

proposed to explain the cryoprotective abilities of saccharides (Chapter 1). The 

first is that these molecules are good glass-formers as demonstrated by the 

previous section of this Chapter. The second is that the hydroxyl groups in these 

molecules are able to form hydrogen bonds with the polar residues of a protein in 

the way that water would so stabilising the native structure against unfolding 

(Carpenter 1991; Prestrelski 1993). It is highly likely that both of these 

mechanisms have a role to play in the mechanism of protein stabilisation by 

these sugars.

In this study the main aim was to investigate the link between the Tg of the 

formulation and the activity of the protein. This was achieved by varying the
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freeze drying time and determining the glass transition and recovered protein 

activity of the lyophiles produced. The secondary objective of this study was to 

develop a protocol that gave the formulation with the greatest chemical and 

physical stability.

5.4.1.1 Lactate dehydrogenase

Lactate dehydrogenase (LD or LDH) and has the enzyme classification scheme 

number EC 1.1.1.27. This classification means that it is an oxidoreductase that 

works on the CH-OH group of receptors and has NAD (+) or NADP (+) as an 

energy source (http://www.expasy.ch/cgi-bin/nicezyme.pl71.1.1.27). Lactate 

dehydrogenase plays a role in the anaerobic metabolism of glucose. It is 

responsible for catalysing the conversion of pyruvate to lactate (Figure 5-3), 

which is the final step in the anaerobic oxidation of glucose in the cytosol (Stryer 

1995).

c=o c=o
I I
C=0 ________^ HO-C-H

” T “  7T
NADH + NRD*

Pyruvate Lactate

Figure 5-3 Conversion of pyruvate to lactate by lactate dehydrogenase

Pyruvate is an important junction point in glucose metabolism. It can be 

converted to lactate in muscles when the lungs and blood stream cannot provide 

oxygen as rapidly as required in anaerobic skeletal muscle, alternatively in 

aerobic organs it can be converted to the two-carbon metabolite acetyl CoA, 

which enters into the aerobic Krebs cycle (also known as the tricarboxylic acid 

or citric acid cycle), this process takes place in cell mitochondria. In

http://www.expasy.ch/cgi-bin/nicezyme.pl71.1.1.27
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fermentation, anaerobic organisms that do not produce lactate dehydrogenase 

convert pyruvate to CO2 and ethanol.

Lactate dehydrogenase is a tetrameric enzyme and because there are two sub

unit types, H (heart) and M (muscle) there are 5 possible isozymes; H4 ; H3M; H2 

M2 ; M3H and M4 , known as types 1 to 5 respectively. M4 is most prevalent in 

skeletal muscle and H4 in the heart. The properties of type XH^) and type 5(M^) 

vary considerably. They exhibit different total amino acid composition (Wieland 

1961), and Michaelis-Menten constants (Wroblewski 1961). For example it has 

been reported that the type 5 tetramer from rabbit muscle dissociates completely 

into two dimers of molecular weight 70,000 in acetate-chloride buffer pH 5 but 

that these conditions have no effect on beef heart lactate dehydrogenase, type 1 . 

It has been noted that there are more similarities between the same types of 

lactate dehydrogenase across species than across types within a species. This is 

because at the extremes type 1 and type 5 perform different functions. Type 5 is 

predominantly found in skeletal muscle, where energy production depends on the 

anaerobic metabolism of carbohydrate leading to a build-up of lactic acid. This 

type of lactate dehydrogenase would therefore be expected to operate in the 

presence of high levels of pyruvate. However, in the heart the aerobic breakdown 

of carbohydrates is the more usual pathway since there is no requirement for 

sudden bursts of energy. It might therefore be expected that type 5 lactate 

dehydrogenase would be inhibited by high concentrations of pyruvate. This 

would lead toward the oxidative metabolism of pyruvate through the citric acid 

cycle and it has indeed been found that type 5 LDH is inhibited by pyruvate 

(Cahn 1962).

In this study type 2, H3M, from rabbit muscle was used. This type has a total 

molecular mass of 140 Kda (Cahn 1962), This type is one of the minor fractions 

of lactate dehydrogenase in the muscle. From its quatemaiy structure it would be 

expected to possess properties more similar to type 1 than type 5.

This protein was chosen for evaluation because it is known to be sensitive to the 

freeze drying process, retaining only 2 0 % of its initial activity after processing in
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the absence of cryoprotectants (Carpenter 1991).

5.4.2 Materials and Methods

The model protein formulation was manufactured as described in Chapter 2. 

Incorporation of the protein and buffer into the formulation did not affect the Tg 

of sucrose solution as measured by MTDSC, therefore the same method was use 

to manufacture the freeze dried material. This solution was freeze dried 

immediately. The activity of the protein was determined immediately prior to 

lyophilisation using the method outlined in Chapter 2. The freeze drying 

methodology was as described in the manufacture of the pure sucrose lyophiles. 

Because of the effects of ambient temperature and humidity that were noted in 

the last set of experiments all handling of the lyophiles was performed in an 

atmosphere of dry nitrogen. After freeze-drying, the samples were stoppered and 

stored over phosphorus pentoxide at a constant 25 °C. MTDSC and TGA were 

performed on samples from the same vial, while lactate dehydrogenase activity 

assays were performed on the complete contents of a vial rehydrated 

immediately after the freeze diying process was completed.

MTDSC analysis was performed as outlined in Chapter 2. Samples were 

transferred and sealed into pre-weighed pans immediately after the end of the 

freeze-drying process to ensure minimum exposure to the atmosphere. Mass 

determinations were carried out using a Mettler Me balance. Sample masses 

were in the range 0.500 - 1.500 mg (most samples weighed less than l.OOmg, the 

samples freeze dried for 3 hours were the heaviest because of the difficulty in 

transferring these very viscous samples from the vial to the sample pan for 

analysis).

Karl-Fischer analysis was performed to measure the water content of the samples 

as soon as possible after their production. The machine was calibrated before 

each set of measurements by determination of the water content of sodium
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tartrate. Sample masses used ranged from 200 to 300mg. Samples were analysed 

as soon as possible after production.

The determination of the recovered enzyme activity was performed by 

determination of the ratio of the activity after freeze drying to that of the original 

solution in per cent using the method outlined in Chapter 2. Scanning electron 

microscopy was also performed in order to determine the structure of the 

samples at the surface. The method used was as described in Chapter 2

5.4.3 Results and discussion

5.4.3.1 Thermal Analyses

Figure 5-4 and Figure 5-5 show MTDSC profiles produced by analysis of 

samples that have been freeze dried for varying amounts of time. Figure 5-4 is 

very similar in appearance to the traces produced from analysis of sucrose 

solutions (Chapter 3). Figure 5-5 is very similar to the traces produced from 

analysis of the freeze-dried sucrose (Figure 5-1) and again shows the much 

clearer resolution of the Tg onset value in the reversing heat-flow compared with 

the total heat-flow signal. The endothermie relaxation accompanying the glass 

transition is clearly visible in the nonreversing signal. The exotherm at the higher 

temperature is attributed to the recrystallisation of sucrose, while the endotherm 

with onset at 160^C is caused by the melting of sucrose followed by 

decomposition.
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Figure 5-4 Typical MTDSC heating profile from a protein formulation that had 

been freeze dried for 3 hours
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Figure 5-5 Typical MTDSC profile from a protein formulation that had been 

freeze dried for 9 hours



Chapter 5 Freeze Dried Sucrose Formulations 189

As expected, the glass transition of the formulations increased with increasing 

drying time (Figure 5-6 & Table 5-5). This is because the amount of residual 

water, which acts as a plasticizer, was reduced (Figure 5-8). Even a small 

decrease in water content gave rise to a large increase in the Tg value. However, 

the rapid rate of water loss at the start of vacuum drying was not maintained 

throughout the drying process. At times in excess of 12 hours little further water 

was removed. This on its own may lead to the conclusion that long drying times 

are not needed. However, calorimetric analysis showed that the Tg onset and 

sucrose recrystallisation temperatures continued to increase considerably with 

the associated physical stability implications. The recrystallisation peak was also 

shifted to higher temperatures with increasing drying time (Figure 5-7). This 

effect has been noted previously for freeze dried sucrose (Raemy et al 1993) 

However while these parameters revealed the state of the sucrose neither of them 

gave an accurate indication of the condition of the protein in the formulation.
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Figure 5-6 The effect of drying time on the phosphate formulationTg as observed

in the reversing signal



Chapter 5 Freeze Dried Sucrose Formulations 190

0.3

9  hours 
12 hours 
24  hours 
72 hours

o>

o .r

0 .0 '

-0.1
100 11060 70 I 90

Temperature (°C)

Figure 5-7 The effect of drying time on the phosphate formulation 

recrystallisation as observed in the total heat flow signal

Table 5-5 Effect of drying time on properties of freeze dried samples.

Drying time 
(hours)

TgCC) T«ys(°C) % water

3 -46.1 ± 1.8 F
6 -27.5 ± 2.5 18.9 ±2.8
9 28.1 ±0.3 80.1 ±3.0 5.57 ±0.6

1 2 36.1 ±7.3 80.8 ±5.3 5.05 ± 0.3
24 49.9 ±3.2 85.7 ±6.1 5.05 ±0.1
72 61.6 ± 0 . 6 102.4 ±2.2 4.71 ±0.1

Tg onset determined from reversing signal (MTDSC), T^ys onset determined 

from total heat flow and water content determined by Karl Fischer analyses (n =

4)

1 These samples showed no recrystallisation peak.

2 This sample was too viscous to analyse.
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Figure 5-8 Effect of drying time on water content and glass transition 

temperature

5.4.4 Lactate Dehydrogenase Activity Measurements

The recovered activity increased with time, reaching a peak at 12 hours and then 

tailed off again (Figure 5-9). The increase in activity during primary drying 

would be predicted since at this stage of the process the samples would still have 

been at least partly frozen when removed from the freeze dryer. As mentioned 

earlier (Chapter 1 ), freeze thawing can be particularly damaging to proteins since 

water in the form of ice will still be present in the formulation (Carpenter 1991). 

This can then melt back into the glassy phase resulting in increased mobility in a 

concentrated state especially when buffer salts are present (a fuller explanation 

of the reasons for this are given in the following paragraphs).
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Figure 5-9 Effect of drying time on the recovered activity of LDH

The increased degradation seen at drying times greater than 12 hours was not 

expected since by this time the formulation would have been at room 

temperature for at least 2  hours indicating that protein degradation was occurring 

in the “dried” material. The protein should have been protected from degradative 

reactions in this state by its entrapment in the amorphous sucrose. A common 

reason for this type of degradation profile is the Maillard reaction that can occur 

in the presence of reducing sugars (Chapter 1). However, sucrose does not have 

the necessary reactive carbonyl structure to promote these destructive reactions 

and so the possibility of this reaction occurring can be discounted in this case.

Another possible explanation for degradation during secondary drying may be 

overdrying (Chapter 1) an effect that has been implicated in the aggregation of 

excipient-ffee plasminogen activator and human growth hormone (Pikal 1990), 

although in the experiments reported here the water content still remained above 

4 % even after 72 hours drying. It seems unlikely that this degree of hydration 

would have resulted in the removal of water from the hydration shell of the 

protein leading to loss of tertiary structure in this manner.
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This type of activity loss has, however, been observed in the literature with 

lactate dehydrogenase (Jiang 1998) as well as with p-galactosidase (Jiang 1998). 

In that study, overdrying was implicated in the destructive processes. However, 

the report cited also used a phosphate buffer in the formulation. There maybe a 

possibility that the formulations that were used in both of these studies may have 

been responsible for the protein inactivation rather than the water contents 

exhibited at the end of the drying process.

The phosphate buffer that was used in the formulation is an alternative cause of 

the loss of protein activity. Phosphate has a very high ionic strength and so may 

be particularly damaging if it is in the immediate vicinity of the protein surface. 

The phosphate ion is small and may act as an electron donor and acceptor so 

increasing the rate of acid-base catalyse reactions. Indeed this degradative effect 

of phosphate has been implicated in the degradation of aspartame in solution 

(Bell 1997).

It is also known that the disodium phosphate salt used to make up one half of the 

buffer can form a eutectic upon cooling to -9.9 °C (Van den Berg 1959). Eutectic 

formation would normally be predicted to occur upon freezing but the process 

employed in this study involved rapid freezing in liquid nitrogen that would have 

reduced the probability of such nucléation occurring. However, during primary 

drying, the temperature increases slowly through this region and eutectic 

formation may have occurred then. This process would have left only the 

monosodium phosphate in the freeze concentrate causing a decrease in pH 

(Anchordoquy 1996). Lactate dehydrogenase is known to be pH sensitive (Fritz 

1967) and the damage to the protein may have been caused at this stage of the 

formulation manufacture. The inclusion of phosphate buffer in formulations with 

sucrose has been implicated in the nonenzymic browning of sucrose because of 

the decrease in pH (te Booy et al 1992). Sucrose can then undergo acid 

hydrolysis and is able to take part in the Maillard reaction.

The particular profile of lactate dehydrogenase activity loss in the early stages of
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secondary drying agrees with the literature report already cited, although that 

report offered no explanation for the observation. It is known that lactate 

dehydrogenase when stored at subzero temperatures does not lose activity but 

that the same formulation when stored in conditions where freezing can take 

place is rapidly inactivated by the freeze concentration of the buffer salts present 

(Santarius 1998). It is therefore postulated here that the combination of a 

reduction in pH caused by the crystallisation of the disodium phosphate during 

primary drying coupled with the relatively high water content remaining in the 

lyophiles during secondary drying could have been responsible for the loss in 

lactate dehydrogenase activity observed.

The SEM image in Plate 5-1 shows the porous structure of the samples that is 

typical of freeze dried materials. Increasing the freeze drying time did not cause 

a visible change in the structure of the material since the pores are caused by the 

formation of ice crystals during the initial freeze that have subsequently 

sublimed and diffused through the glassy matrix. Plate 5-2 showrthe effect of >< 

removing an amorphous sample from the freeze diyer when the Tg value is only 

just above the ambient temperature and the atmospheric humidity is high. The 

product has collapsed around the edges of the vial. Plate 5-3 shows the collapsed 

region at higher magnification. This highlights the problem with the particular 

freeze dryer used in these experiments where stoppering of the samples could not 

take place within the freeze diyer. Therefore atmospheric water was able to 

interact with the samples, lowering the Tg and leading to collapse.
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Plate 5-1 SEM image of a sample that had been freeze dried for 12 hours 

(154 X magnification)
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Plate 5-2 SEM image of a sample that had partly collapsed on the surfaces 

after removal from the freeze dryer ( 1 0  x magnification).
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Plate 5-3 SEM image of a sample that had part collapsed after removal from the 

freeze dryer (152 x magnification) showing softening of structure.

5.4.5 Conclusions

This set of experiments has shown that MTDSC could prove useful as an 

analytical tool in the development of freeze drying protocols for proteinaceous 

materials since it is useful in observing glass transitions in frozen solutions as 

well as in the dried solids that exhibit glass transitions above ambient conditions. 

Therefore, MTDSC could be useful as a quality control method that predicts the 

physical stability of the freeze dried product. However, such predictions are only 

possible if the effect of water content on the glass transition onset of the 

formulation is known. However, a more fundamental problem with this approach 

is that measurement of the physical stability of an amorphous formulation when 

the active is only present at very low concentration does not provide information 

about the chemical processes that are occurring at the interface between the 

active and the other excipients. Choosing a formulation because of glass-forming



Chapter 5 Freeze Dried Sucrose Formulations 197

capability is important but it is also imperative to consider the processes that can 

occur when these chemicals are “frozen” together.

5.5 The Effect of a Change in Buffer on Properties of the Protein Formulation

5.5.1 Introduction

The previous set of experiments was repeated using tris in place of the phosphate 

buffer since it was thought possible that the latter may have been responsible for 

the reduction in the lactate dehydrogenase activity during secondary drying. Tris 

was chosen as the replacement because it has buffering capability at the desired 

solution pH and a lower ionic strength than the sodium phosphate buffer used in 

the previous experiments. It has also been shown that it does not form a eutectic 

upon freezing. It was hoped that this replacement would improve the recovered 

activity of the lactate dehydrogenase. The effect of ionic strength is important 

because the concentration of the nonfrozen solutes rapidly increases upon 

formation of ice. Since ionic strength is a function of concentration the ionic 

strength also increase rapidly upon freezing (see Equation 5-1).

Equation 5-1 /  =

I is the ionic strength of the solution, c, is the concentration of each type of ion 

(mol r^) and z is the charge on the ion. For example it has been shown that the 

sodium phosphate buffer used in this study may be concentrated by a factor of 55 

during freezing (Van den Berg 1959). Therefore the concentration used in the 

previous experiments would have increased from lOmM to 550mM and the ionic 

strength would also increase by a factor of 55. However a tris buffer of the same 

initial concentration freeze concentrated to the same degree would still have an 

ionic strength a quarter of this value. However if the disodium salt were removed 

from the equation by recrystallisation then the only contribution to the ionic 

strength would be from the monosodium salt, the unfrozen solution would then
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have the same ionic strength as the unfrozen tris solution. But removal of the 

disodium salt would also result in a pH reduction of at least 3 pH units. 

Therefore there are two reasons that the phosphate buffer is potentially damaging 

toward a protein in solution.

5.5.2 Materials and Methods

The model protein formulation was manufactured as described in Chapter 2 

using tris instead of phosphate buffer. Changing the buffer had no effect on the 

Tg of the solution as determined by MTDSC (data not shown), therefore the 

same freeze drying protocol was employed. These solutions were then freeze 

dried immediately. The activity of the protein was determined immediately prior 

to lyophilisation using the method outlined in Chapter 2. The freeze drying 

methodology was as described in the manufacture of the pure sucrose lyophiles. 

Because of the effects of ambient temperature and humidity that were noted in 

the last set of experiments all handling of the lyophiles was performed in an 

atmosphere of dry nitrogen. After freeze-diying, the samples were stoppered and 

stored over phosphorus pentoxide at a constant 25 °C. MTDSC and TGA were 

performed on samples from the same vial, while lactate dehydrogenase activity 

assays were performed on the complete contents of a vial rehydrated 

immediately after the freeze diying process was completed.

5.5.3 Analysis of the Samples

MTDSC analysis was performed as outlined in Chapter 2. Samples were 

transferred and sealed into pre-weighed pans immediately after the end of the 

freeze-diying process to ensure minimum exposure to the atmosphere. Mass 

determinations were carried out using a Mettler Me balance. Sample masses 

were in the range 0.500 - 1.500 mg (most samples weighed less than l.OOmg, the 

samples freeze dried for 3 hours only were considerably heavier because of the 

difficulty in transferring from the sample vial to the sample pan).
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Karl-Fischer analysis was performed to measure the water content of the samples 

as soon as possible after their production. The machine was calibrated before 

each set of measurements by determination of the water content of sodium 

tartrate. Sample masses used ranged from 200 to 300mg. Samples were analysed 

as soon as possible after production.

The determination of the recovered enzyme activity was performed by 

calculation of the ratio of the activity after freeze drying to that of the original 

solution in per cent using the method outlined in Chapter 2.

Analysis of damage from freeze thawing was performed by freezing 2 ml 

aliquots of each of the two formulations (tris and phosphate) in liquid nitrogen 

then thawing at room temperature for 1 hour. Again determination of the 

recovered enzyme activity was performed by determination of the ratio of the 

activity after freeze drying to that of the original solution in per cent using the 

method outlined in Chapter 2. This procedure was applied in order to determine 

whether there was a difference in the performance of the two buffers during the 

initial freezing step. Samples of solutions containing either the phosphate of tris 

buffer with LDH only were also freeze dried for a 12 hour time period to 

evaluate the difference between the presence and absence of sucrose on the 

activity of the protein after freeze drying. MTDSC analyses were also performed 

in order to determine whether any amorphous state was formed in these systems.
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5.5.4 Results and Discussion

5.5.4.1 Modulated Temperature DSC

MTDSC analyses and Karl Fischer measurement of water content revealed that 

as in the case of the phosphate formulation increasing the drying time reduced 

the water content and consequently increased the glass transition onset of the 

formulation (Table 5-6 & Figure 5-10). However, the final water content of the 

tris formulation was less than that of the phosphate formulation. The decrease 

water contents compared with the phosphate formulations were probably because 

of the use of the nitrogen atmosphere to prepare the samples after freeze drying. 

From the water content data it might have been predicted that the glass 

transitions of the tris formulations would have been higher than the phosphate 

formulations that had been freeze dried for the same length of time. But this was 

not found to be the case (Figure 5-7, Table 5-6, Figure 5-11).

Table 5-6 The effect of drying time on properties of the freeze dried tris 

formulation. Tg onset determined from reversing signal (MTDSC), T^ys onset 

determined from total heat flow and water content determined by Karl Fischer 

analyses (n = 4)

Drying time 
(hours)

TgCC) T«y.CC) % water

3 -46.7 ± 10 / 54.8 ±5.7
6 -25.5 ± 0.5 28.9 ± 1.3

1 2 16.4 ±2.0 59.6 ±3.0 5.64 ± 1.1
15 23.5 ± 3.5 73.9 ±6.5 4.35 ± 0.4
24 25.6 ± 1.2 78.3 ± 9.9 4.14±0.1
72 41.7±1.8 91.3 ±.8.7 3.72 ± 1.0

3 These samples showed no recrystallisation peak.
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Figure 5-10 Effect of freeze drying time on the Tg and water content of a tris 

formulation
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Figure 5-11 Effect of formulation on the extent of plasticisation by water
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Tris formulations appeared to be plasticized by the presence of water to a greater 

extent than the equivalent formulation containing phosphate buffer or pure 

sucrose. The reason for this phenomenon is not known.
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Figure 5-12 Close-up of Figure 5-11

As already stated (Chapter 1) the sucrose water system does not follow the 

Gordon-Taylor equation. To show how great the deviation was for the systems 

studied here, the theoretical Gordon-Taylor fit for sucrose and water is shown 

superimposed onto the data in Figure 5-11. If the same data is shown on a larger 

scale (Figure 5-12), it can be seen that the tris formulation shows a much greater 

deviation from the behaviour shown by the freeze dried sucrose than the 

phosphate formulation.
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Figure 5-13 Effect of drying time on the activity of LDH in a tris formulation

The most dramatic difference between the tris and phosphate formulations was 

that the recovered activity of the tris formulation appeared to be unaffected by 

the freeze drying process remaining at a constant value of ~ 65% throughout the 

manufacture (Figure 5-18) which was a clear improvement upon the phosphate 

formulation, although the reproducibility was very poor.

Table 5-7 The effect of freeze thawing or freeze drying on formulations 

containing either phosphate or tris buffer but no sucrose (n = 4)

Recovered LDH activity (%)

freeze thawed freeze dried

Phosphate 3.8 ± 1.6 0

Tris 80.7 ±3.0 0
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This degradative effect of phosphate was also shown by the marked difference in 

recovered activity displayed by solutions containing the two buffers that had 

been frozen and then thawed (Table 5-7). It is very apparent that the presence of 

phosphate in the formulation is highly destructive to the protein in the frozen 

state whereas the tris formulation, while still showing some degradation appears 

to provide a much milder environment for the protein. As outlined above (5.5.1) 

the combination of the high ionic strength of the phosphate buffer exacerbated 

by the freezing process and the propensity for the disodium salt to form a 

eutectic may have been responsible for the failure of the freeze drying process to 

protect the protein. These processes would have caused degradation of the 

protein in the temperature region before the viscosity of the solution had 

increased sufficiently to allow formation of the amorphous sucrose matrix. 

Because mobility in the glassy state is not removed the effect of a pH shift would 

also have caused degradation.

5.5.5 Conclusion

The tris formulation used above was considered a great improvement on the 

original formulation. Even though the glass transitional onset values were 

slightly lower than phosphate formulations that had been dried for an equivalent 

time period, and contained similar quantities of water. However, the recovered 

activity of the protein was much higher. Therefore, the tris formulation was 

chosen for use in the next section of experiments that were concerned with 

evaluating the effect of storage conditions on the physical and chemical stability 

of an ideal protein formulation.

5.5.6 Overall Conclusion

Differences in the Tg onset values of the protein formulations containing the 

different buffers and the pure sucrose may be attributable to the presence of 

crystalline salts in the lyophiles that contained the phosphate buffer. However, it 

was not possible to measure the mechanical strength of the samples to verify this
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hypothesis. Conversely the effect of plasticisation in the phosphate formulation 

was the same as for the pure sucrose formulations produced in section 5.3 (Table 

5-3, Table 5-1, Figure 5-11). This would seem to indicate that rather than the 

phosphate buffer raising the glass transition of the sucrose, as has previously 

been suggested (te Booy et al 1992), the tris buffer increased the susceptibility of 

the sucrose to plasticisation by water. This can be seen from Figure 5-11 where 

the Tg of the tris formulations was lower than either those containing phosphate 

or pure sucrose at the same water contents.

The improved difference in the recovered activity of the tris compared with the 

phosphate formulation would indicate that the choice of buffer is very significant 

in the success of a freeze dried protein formulation. In particular the differences 

in the results from the two formulations studied would lead to the conclusion that 

for the reasons outlined above the use of phosphate buffers in freeze dried 

formulations containing ion-sensitive biological actives should be avoided.

5.6 Effect of Storage Conditions on the Stability of a Sucrose and Lactate 

Dehydrogenase Formulation

5,6.1 Introduction

As already stated freeze-drying may be employed to present protein or peptide 

pharmaceuticals in a stable form. It has already been shown that it is important to 

choose the other excipients such that the protein is stabilised during the freeze 

drying process. Knowledge of the effect that the manufacturing protocol will 

have on the state of the protein at the end of the process is also vital. However 

there is little use in producing a freeze dried material that retains a high activity 

throughout the process only to be rendered unstable once it has been stored prior 

to use. Therefore it is important to know the temperature at which the glass 

transition occurs in these formulations since storage above this temperature will 

result in collapse. Collapse not only causes aesthetically unacceptable changes 

but also can result in excessively long reconstitution times and inactivation of the
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drug. This is especially true if the water content of the collapsed material 

becomes high enough to allow crystallisation. Water content is therefore an 

extremely important factor in the stability of amorphous drugs.

The role of the glass transition temperature (Tg) during the freeze drying process 

has been described previously (Craig et al 1999). It is generally assumed that if  

the products are stored below their Tg then degradation of the drug will be 

negligible. However, because the drug is usually present in very low 

concentrations, the bulking agent, if  present in the amorphous form after freeze- 

drying, makes the largest contribution to the Tg of the formulation. Therefore it 

is difficult to relate the activity of a drug that is a very minor part of the 

formulation to the Tg of the whole.

Another factor that must be considered is the mobility of the product below the 

Tg since molecular mobility does not abruptly cease below Tg. Indeed it has 

been shown that significant molecular mobility can occur in the amorphous form 

at temperatures up to 50K below Tg (Craig 2000; Hancock et al 1995) For 

example, a commercial freeze dried protein formulation developed for 

commercial use stored at 30 °C resulted in no loss of activity over 1 year. 

However, the same formulation, when stored at 50 °C lost 4% of the protein 

activity even though the glass transition of the formulation was 6 6  °C (Chang 

1996). Therefore it would be useful to be able to investigate the effect of 

temperature on mobility and relate it to any degradative processes.

In this final study of freeze dried sucrose systems the effect of storage condition 

(% relative humidity and temperature) on the stability of a freeze dried sucrose- 

containing formulation was investigated using MTDSC, thermogravimetric 

analysis and hot stage microscopy. This was achieved by freeze drying a 

formulation containing sucrose and a low concentration of lactate 

dehydrogenase. This batch was divided into groups, which were then stored 

under different conditions of humidity and temperature in order to investigate the 

roles of water content and temperature in the physical and chemical stability of 

the amorphous material during storage.
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5.6.2 Materials and Methods

Because of the problems with the freeze dryer used in the earlier sections of this 

Chapter a new diyer, that had the advantage of being able to freeze and stopper 

in situ, was used to produce the samples for this part of the work. It can be seen 

that these values compare very favourably with the values from samples 

produced using the Modulyo freeze dryer (compare Table 5-8 with Table 5-1, 

Table 5-3 & Table 5-4). Not only were the water contents lower and the Tg 

values higher, but the degree of reproducibility between the samples was also 

much higher. The protein formulation was manufactured as described in Chapter 

2. The formulation was freeze dried according to the method in Chapter 2. After 

freeze-diying the samples were divided into groups and stored in desiccators over 

phosphorus pentoxide at either 20, 35, 50 or 70 °C to investigate the effect of 

temperature. To investigate the effect of relative humidity, samples were also 

stored at 20 °C over potassium hydroxide (KOH) saturated solution to achieve 9 

% relative humidity or over lithium chloride (LiCl) saturated solution to achieve 

12 % relative humidity. These solutions were chosen because it has been shown 

that at relative humidities higher than 15% sucrose cannot remain amorphous 

and crystallises rapidly (Van Den Berg & Franks 1997). Samples were stored for 

8  weeks and vials removed after varying time intervals in order to measure the 

thermal profile, water content and remaining protein activity. Analyses were 

performed on 4 separate vials from each storage condition at each time point.

In the latter part of this chapter a protein formulation was produced using a 

different freeze dryer (5.6). Before beginning the study with the protein 

formulation a batch of sucrose only was produced in order to determine the water 

contents and Tg values that might be expected from the protein formulation. 

These values are shown in the table below.
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Table 5-8 Physical properties of sucrose produced using “Advantage” freeze 
dryer

Tg onset (°C) TgACp(J/g/K) T«y.CC) AHctys (J/g) Water content 

(% w/w)

52.8 ±6.0 0.64 ± 0.07 93.7 ±3.0 65.8 ±3.6 2.28 ±0.65

MTDSC analyses were performed on samples that were hermetically sealed into 

aluminium pans (Perkin Elmer). Reference and sample pans were matched to 

within 0.1 mg for all experiments. The reference pan contained air only. Samples 

were transferred and sealed into pre-weighed pans immediately after removal 

from the desiccators to ensure minimum exposure to the atmosphere.

Mass determinations were carried out using a Mettler Me balance. Sample 

masses were in the range 0.500 - 2.000 mg. Samples were cooled at the 

maximum rate to -65 ®C with the minimum equilibration before calorimetric 

analysis. All scans were carried out in heating mode using a heating rate of 2°C 

min'^ and modulation amplitude ± 0.3 °C over a 60s period. Thermogravimetric 

analysis was performed using the method described earlier (Chapter 2). Sample 

masses were in the range 0.500 - 2.000 mg.

The enzyme activity assay was performed according to the method outlined in 

Chapter 2. The %-recovered activity refers to the difference between the activity 

of the material immediately after freeze drying compared with the activity of the 

sample at the time point of analysis.

The effect of storage conditions on the susceptibility of the sample to collapse 

was also examined. It had already been noted in previous experiments that 

sometimes a second “glass transition” was observed during MTDSC 

experiments. This occurred in the temperature region between the glass 

transition and the recrystallisation of sucrose. However, unlike a genuine glass 

transition it was not reversible. At the collapse temperature the sample loses its 

porous structure resulting in increased contact with the base of the sample pan.
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This causes an increase in the thermal conductivity of the sample, which in turn 

gives rise to an apparent increase in the heat capacity of the sample. The effect of 

increasing the heat capacity is to cause a step change in the reversing heatflow 

that resembles a glass transition (Figure 5-14).
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Figure 5-14 Collapse as observed during an MTDSC analysis

It must be stressed that this phenomenon will be dependent on the dimensions of 

the sample in the pan and the rate of heating, however it provides an additional 

insight into the processes that occur in this region. To ensure that the dimensions 

of the samples in the pan were as uniform as possible, a tool was made to remove 

cylindrical plugs of freeze dried material from the lyophiles that would exactly 

fit into the pans used without crushing them. This tool was essentially a tube of 

internal diameter such that the samples removed exactly fitted into the sample 

pans. A rod inside the tube enabled the formed samples to be pushed out of the 

tube and into the pan without the need for extra interference that could have 

damaged the structure.

Collapse was also noted immediately upon removal of some samples for 

analysis. Collapsed samples are no longer white (indicating porosity) but instead 

appear to be transparent viscous solutions, sometimes containing crystals. When
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such a sample was removed it was subjected to the same analysis techniques as 

the other samples.

Hot stage microscopy was also used to observe any changes in the appearance of 

samples with temperature. Samples were taken from the same vials that 

underwent the other analyses. The procedure used is as described in Chapter 2.

5.6.3 Results and Discussion

5.6.3.1 The effect of relative humidity

5.6.3.1.1 Thermal analyses

MTDSC analyses of samples stored at the highest humidity exhibited the lowest 

glass transition temperatures throughout the study (Figure 5-15) as expected 

since they contained the highest quantity of water as determined by TGA (Figure 

5-16). However, after an initial equilibration period when the samples showed a 

decrease in glass transition onset this temperature remained constant throughout 

the period of the study. The effect of time on the width of the glass transitions of 

samples stored at different relative humidities was also investigated. It was found 

that there was no significant effect of humidity or time on the width of the 

transition.
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Figure 5-16 Effect of relative humidity on the water content.
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Determination of the enthalpy of crystallisation of sucrose may be used to 

indirectly measure the degree of material that has recrystallised during storage, 

since only amorphous material will recrystallise and contributed to the enthalpy. 

It may have been expected that the samples stored at higher humidity would have 

exhibited lower enthalpies of recrystallisation with time, and this was found to 

be the case (Figure 5-17). However samples stored at 0 % RH also showed 

reduced mobility with time. Samples stored for 14 and 28 days exhibited lower 

mean enthalpies than samples stored under the same conditions for longer time 

periods.

With time the relaxation endotherm accompanying the Tg that was visible in the 

non-reversing heat flow signal of the MTDSC analyses increased. This effect 

was greatest in the samples that had been stored in the wettest conditions (Figure 

5-18, Figure 5-19) and is caused by annealing. As already stated because this 

process causes the material to relax to a thermodynamically more favourable 

state. It results in a decrease in the enthalpy and volume of the material over 

time, which can be related to the molecular mobility of the sample. Increasing 

the water content lowers the glass transition, so that samples that are the wettest 

are effectively being stored at temperatures closer to the onset of their glass 

transition. In this temperature region mobility increases significantly thus 

allowing the relaxation process to occur more easily. Samples stored at the 

highest humidity showed the largest relaxation indicating the increase in mobility 

caused by water.
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Figure 5-17 Effect of relative humidity on the sucrose recrystallisation enthalpy
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Figure 5-18 Effect of relative humidity on the magnitude of the relaxation 

endotherm accompanying the glass transition.
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Figure 5-19 Samples stored at 20 °C over LiCl, Effect of time on the relaxation 

endotherm accompanying the glass transition (curves separated to aid 

visualisation).

From the increase in the enthalpic relaxation with time it is possible to calculate 

the mean relaxation time constant for a material (Hancock et al 1995). If this 

process is repeated for samples stored at a series of temperature below the glass 

transition it is then possible to determine the temperature dependence of the 

molecular mobility. It was postulated that it might be possible to extend this 

approach to examine the effect of a change in relative humidity on the molecular 

mobility in an amorphous sample.

The effect of relative humidity on the physical stability of the freeze-dried 

product was further investigated by calculating the molecular mobility from the 

median enthalpic relaxations recorded at each time-point. There are some rather 

large assumptions that have been made in applying this calculation to the data 

produced in this study. The largest is that the degree of amorphicity and water 

contents in all of the samples remained constant after an equilibration period that
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was brief compared with the time of the experiment (Figure 5-16, Figure 5-17). 

The next is that the time between preparing the samples and transferring them to 

the desiccator at the required % RH and again between transferring them into the 

calorimeter was negligible compared with the periods of time over which the 

measurements were taken. It was also important that the replicate experiments 

were performed within a reasonable period of time compared with the duration 

of the experiment. It was also assumed that it was valid to take the initial 

measurement of the glass transition region of the product immediately after 

removal from the freeze-dryer as the zero time point from which the initial 

enthalpic relaxation was calculated. These experiments were also used to 

calculate the change in heat capacity of the product at the glass transition. The 

final assumption was that the initial enthalpy recovery could be included in the 

data plots for each of the relative humidities.

The calculation involved in calculating the molecular mobility in the glassy state 

from the endothermie relaxations at the Tg have already been outlined (Chapter 

2), the equations required are shown again below. The maximum enthalpic 

relaxation possible at the temperature of the experiment denoted AFL. is given 

by

Equation 5-2 =(7^ - T )• AC^

The extent to which the material has relaxed, (jn is then calculated from the 

measured relaxation endotherm, AHt at the time of measurement, t.

Equation 5-3

The molecular time constant, t, can then be calculated from the following 

equation

Equation 5-4 (j>̂ = exp
;
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For this study, the i  values for samples stored at 0, 9 and 12 % RH were 

calculated from the enthalpic relaxation data produced from the MTDSC 

experiments using Microcal Origin. The worked data for the 12% RH samples 

are shown below.

The following values were substituted into Equation 5-2; Tg-T was calculated to 

be 50K and the ACp was determined to be 168 ± 38 Jmol’^K’̂  from the median 

value of 6  replicate MTDSC experiments performed on the freeze-dried material 

immediately after production. This gave a AHoo value of 8.4 ± 1.8 kJmoF^K'^

Table 5-9 Calculation of (|)t values for samples stored at 12 % RH

Time (s) AH(Jmol'^K"^) AHoo

(Jmol'iK ')

AHt/AHoo 4)t Ln(|H

0 370 8360 0.044 0.956 -0.04529

604800 529 8360 0.214 0.7868 -0.24108

1.21E+06 737 8360 0.207 0.793 -0.23174

2.42E+06 1190 8360 0.342 0.658 -0.4192

3.63E+06 1 0 1 0 8360 0.310 0.690 -0.37163

4.84E+06 1420 8360 0.360 0.640 -0.44628

In (J)t was then plotted against time , the gradient of the linear fit yielded - l / i  

(see. Figure 5-20).
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Figure 5-20 Fit of In (j)* against time for samples stored at 12 % RH

Table 5-10 Effect of relative humidity on the mean relaxation time constant of 

the freeze dried product

Relative humidity (%) I (hours)

0 10300

9 3080

1 2 1980

The value obtained for the system stored at 0 %RH is in agreement with 

literature values (Hancock et al 1995). For the three different humidities a clear 

increase in the mean relaxation time constant was seen. Increasing the relative 

humidity from 0  % to 1 2  % resulted in a five-fold increase in the mean 

molecular mobility of the product.
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Although some large assumptions have been made in the calculation of these 

mean relaxation time constants the differences between samples stored at the 

different relative humidities are clear. These calculations show the dramatic 

effect of relative humidity on the physical stability of an amorphous material.

MTDSC also revealed a collapse phenomenon in some of the samples analysed. 

In these profiles a second “glass transition” occurred between the true glass 

transition and the onset of recrystallisation (Figure 5-21). This transition is a 

result of an effective increase in the measured heat capacity caused by the 

material losing its porous structure. Once a material has been heated above its 

glass transition temperature the mobility increases rapidly (chapter 1 ) thus 

causing a large decrease in the viscosity. At the collapse temperature the 

viscosity has been reduced to such an extent that the material can no longer 

support its own weight caused by the force of gravity and so the sample flows. 

The onset of collapse is a kinetic event and so the apparent onset of this 

phenomenon is dependent on the method of measurement. For example if a 

sample was stored at a temperature 5K greater than the onset of its glass 

transition for a long enough period of time collapse would be observed, however 

the same sample heated to a temperature 15K greater than its glass transition 

onset would collapse much sooner. In all of the samples where collapse was 

observed in the MTDSC data this transition was never observed at a temperature 

more than 25 K greater than the Tg onset value. This range is in agreement with 

previous reports concerned with amorphous carbohydrate solutions (Levi 1995; 

Sun 1997) Storage conditions appeared to have no effect on the temperature 

interval between the Tg onset and the onset of collapse, Tc, indicating that this 

effect is indeed merely a physical manifestation of the decrease in viscosity 

caused by traversing the glass transition region (Figure 5-22). It was also 

observed that the Tg transition always gave rise to a negative deviation in the 

phase angle, but that this was not the case for the Tc transition.
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Figure 5-21 MTDSC trace of sample stored at 20°C over P2 O5 for 2 weeks

25 -I

2 0 -

1 5 -

=  1 0 -

5 -

0 20 30 40 5010

Storage temperature ( C)

Oi— I— 1— I— I— I— 1— I— I— I— 1— I— I— r

0 2 4 6 8 10 12

storage humidity (% RH)

Figure 5-22 Effect of storage conditions on the temperature interval between Tg 

onset and collapse (Tc)



Chapter 5 Freeze Dried Sucrose Formulations 220

Although Storing in wet conditions lowered the glass transition onset values of 

the lyophiles it was not to a great enough extent to have caused visible collapse 

of any of the samples before they had been removed from the desiccators for 

analysis.

5.6.3.1.2 Protein activity

All samples irrespective of their storage condition showed significant loss of 

protein activity during the first week of the study. It was expected that the 

samples stored at 0 % RH would exhibit the highest degree of chemical stability, 

indeed those samples stored over phosphorus pentoxide were more stable than 

those stored at 12 or 33 % RH (Figure 5-23) and showed the smallest decrease in 

activity over the first 7 days. However, the samples stored at 9% RH maintained 

a greater degree of protein activity throughout the study. This may be because at 

lower water contents the structure of the protein had been affected by the 

removal of water that was needed to maintain structure by hydrogen bonding. 

However the quantities of water remaining in all of the samples measured was 

much higher than the levels that have been attributed to cause “overdiying” 

previously (Pikal et al 1991). A factor in the stability of the protein with time 

could have been the extensive recrystallisation that was indirectly determined 

from measurement of the crystallisation enthalpy of sucrose with time (Figure 

5-17). The seemingly anomalously low exotherms seen for the samples stored at 

0 % RH may explain the sharp reduction in the protein activity seen for these 

samples compared with the samples stored at 9 % RH. Recrystallisation of 

sucrose vrith time has been implicated in the reduction in activity of lactate 

dehydrogenase in a previous study (Moreira 1998). Crystallisation of an 

amorphous cryoprotectant has also been implicated in the loss of activity in 

another freeze dried protein formulation (Izutsu et al 1994). However, it would 

be difficult to attach too much significance to the activity measurements 

obtained because of the poor reproducibility between replicate experiments.
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Figure 5-23 Effect of relative humidity on the recovered activity of lactate 

dehydrogenase.

5.6 .3.2 The effect of storage temperature

5.6.3.2.1 Thermal analyses

Storage at increased temperature over phosphorus pentoxide resulted in drying of 

the samples (Figure 5-24). The Tg values of samples stored at 5 °C decreased 

over the time of the study (Figure 5-25) and caused the collapse of two of the 

samples analysed (Figure 5-26); this can be explained by the increase in water 

content with time. A possible cause for this may be that the desiccator containing 

them was not well sealed. Collapsed samples were easily seen, since apart from 

looking very different to the amorphous lyophiles, they showed no transitions 

over the temperature range of measurement and exhibited extremely low water 

contents, indicating that they had already recrystallised.
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Figure 5-25 Effect of storage temperature on the glass transition onset 

temperature.
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Figure 5-26 Effect of storage temperature on the structural integrity of samples

The effect of temperature on the mobility of the product can be seen in the graph 

that shows the effect of storage temperature on the magnitude of the endothermie 

relaxation at the glass transition with time (Figure 5-27). The endothermie 

relaxations exhibited by samples stored at 35 and 50 °C are not significantly 

different. However, samples stored at the highest temperature showed the 

greatest propensity for collapse and this effect increased with time. Samples 

stored at 25 °C showed much smaller endothermie relaxations and no samples 

were observed to have collapsed before analysis, indicating the decreased level 

o f mobility at this temperature.
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Figure 5-27 Effect of storage temperature on the endothermie relaxation 

accompanying the glass transition.
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Figure 5-28 Effect of storage temperature on the crystallisation of sucrose
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The graph showing the effect of time on the endothermie relaxation on its own 

may be misleading. The effect of time on the crystallisation exotherm of sucrose 

was also plotted (Figure 5-28). This shows that the propensity for all of the 

samples regardless of storage temperature to crystallise increased with time. If 

the plot of endothermie relaxation with time is then re-examined it is clear that 

the effect of temperature on mobility was much higher for the case of samples 

stored at 50 °C than those stored at 35 °C. This is because the endothermie 

relaxation was measured in J/g. Therefore if much of the sample had already 

recrystallised in effect the relaxation of the remaining amorphous material was 

diluted.

5.6.3.2.2 Protein activity

The activity of the samples was affected by temperature with samples stored at 

lower temperatures exhibiting higher protein activities (Figure 5-29). The 

increased propensity for the samples to recrystallise with time may explain the 

decreased activity of the protein. In particular, samples stored at 25 and 35 ®C 

showed similar trends with respect to recrystallisation (Figure 5-28). This could 

explain the similar rates of degradation of samples stored at these temperatures. 

But there was a large standard deviation for all of the time points and the protein 

activity rapidly decreased over the first week. Therefore a study conducted using 

either a greater number of time points or a higher protein concentration would be 

needed to determine whether this effect was related to the difference between the 

storage temperature and Tg or the absolute temperature.
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Figure 5-29 Effect of storage temperature on the recovered activity of lactate 

dehydrogenase.

5.6.4 Hot stage microscopy

Hot stage microscopy gave somewhat disappointing results. It had been 

anticipated that this technique would allow visualisation of the collapse 

temperature as the lyophiles transformed from an amorphous porous material to 

a collapsed viscous liquid. However, it proved difficult to prepare samples of 

sufficient thickness to observe collapse occurring without making it difficult to 

focus the objective lens, and causing large thermal gradient across the sample 

because of the low thermal conductivity in the amorphous state.

Plates 5 - 8  show a successful hot stage microscopy experiment. No change in 

the sample structure was seen in the region of the Tg value that was obtained for 

the same sample by MTDSC measurement (Plate 5-4,Figure 5-21). Collapse was 

observed to begin at 95 (Plate 5-5) and compared well with the second “glass 

transition” that was observed in the MTDSC experiment with onset at 82 °C 

(Figure 5-21).
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K

Plate 5-4 hot stage microscopy image of sample stored at 20 °C over P2O5 for 2 

weeks, image acquired at 85 °C

Plate 5-5 hot stage microscopy image of sample stored at 20 °C over P2 O5 for 2

weeks, image acquired at 95 °C
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Crystallisation was not observed under the microscope until 96 °C (Plate 5-6). 

This process was slow (Plate 5-7) and did not progress at a visible rate until 120 

°C (Plate 5-8). The lower crystallisation onset determined from the MTDSC 

experiment may have been attributable to the differences in thermal conductivity 

between the heat source and the sample in the two types of analysis. In the 

MTDSC experiment there was much greater thermal conductivity between the 

sample and the heat source in the calorimeter compared with the sample under 

the microscope that was heated through a glass slide that has a very poor thermal 

conductivity. In the microscopy experiments the sample also loses heat to the 

atmosphere. There were also large differences in the heating rates between the 

two techniques and during the microscopy experiment the sample would have 

been exposed to water in the atmosphere. Therefore it might have been 

anticipated that the phenomena observed using this technique would have 

occurred at lower temperatures than the MTDSC experiment, but this was not 

found to be the case.

Plate 5-6 hot stage microscopy image of sample stored at 20 °C over P2 O5  for 2

weeks, image acquired at 96 °C
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Plate 5-7 hot stage microscopy image of sample stored at 20 °C over P2O5 for 2 

weeks, image acquired at 105 °C

Plate 5-8 hot stage microscopy image of sample stored at 20 °C over P2 O5 for 2

weeks, image acquired at 120 °C
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A  partially collapsed sample was also analysed using hot stage microscopy and 

showed two events. The first of these was the disappearance of the last 

remaining pore-like structure within the sample. This was observed to begin at 

40 °C (). Immediately after the whole sample had collapsed to form a highly 

viscous liquid the onset of recrystallisation was observed (Plate 5-11). By 60 °C 

recrystallisation was complete (Plate 5-12). This experiment demonstrated the 

large difference in the mobilities displayed by a collapsed compared with an 

intact sample, since the amorphous sample did not begin to recrystallise until 96 

(Plate 5-6).

Plate 5-9 hot stage microscopy image of sample stored at 70 °C until collapse, 

image acquired at 30 °C
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#

Plate 5-10 hot stage microscopy image of sample stored at 70 °C until collapse, 

image acquired at 40 °C

Plate 5-11 hot stage microscopy image of sample stored at 70 °C until collapse, 

image acquired at 50
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Plate 5-12 hot stage microscopy image of sample stored at 70 °C until collapse, 

image acquired at 60 °C

5.6.5 Conclusion

Storage of the formulation at humidity resulting in water content of 3 % (w/w) or 

over is harmful to the gross structure of the freeze dried cakes since it results in 

plasticisation of the Tg. Lowering of the Tg effectively causes an increase in the 

mobility at the storage temperature. This allows degradation reactions to occur at 

a faster rate. However, the chemical stability of the formulation cannot be 

directly related to the water content probably because there is more than one 

method of degradation (Lai 1999). Water not only plasticizes the glass but also 

acts as a solvent in the system. At low water concentrations the solutes are 

effectively more concentrated, for example the effective ionic strength is 

increased. As more water is added the mobility increases allowing degradative 

reactions to occur, however at concentrations that are higher still the effect is to 

dilute the reactive species, thus decreasing reaction rates.

Storage below the Tg does not guarantee stability of the protein within the 

formulation because this transition reflects the viscosity of the cake as a whole. 

Water is still able to diffuse through the glassy matrix. Short-range rotational and
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vibrational mobility still occur below Tg allowing degradative reactions to occur. 

Since the protein was only present at a low concentration the mobility of the 

protein molecules is more important than that of the whole formulation when 

considering the chemical stability.
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CHAPTER 6 CONCLUSIONS

The aim of this study was to investigate a pharmaceutically relevant amorphous 

system, that of sucrose, using MTDSC. This system was chosen because the 

glass transitional region of the solution is complex and has only been cursorily 

explored using MTDSC. The behaviour of this system is of interest because 

during freeze drying a sample must be first frozen to an appropriate temperature 

at which the sample will retain the maximum stability whilst allowing the 

maximum amount of water to be removed during the primary drying step. 

Marked loss of drug activity may occur at this stage of the processing; therefore 

examination of the processes involved is justified. The effect of the final product 

Tg on the stability of the end product was also investigated, with a view to 

analysing the effects of storage conditions on the integrity of the sample both 

physically and chemically.

The preliminary investigation into the effects of sucrose concentration on the 

glass transition properties of a simple frozen sucrose solution revealed marked 

differences between the behaviour of high and low concentration solutions. In 

particular it was found that high concentration solutions did not exhibit a Tg, but 

rather a devitrification process. It was also found that the determination of 

enthalpies from the ice-melting endotherm using MTDSC is not practical 

because of the large latent heat of fusion associated with the transition.

There is still debate in the literature about the nature of the two transitions that 

are observed in the glass transition region of low concentration frozen sucrose 

solutions. Because of this complexity, the first challenge was to find a suitable 

MTDSC experimental method to investigate this phenomenon without the 

introduction of experimental artefacts. It was found that modulations that 

resulted in large temperature excursions i.e. short periods or large amplitudes 

took longer to settle into a regular pattern. This was especially important during
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this Study because the region of interest was only 25K above the minimum 

operating temperature attainable by the instrument. From visual inspection of the 

data produced in this investigation it was concluded that a temperature amplitude 

of ± 0.3 °C over a period of 60 seconds using a heating rate of 2 ®Cmin*̂  was the 

optimum modulation for the analysis of this system.

The glass transition region of the low concentration solutions was further 

examined by observing the effects of annealing time and temperature. The 

results of this study indicated that the temperature and duration of annealing 

have a dramatic effect upon the stability of a sucrose solution as measured by the 

transitions that occur in the glass transition region and accompanying 

endothermie relaxations. The use of MTDSC allowed the improved analysis of 

the region because the endotherm was separated from the step change in the 

baseline caused by the change in heat capacity at the Tg. This allowed the Tg to 

be distinguished from the larger transition that occurs at a slightly higher 

temperature. A good correlation was found between anneal time and the 

relaxation enthalpy associated with the Tg. The magnitude of the endotherm was 

related to the concentration of the sucrose solution. Onset of the glass transition 

in the reversing signal increased with increasing annealing time up to -7.5 hours 

and then plateaued. Likewise the endothermie enthalpy change reached a 

maximum at around the same time, indicating that complete annealing may have 

occurred at this time. This result is in agreement with data reported in the 

literature for aged glasses (Schmidt & Lammert 1996). These findings were 

similar to those from the dielectric spectroscopic data in Chapter 4. These 

showed a maximum in the response of the system at the 300-minute time point. 

It would therefore be desirable to repeat these experiments to include time points 

between 400 and 960 minutes in order to determine the effect of time on these 

observations.

In retrospect, it may have been of advantageous to use larger pans in which to 

analyse the frozen sucrose solutions in order to increase the accuracy of the heat 

capacity signal. Although MTDSC allowed improved resolution of the Tg, it was
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Still easily obscured by noisy baselines and care had to be taken when calibrating 

in the subambient region in order to minimise these effects.

The higher transition was attributed to ice dissolution, that is water from the 

glassy phase diffusing into the ice regions and forming further ice. Annealing at 

-55 °C had little effect on the thermal properties of the ice dissolution transition 

indicating that it is not a Tg, since no increase in enthalpy was seen with time, 

further evidence that this transition is not related to the Tg is shown by the 

constancy of the onset values within experimental error. However, the enthalpies 

accompanying the transition were consistently higher with increased sucrose 

concentration indicating that this transition is related to some property of the 

sucrose in the solution.

The increase in Tg associated with increasing temperature when annealing at 

temperatures below Tg can be related to the increasing mobility of water within 

the glassy phase. Below Tg increasing the temperature allows an increase in the 

rate at which water is able to diffuse out of the rigid glass to form further ice 

resulting in an increase in the measured Tg. However, once the Tg is crossed the 

mobility of the whole phase increases sharply and water can then interact with 

the sucrose molecules, possibly by hydrogen bonding causing rapid plasticisation 

of the Tg. Previously a gaussian-type curve has been fitted through these data. 

But it was shown that the slope of the fit through the data measured at annealing 

temperatures above Tg is much larger than the gradient of the fit through the data 

obtained from glasses annealed below Tg.

The endotherm accompanying the ice dissolution transition increased with 

temperature in the same manner as for the Tg endotherm, however no change 

was observed in the transition onset temperature providing evidence that this was 

not a true Tg. The observation that the maximum enthalpy at this transition was 

achieved upon annealing at -35 °C, with a sharp decrease in enthalpy at the 

higher temperature of -30°C lead to the conclusion that maximum ice dissolution
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occurs at a temperature between -30 and -35 ®C. Thereafter the calorimetric 

response is dominated by the latent heat of melting of ice.

The dielectric analyses supported the observations made when analysing the 

sucrose solutions using MTDSC, in particular the difference in behaviour of the 

low and high temperature solutions. In the temperature region above the Tg as 

observed in MTDSC experiments the 60% solution acted as a strongly bound 

single phase. However, the 20% solution exhibited a relaxation that could be 

attributed to he onset of melting of ice that was not seen in the higher 

concentration solution. These observations supported the observation that the 

higher concentration solution behaved in a completely different manner to the 

low concentration solutions that undergo a Tg in the temperature region of study.

The relaxation behaviour of the 20% solution was investigated both in the region 

of the calorimetrically observed Tg and below. The conclusions from this section 

of work were that the frozen sucrose system exhibits mobility below the glass 

transition and that this mobility does not show a linear dependence on 

temperature in the region of the glass transition. The extent of nonlinearity in this 

region was evaluated by determination of the p value that is used as a measure of 

the fragility of a system. The value obtained suggested that the frozen sucrose 

solution is indeed a fragile system and was in agreement with the observation 

that the heat capacity change at the Tg is very small, a typical result for fragile 

systems. A suggestion for future work would be to repeat the MTDSC annealing 

experiments such that the p value could be calculated and compared with the 

value found from the dielectric spectroscopy experiments. This would involve 

using a calorimeter equipped with a cooling system that would be able to anneal 

samples at temperatures at least 50K lower than Tg in order to obtain a 

sufficiently large variation in the mobility with temperature.

The effect of annealing time was also investigated and it was found that the 

effect of annealing time was to cause an increase in the response of the samples 

over the entire temperature range in both the real and imaginary responses.
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However, this response reached a maximum at 300 minutes. This result reflected 

the observation made in the MTDSC experiments that the samples appeared to 

undergo a maximum endothermie relaxation at 400 minutes. Clearly, these 

results are not in close agreement, this may be caused by the different timescales 

of measurement used by the two techniques. Nonetheless, the observation of 

such a feature from two techniques that measure different properties of the 

system merits further investigation.

A suggestion for future work would be to investigate the effect of annealing on 

the dielectric response of the system at higher frequencies that coincided with the 

relaxation of the system in the region of the Tg. From this it would have been 

possible to examine the effect of annealing on the relaxation time of the system 

using the same method applied to the 20% (w/w) system without annealing. It 

had also been hoped to investigate the effect of annealing temperature on the 

same properties. These data could then have been compared with the MTDSC 

data produced in Chapter 3. This would have allowed examination of the 

differences in the processes observed using the two techniques.

The next section of work was concerned with the production of a freeze dried 

system containing sucrose but also a protein and buffer. The effect of drying time 

on the glass transitional properties and activity was investigated. It was found 

that the choice of buffer had no effect on the Tg' of the initial solution but caused 

large differences in the glass transitional properties of the final product as well as 

in the recovered activity of the protein. However, the mechanism by which the 

protein is rendered inactive in the formulation could not be elucidated using 

MTDSC. Therefore, it would have been of use to include characterisation of the 

protein using another technique, such as NMR or Fourier transform infrared 

spectroscopy (FTIR), in order to determine at which stage the degradation had 

occurred. The final part of the study involved storage of a protein formulation 

under varying conditions of relative humidity and temperature in order to 

determine the effect of the environment on the stability (physical and chemical)
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of the transitional properties and the chemical stability of the protein in the 

formulation.

It was concluded that storage of the formulation at humidity resulting in water 

content of 3 % (w/w) or over was harmful to the gross structure of the freeze 

dried cakes since it resulted in plasticisation of the Tg, resulting in an increase in 

the mobility at the storage temperature. However, the chemical stability of the 

formulation could not be directly related to the water content. One reason for this 

is that there may be more than one method of degradation (Lai 1999). A second 

reason is that the Tg reflects the viscosity of the entire formulation, of which the 

protein is a very minor constituent. It has already been noted that the glass 

transition region of the protein solutions was the same as that of the pure sucrose 

solutions, from this it may be inferred that the protein has little effect on the 

glass transitional properties of sucrose. Therefore, the Tg of the formulation is a 

poor guide to the state of the protein. It may be more appropriate to use a 

technique such as NMR or Fourier transform infrared spectroscopy (FTIR) where 

the structure of the protein can be determined in the formulation. However, it 

was possible to obtain an approximate value of the relaxation time of the sucrose 

in the formulation. This was performed using a modified version of the 

calculations currently used to determine the effect of storage temperature on the 

extent of mobility in amorphous systems. As far as the author is aware, this is the 

first time that such a calculation has been attempted in relation to environmental 

conditions of storage.

In summary, this study has shown that the glass transitional region of sucrose 

solutions is sensitive to both the temperature and time of storage before analysis. 

MTDSC allowed the Tg onset to be determined more accurately than has been 

previously possible. This led to the conclusion that the effect of annealing in the 

temperature region just above the Tg is more destructive to the glassy phase than 

had been previously proposed.
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The observation that the endothermie relaxation accompanying the Tg reached a 

maximum after only a relatively short storage period has not been previously 

made. This was supported by dielectric analysis of the same system that revealed 

a maximum in the sample response after a similar time period.

This investigation also showed that the stability of a protein in a formulation 

cannot be related to the Tg of the formulation because it does not contribute to 

the Tg. However, the approach of determining the relationship between storage 

temperature and mobility from the endothermie relaxation was modified 

successfully to allow the gross mobility in the whole of the formulation to be 

determined.
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APPENDIX 1

Variation of the standard vapour pressure of water over ice with temperature

Temperature

m
Standard vapour 

pressure (mbar)

Temperature

m
Standard vapour 

pressure (mbar)

-10 2.50 -31 0.36

-11 2.35 -32 0.33

-12 2.21 -33 0.31

-13 2.06 -34 0.28

-14 1.91 -35 0.26

-15 1.77 -36 0.23

-16 1.62 -37 0.21

-17 1.47 -38 0.18

-18 1.32 -39 0.16

-19 1.18 -40 0.13

-20 1.03 -41 0.12

-21 0.97 -42 0.11

-22 0.90 -43 0.10

-23 0.84 -44 0.09

-24 0.77 -45  ̂ 0.09

-25 0.71 -46 0.08

-26 0.64 -47 0.07

-27 0.58 -48 0.06

-28 0.51 -49 0.05

-29 0.45 -50 0.04

-30 0.38


