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ABSTRACT

Modulated temperature differential scanning calorimetry (MTDSC) has been 

investigated as a technique for analysing pharmaceutical systems. Early studies 

have indicated that MTDSC may have advantages compared to conventional DSC 

and so the aim of this project is to assess both the potential and limitations of the 

technique for the analysis of samples of pharmaceutical interest.

MTDSC uses a sinusoidally oscillating temperature programme and results in the 

measurement of a modulated heat flow signal. This signal can be used to determine 

the reversing and non-reversing nature of the heat flow response. However, the 

complex heating programme makes the quality of data obtained highly dependent on 

the choice of experimental parameters. Therefore, the investigation was begun by 

systematically investigating a number of experimental parameters to determine their 

effect on the distortion of the modulation, the accuracy of the heat capacity data and 

the outcome of the deconvolution process. This study was performed using spray 

dried lactose as a model pharmaceutical system and aluminium oxide as a heat 

capacity standard. The lactose study illustrated that MTDSC could deliver improved 

glass transitions measurements and so it was decided to further the investigation of 

the technique using a more complex amorphous pharmaceutical system. Poly(d,l- 

lactide) was chosen and was obtained in a high and low molecular weight form. 

Microspheres were manufactured using a solvent evaporation technique and then 

MTDSC was used to determine the effect of molecular weight on the glass transition 

temperature.

Progesterone-loaded microspheres were also manufactured. MTDSC analysis 

showed that at low drug loadings the progesterone was present as a glass solution. 

At intermediate loadings, the drug was additionally present in an amorphous form 

that exhibited a glass transition and crystallisation on heating. MTDSC was able to 

detect this glass transition when it was not possible using DSC. At high loadings the 

drug was present as crystals.
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CHAPTER 1: INTRODUCTION

1.1 INTRODUCTION TO MTDSC

Modulated temperature differential scanning calorimetry (MTDSC) is a novel 

development of the existing technique of differential scanning calorimetry (DSC). 

Both DSC and MTDSC are methods of materials characterisation included in the 

range of analytical techniques collectively termed ‘thermal analysis’. The 

International Confederation of Thermal Analysis and Calorimetry (ICTAC) defines 

thermal analysis as comprising a group of techniques in which a physical property of 

a substance is measured whilst the substance is subjected to a controlled temperature 

programme (Mackenzie, 1985). Methods may include heating or cooling at a 

controlled rate, holding the sample isothermally or any combination of these. The 

most common thermal analysis techniques include calorimetry (measuring heat), 

thermogravimetry (measuring weight), thermomechanical analysis (measuring 

dimension), dynamic mechanical analysis (measuring modulus) and dielectric 

analysis (measuring electrical properties).

The original ‘Modulated DSC’ (MDSC) method was invented by Dr. M. Reading, 

then of ICI Paints, and was commercialised and patented by TA Instruments Ltd. 

(Reading et al., 1993). The technique was launched in the UK at the 10^ 

International Confederation for Thermal Analysis Congress at Hatfield in August 

1992 (Reading et al., 1992b). Subsequently, several other thermal analysis 

instrument manufacturers have released their own versions of the technique with 

each manufacturer using a new nomenclature, such as Alternating DSC (Mettler- 

Toledo), Dynamic DSC (Perkin-Elmer) and Oscillating DSC (Seiko Instruments). 

To avoid confusion, it has been suggested that the generic name ‘modulated 

temperature DSC’ (MTDSC) be used to encompass all these instruments (Reading, 

1997). However, at the time of writing some workers are advocating that the term 

‘temperature modulated DSC’ (TMDSC) should be used. As there is yet to be a 

consensus on this issue, the term MTDSC as used by the inventor of the technique. 

Dr. Reading, has been adopted in this thesis.
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It must be made clear that although the general principles of the technique are 

applicable to all the instruments currently available, the exact methods of 

temperature modulation and data manipulation vary between the different 

manufacturers. All the MTDSC data contained within this thesis were produced 

using a heat flux DSC manufactured by TA Instruments and so care should be taken 

with extrapolating the findings (in particular those concerned with the experimental 

parameters) to other makes of instrument.

The MTDSC technique differs from conventional DSC in that a sinusoidally varying 

heating profile is used instead of the usual linear programme. The application of 

this more complex heating program yields heat flow data that can be deconvoluted 

to produce extra information compared to conventional DSC (Reading et al., 1992a; 

Reading, 1993; Sauerbrunn et al., 1993b; Reading et al., 1994). In particular, the 

heat flow from processes which are reversible over the time scale of the modulation 

can be separated from the heat flow due to processes which are not reversible on this 

time scale. These two signals are termed the reversing and non-reversing heat flow 

and must not be confused with the terms reversible and irreversible; the distinction 

between these terms will be discussed in a later section.

The ability to separate these two types of heat flow has been found to produce a 

number of benefits; heat capacity can be measured with improved accuracy over 

conventional DSC measurements, overlapping transitions can be separated which 

aids in the identification of thermal processes and small glass transitions can be 

more easily detected. Early studies into the possible benefits of MTDSC were 

concerned mainly with the characterisation of thermoplastic materials and many of 

these studies are discussed in a later section detailing advantages of the technique.

As the MTDSC technique has become more widely used, a diverse range of material 

types have been investigated including metals (Aubuchon et al., 1995; O’Reilly and 

Cantor, 1996), liquid crystalline samples (Roussel and Buisine, 1996), petroleum 

fuels (Zanier and Jackie, 1996) and biopolymers (bacterial thermoplastics) (Cesàro 

et al., 1993). Studies in the food and pharmaceutical sciences are also increasing in 

number as the advantages of the technique are determined for an increasing variety
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of samples including polyethylene glycols (Craig, 1995), frozen sucrose solutions 

(Izzard et a l, 1996; Thomas and Aubuchon, 1997), foodstuffs such as gelatin and 

pasta (Bell and Touma, 1996), proteins (Aldén and Magnusson, 1997), HPMC 

(McPhillips et a l, in press) and an amorphous drug, saquinavir (Royall et a l, 1998). 

A review of MTDSC for pharmaceutical thermal analysis has been given recently by 

Coleman and Craig (1996).

1.2 DSC AND MTDSC THEORY

MTDSC is an extension to the existing thermoanalytical technique of DSC and so 

this description of the method begins with a review of the development and theory 

of conventional DSC

1.2.1 Conventional DSC

The modem technique of differential scanning calorimetry was established over 

three decades ago and is based on principles on that can be traced back to the 19^ 

century and the work of Le Chatalier. In these early experiments. Le Chatalier 

recorded temperature as a function of time to produce heating curves. Differential 

analysis, in which the difference in temperature between a sample and reference is 

measured, was developed by Roberts-Austen in 1899 and by Kumakov and Saladin 

in 1904. The Kumakov instrument is considered to be the classical differential 

thermal analysis (DTA) system. Although changes in instrumentation have taken 

place over the intervening years, the basic DTA principle of measuring the 

difference in temperature between a sample and reference as a function of 

temperature remains the same. Several good historical reviews of the development 

of DTA and DSC are available; those of Mackenzie are particularly thorough 

(Mackenzie, 1984a,b).

DTA has been used extensively to measure transition temperatures and is still a 

common technique today, especially for high temperature applications. However, it 

provides only qualitative information on the changes in heat content of the sample 

and so is not a calorimetric technique. Improvements to the instrument design and
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accuracy have allowed the technique to be developed into differential scanning 

calorimetry. DSC is defined by ICTAC as ‘a technique in which the difference in 

energy input into a sample and reference material is measured as a function of 

temperature whilst the substance and reference material are subjected to a controlled 

temperature programme’ (Mackenzie, 1985).

The first DSC instruments were commercialised in 1964 and were of the power 

compensated design. In this type of instrument, the sample and reference pans sit in 

separate furnaces and the temperature difference between them (AT) is kept close to 

zero. The heater power required to keep AT equal to zero is recorded while heating 

or cooling the sample. If a sample melts, for example during a heating experiment, 

the temperature of the sample furnace will tend to lag behind that of the reference as 

the sample absorbs heat. Extra heat must be put in to this furnace to keep it at the 

same temperature as the reference. The extra power supplied to the sample furnace 

is then a measure of any heat changes within the sample. Since endothermie sample 

melting results in an increase in power, endothermie peaks are usually plotted in the 

upwards direction for this type of instrument.

Later, DSC instruments were developed around the heat flux design in which the 

sample and reference sit in the same furnace and the temperature difference between 

them is measured (as in DTA). Changes in the instrument design allow the 

temperature difference to be calibrated to provide the calorimetric information that 

DTA is unable to measure; in particular, a controlled heat flow path between the 

sample and reference is provided by a metal disk. This design is similar to Boersma 

DTA and so heat flux instruments are sometimes known as Boersma-type DSC 

(Mackenzie, 1980). Although the method of signal measurement in power- 

compensated and heat flux instruments is different, the final heat flow signal 

produced is similar and both types of DSC can be used to monitor thermal 

transitions and chemical reactions. There are many manufacturers of DSC 

instruments and each has tended to settle on either the power compensated (e.g. 

Perkin-Elmer) or heat flux design (e.g. TA Instruments, Mettler-Toledo). Although 

advantages and disadvantages can be claimed for each type, for most applications 

either design is acceptable.
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Heat flow can be expressed mathematically in terms o f heat transfer equations. The 

equations needed to describe such transfer processes were developed by Fourier and 

subsequently used in both electricity theory (as Ohm’s Law) and in thermal analysis. 

It is the thermal equivalent o f Ohm’s Law that is often used to describe the heat flow 

in a calorimeter.

AQ = AT / R Equation 1.1

where AQ is the amount o f heat taken in or released by the sample, AT is the 

temperature difference (Tsampie -  Trefercnce) and R is the thermal resistance o f the cell. 

In deriving the above equation certain assumptions are made, the primary one being 

that there are no thermal gradients within the sample and reference i.e. the heat flow 

is governed by the thermal resistance o f the cell. This is not always true but can be 

controlled by careful choice o f experimental parameters. It is also assumed that the 

main heat flow path is by conduction through the constantan disk between the 

sample and reference positions. This is mainly true except at very high 

temperatures.
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If the sample melts on heating, the sample temperature will lag behind the reference 

temperature, which follows the linear temperature rise of the furnace. Figure 1.1 

(curve a) shows the sample temperature during the melting of indium (the data were 

measured before calibration and using a heating rate of l°C/min). The temperature 

deviation will result in a negative temperature difference between the sample and 

reference positions. Therefore, the heat flow will also be negative and a peak 

pointing the downwards (endothermie) direction will be seen. Figure 1.1 (curve b). 

This is the opposite direction to that used in some power compensated DSC 

instruments and can cause confusion when comparing data from different types of 

instrument. ICTAC have recommended that endothermie peaks be plotted pointing 

downwards, as in the TA Instruments DSC, and so this convention will be 

maintained in this thesis (Wunderlich, 1990). After appropriate calibration, 

integration of the peak will give the enthalpy, in this case the heat of fusion. When 

an exothermic reaction such as crystallisation takes place, the temperature of the 

sample will be higher than that of the reference and so the peak will be in the 

upwards direction. Details of the design and operation of the heat flux type of 

instrument used in this study are given in Chapter 2.

The measured heat flow in the DSC can be considered to consist of two components. 

The first is dependent on the heat capacity of the sample and the rate of change of 

temperature. The second component is dependent on the absolute temperature and 

time. During a typical heating programme, and for temperatures at which no 

physical or chemical transitions take place, the measured heat flow will be due 

solely to the heat capacity of the sample. When any kinetically controlled thermal 

process occurs, the heat flow will then be a sum of these two components. Thus, the 

heat flow can be expressed using the equation;

dQ/dt = Cp.dT/dt + f(t,T) Equation 1.2

where dQ/dt is the heat flow into the sample, Cp is the heat capacity of the sample, T 

is temperature, t is time (therefore dT/dt is the heating rate of the experiment) and 

f(t,T) is a function of time and temperature representing any kinetic response. 

Figure 1.2 illustrates the expected thermal trace for a variety of processes. When a
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sample undergoes a change in heat capacity, such as at a glass transition, this will be 

seen as a step in the heat flow signal. Kinetically controlled processes, such as 

melting and crystallisation, are seen as endothermie or exothermic peaks. 

Conventional DSC can not distinguish between these different types o f heat flow  

and so when thermal transitions take place simultaneously only the net heat flow 

will be recorded.

exo

o

ÏI
endo

Temperature

Figure 1.2 Illustration o f  a range o f  thermal transitions (A) glass transition (B) 

crystallisation (C) melting (D) decomposition.

The wide range o f thermal transitions that can be observed using DSC has made it a 

versatile technique, suitable for analysing a diverse range o f samples. As well as 

determining temperatures and enthalpies associated with transitions such as melting, 

crystallisation and decomposition, a number o f specialist applications have been 

developed such as the measurement o f reaction kinetics, solid fat index and 

oxidative induction times. As many transitions o f pharmaceutical interest are 

accompanied by either enthalpy or heat capacity changes, DSC has found a wide 

range of applications in the pharmaceutical sciences. Typical uses include the 

detection o f polymorphism, assessment o f excipient compatibility, purity 

determination, stability studies and measurement o f glass transition temperatures. 

Several reviews of DSC applications are available covering areas such as polymers 

(Gedde, 1990; Turi, 1997) and pharmaceuticals (Ford and Timmins, 1989; 

Kerô and Srôiô, 1995).
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1.2.2 MTDSC theory

In MTDSC experiments a sinusoidally oscillating temperature ramp or isotherm is 

used instead o f the conventional linear temperature programme (Reading et al., 

1992a). An example of such a temperature programme in shown in Figure 1.3. The 

temperature profile produced by the furnace can be characterised by three 

parameters; the period o f oscillation (p in s), the amplitude o f oscillation (A in °C) 

and the underlying heating rate (q in °C/min) and can be expressed as;

T — Tq H t + A. sin(cùt)
60

Equation 1.3

where To is the starting temperature and co is the angular frequency o f oscillation 

(27i/p). Although a wide range o f values can be entered into the software to set up 

modulated methods, the values typically used in practice range from 0 to 5°C/min 

for the underlying heating rate, 30 to 90 seconds for the period and 0.05 to 1°C for 

the temperature amplitude.
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Figure 1.3 The modulated temperature programme obtained using the parameters: 

l°C/min heating rate, 40s period and 0.5°C amplitude.
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Differentiation of Equation 1.3 with respect to time produces the modulated heating 

rate,

—  = —  + Aco cos(o)t) Equation 1.4
a  60

This modulated heat flow response to the applied modulated temperature 

programme can then be expressed as;

dQ/dt = Cp((q/60) + Aocos(ot)) + f  (t,T) + Bsin(cot) Equation 1.5

where f(t,T) is the underlying kinetic response excluding the effect of the 

modulation and B is the amplitude of the kinetic response to the modulation. The 

heat flow now contains components that are cyclic in nature as well as a kinetic 

contribution that depends on time and temperature. In the analysis of this heat flow 

it is assumed that the temperature oscillation is small and that over the modulation 

interval the response of the rate of the kinetic process to temperature is 

approximately linear (Reading et al., 1994). The magnitude of the kinetic response 

to the modulation can be assessed by measuring the phase lag between the 

modulated heat flow and the derivative modulated temperature. When a significant 

kinetic response is observed the phase lag can be used to separate this from the heat 

capacity component as will be discussed later.

In cases where the phase lag is negligible (i.e. when B = 0) the modulated heat flow 

can be deconvoluted into the components Cp((q/60) + Amcos(cot)) and f  (t,T) which 

are termed the reversing and non-reversing heat flow respectively. This 

deconvolution is performed by the instrument software during the experiment using 

a combination of an averaging procedure to produce the underlying signals and a 

Discrete Fourier Transform (DFT) analysis to measure the amplitudes of the 

modulating signals. As the data is collected, a DFT algorithm measures the 

amplitude of the modulation in the sample temperature and heat flow signals by 

comparing the modulated signals to a reference sine wave of the same frequency 

generated by the software. Any part of the raw data which follows the reference 

sine wave is considered to be in phase with the modulation. If the data does not
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follow the reference sine wave then it is considered to be out of phase (TA 

Instruments, 1993). The measured amplitudes are then used to calculate the sample 

heat capacity using the equation;

C p  =  K c p  *  (Q am p/T am p) * ( 1 / © ) Equation 1.6

where Kcp is a heat capacity calibration constant, Qamp is the modulated heat flow 

amplitude and Tamp is the modulated temperature amplitude. The calculated heat 

capacity is then converted into reversing heat flow by multiplying by the 

programmed (underlying) heating rate.

a
modulated heat flow

average J /  \ \ ^  see Equation 1.6

total heat 
flow heat capacity

M multiply by 
I I -  heating rate

reversing heat flow

total heat flow -  
reversing heat flow:

non-reversing heat flow

modulated heat flow

average ^  7.6

total heat complex heat
flow capacity, Cp*

Cp*cos(0) Cp*sin(0)

reversing (in- kinetic (out-of
phase) Cp’ phase) Cp”

multiply by -  
^  heating rate

reversing heat flow

total heat flow- 
reversing heat flow&

non-reversing heat flow

Figure 1.4 Flow diagram o f deconvolution methods (a) basic method (b) method 

using phase correction.

The deconvoluted (total) heat flow and sample temperature are calculated by taking 

moving averages over one cycle of the modulated raw data. Thus, the total heat 

flow is the response at the underlying (average) heating rate and can be compared to
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a conventional DSC experiment at the same heating rate. Subtraction of the 

reversing heat flow from the total heat flow yields the non-reversing heat flow. A 

summary of this deconvolution process is shown in Figure 1.4.

The terms ‘reversing’ and ‘non-reversing’ must not be confused with ‘reversible’ 

and ‘irreversible’. The reversing signal contains the heat flow from processes that 

follow the modulation in the heating rate i.e. changes that are rapid and also 

reversible over the time scale of the modulation. However, this signal is not termed 

reversible to avoid confusion with processes such as melting and crystallisation 

which are sometimes also described in this way. These processes can be considered 

reversible in the sense that if a sample is heated and cooled through a temperature 

cycle that encompasses both the melting and crystallisation transitions, it is possible 

to return to the original state of the sample. In a MTDSC experiment, the heat flow 

from these processes may be kinetically hindered to the extent that the heat flow 

produced is not reversible over the time scale of the modulation and thus will not be 

seen in the reversing signal. Consequently, glass transitions are seen in the 

reversing signal while crystallisation is seen in the non-reversing signal. The ability 

to separate the heat flow in this way can bring benefits in interpretation and analysis 

of such processes.

1.2.2.1 Deconvolution of data using the phase lag signal

The above description details the original approach to deconvoluting MTDSC data. 

However, in cases where a large phase lag signal is seen, a further deconvolution 

step may be required. This is best explained by referring back to Equation 1.5. 

When there are no kinetic events taking place, all the heat flow is due to the sample 

heat capacity and so will only contain a cosine component to the modulation. 

Hence, the modulated heat flow will be expected to be 90° (jt/2 rad) out-of-phase 

with the applied modulated temperature (which is a sine wave, see Equation 1.3) 

and 180° (ti rad) out-of-phase with the modulated heating rate (a cosine wave, see 

Equation 1.4). The modulated heat flow is taken to be 180° out-of-phase with the 

heating rate rather than 0° because of the sign convention that increasing the heating 

rate causes a more negative heat flow (TA Instruments, 1996a). When the signals



Chapter 1: In trodu ction /33

have these ideal phase relationships they are said to be perfectly in-phase and the 

phase lag signal produced in the MTDSC software will be 0° (Aubuchon and Gill, 

1997).

In practise the phase lag is not zero because of instrumental effects such as the 

quality of thermal contact between the sample, pan and constantan disk. It has been 

suggested that it is possible to correct for these effects by setting the phase to zero 

during temperature regions for which it is known that there are no kinetic transitions 

taking place, such as well below the glass transition or above the melt (Aubuchon 

and Gill, 1997). A more complex phase correction method has recently been 

suggested in which a sigmoidal baseline, whose shape is dependent on the heat 

capacity change, is used to fit the phase data through the glass transition region 

(Weyer et al., 1997; Jiang et al., 1998).

After baseline correction, the phase lag signal may exhibit peaks during thermal 

transitions indicating that a sine component (which will be measured as part of the 

heat capacity) is present in the modulated heat flow. The two components of the 

heat capacity (now termed the complex heat capacity, Cp*) can be separated by 

using the phase lag, 0 (Reading et al., 1992a);

Cp’ = reversing (in-phase) Cp = Cp*cos(0) Equation 1.7

Cp” = kinetic (out-of-phase) Cp = Cp*sin(0) Equation 1.8

The vector sum of these components gives the complex heat capacity,

Cp*̂  = Cp’̂  + Cp”  ̂ Equation 1.9

The reversing (in-phase) heat capacity calculated by this method can be converted to 

a reversing heat flow signal as in the standard deconvolution method. This new 

signal is then subtracted from the total heat flow signal to produce a new non

reversing signal. A schematic diagram of the deconvolution procedure is shown in 

Figure 1.4. As yet, no nomenclature has been developed to differentiate between 

these types of reversing and non-reversing signals. In this project, the terms
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reversing and non-reversing will refer to those calculated without the use of the 

phase lag.

This more complex deconvolution method is analogous to the treatment of DMA 

data where the modulus (G) is separated into the storage modulus (O’) and the loss 

modulus (G”). Referring to Cp’ as the storage heat capacity appears acceptable as 

this represents the thermodynamic heat capacity due to molecular motion. This 

component of the heat flow produces the same increase in enthalpy on heating as 

decrease on cooling, implying storage. However, the loss term, Cp”, is difficult to 

assign to a real phenomenon. It has been suggested that the loss signal produced 

during the analysis of a glass transition is a virtual loss that does not correspond to 

any real sample quantity in the way that DMA loss modulus corresponds to a real 

change of work into heat (Wunderlich et al., 1996a,b). However, other researchers 

have suggested that the loss component of the heat capacity could represent a change 

in molecular mobility connected with stress relaxation (Schawe and Hôhne, 1996). 

Both these views are based on limited experimental work and more investigation is 

needed before the phase effects are completely understood.

It has been found that large phase lag peaks are typically seen during melting 

transitions but it has yet to be determined whether these peaks are fundamentally 

related to the physical properties of the sample or are due to the inability of the 

sample to respond to the modulated temperature programme. During melting the 

sample will try to maintain a constant temperature while the heating programme will 

try to maintain the temperature oscillation. This conflict could produce a loss of 

steady state which undermines the assumptions on which the equations used to 

deconvolute the data are based. These issues must be resolved before the meaning 

of the phase signal during melting can be established. It is also noted that the 

recommended method for using the phase signal to correct the heat capacity (as 

discussed above) incorporates a simple procedure of zeroing the phase lag for 

regions outside of the transition to account for instrumental effects but it has yet to 

be determined if this is valid in all cases.
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1.2.3 Advantages of MTDSC over DSC

Early studies performed using MTDSC have mainly been based on the investigation 

of thermoplastic polymeric materials such as poly(ethylene terephthalate) (PET). 

These studies have revealed that the ability to separate reversing and non-reversing 

heat flow produces a number of benefits. Determination of the reversing nature of a 

transition can help identify the type of thermal process involved and can also aid in 

the characterisation of a material by separating transitions which happen 

simultaneously. Several examples of such benefits have been produced including;

• Separation of the glass transition due to one polymer from the crystallisation 

exotherm produced by a second polymer in a mix of the two polymers 

(Sauerbrunnetal., 1993c).

• Measurement of the glass transition of a moisture-containing polymer separately 

from the endotherm due to the evaporation of the water (Sauerbrunn and Gill,

1993).

• Separation of the glass transition from a cure exotherm observed immediately 

after the glass transition (Seferis et al., 1992).

• The ability to separate the heat flow due to enthalpic relaxation from that due to 

the change in heat capacity at the glass transition has been shown to aid in the 

investigation of the physical ageing of PET (Sauerbrunn et al., 1993a).

• Considerable interest in MTDSC has developed for the analysis of frozen 

sucrose solutions as these systems show complex thermal traces on heating. The 

ability of MTDSC to separate the change in heat capacity due to a glass 

transition from heat flow exotherms caused by devitrification or endotherms due 

to ice dissolution has aided in the interpretation of data (Izzard et al., 1996; 

Thomas and Aubuchon, 1997).

• The reversing and non-reversing signals have been used to make improved 

measurements of the initial crystallinity of polymeric samples (Sauerbrunn and 

Thomas, 1995).

It is found that small glass transitions are more easily observed in MTDSC heat 

capacity and reversing signals because the deconvolution algorithm looks only for 

modulation of the chosen frequency when calculating these signals so that all short
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term noise is removed. In addition, these signals are calculated from the modulation 

amplitudes and so are not influenced by baseline curvature. This has been illustrated 

for biodegradable polyesters (Cesàro et al., 1993), polyethylene glycols (Craig, 

1995) and a rubber-modified composite material (Reading, 1993). The improved 

ratio of signal to noise in the heat capacity data and the separation of the change in 

heat capacity at the glass transition from associated relaxation processes makes 

possible the use of the derivative heat capacity as a tool for characterising materials. 

It has been shown that this signal can be used to detect the glass transitions of pairs 

of polymers when their glass transition temperatures are similar and also to provide 

information concerning the degree of miscibility of polymer blends (Hourston et al., 

1995; Song et al., 1996).

In DSC experiments, the heat capacity component of the heat flow is taken to be 

directly proportional to the heating rate. (In fact, this is an approximation as the 

relationship between heat capacity and heating rate should also contain a term which 

corrects for the difference in sample and reference heating rates but this term is 

small and is usually omitted.) High heating rates improve the signal to noise ratio of 

the measured heat capacity and so are preferable when measuring glass transition 

phenomenon. However, the use of fast heating rates induces thermal lags in the 

calorimeter and may prevent the sample from maintaining thermal equilibrium. Fast 

heating rates also reduce the ability to resolve transitions that take place over narrow 

temperature ranges. Therefore, for conventional DSC experiments a compromise 

heating rate must be chosen, usually 10 to 20°C/min. However, in MTDSC 

experiments large modulation amplitudes can be combined with slow underlying 

heating rates to maximise the sensitivity for heat capacity measurements while also 

maintaining good resolution. This makes possible the measurement of small heat 

capacity changes even at heating rates as low as 0.1°C/min, as has been illustrated 

for the analysis of an anti-ferro to ferro electric phase transition in sodium nitrite 

(Reading et al., 1992b).

The heat capacity data produced by MTDSC experiments are calculated from the 

cyclic component of the heat flow response so the heat capacity can be measured 

even during quasi-isothermal experiments i.e. when the underlying heating rate is
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zero. It has been shown that such quasi-isothermal methods can produce very 

accurate heat capacity measurements as these experiments avoid the problems 

associated with the thermal lags caused by fast heating rates. The modulated 

method removes the need for correcting the heat capacity to account for the 

difference in heating rate between the sample and reference when highly accurate 

data are required (Boiler et al., 1994). Non-isothermal methods produce slightly less 

accurate results but have the advantage that data can be collected during transitions 

and in less experimental time (Varma-Nair et al., 1994).

Quasi-isothermal methods have also been shown to be useful for the investigation of 

vitrification in thermosetting systems. In conventional DSC, changes in the heat 

capacity during the cure process are usually masked by the exothermic cross-linking 

reaction. It has been shown that MTDSC can reveal these heat capacity changes 

(Maistros et al., 1997). It has also been suggested that the heat capacity signal can 

be used to calculate a mobility factor which reveals information about the effect of 

diffusion control on the reaction mechanism in such systems (Van Assche et al., 

1995; Van Assche et al., 1996).

In summary, the following benefits have been established for the MTDSC 

technique;

• The separation of reversing and non-reversing heat flow improves the 

identification of thermal transitions.

• Glass transitions can be detected independently from enthalpic events, such as 

relaxation endotherms or crystallisation, which can reveal previously hidden 

transitions.

• Heat capacity measurements can be made with greater accuracy than by DSC 

and can also be produced during quasi-isothermal experiments.

• Glass transitions can be observed even when slow heating rates are used which 

increase the resolution of the resulting data. This is particularly useful when 

several transitions take place within a small temperature range.
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1.2.4 Problems associated with MTDSC experiments

Although a number of benefits have been established, there are also some 

disadvantages to the technique. Firstly, it is recommended that slow underlying 

heating rates are used in MTDSC experiments which increases the analysis time 

needed to characterise samples. Also, it is necessary to determine suitable 

modulation parameters for each type of investigation which may involve making 

several preliminary analyses of a sample before deciding on a final experimental 

method. This again increases the required research time. The effect of the chosen 

experimental parameters on the data produced must also be fully understood. While 

this is also true for conventional DSC analysis, it becomes of much greater 

importance in MTDSC analyses due to the complexity of the heating programme.

While investigations of glass transitions have produced promising results, the study 

of melting phenomenon has been more speculative. Melting of polymeric materials 

can be complicated by the melting of metastable crystals which can recrystallise as 

more stable crystals with a higher melting point. The rate of melting may be slow 

compared to the modulation timescale which would prevent the heat flow from 

appearing in the reversing component. Interpretation of the results can be aided 

somewhat if only positive heating rates are used during the modulation i.e. there is 

no cooling during each cycle. This should prevent any processes, such as 

crystallisation, from taking place that would not have occurred in a comparable 

conventional heat only DSC experiment. The maximum amplitude, Amax, that can 

be used in this case, for particular heating rate and period settings, can be calculated 

from the following equation (TA Instruments, 1993);

Amax = (q.p)/(27t60) Equation 1.10

The analysis of melting transitions in pure materials can be problematic as it can be 

difficult to achieve the number of modulations required for the deconvolution 

process to work properly during narrow transitions intervals. On a more 

fundamental basis, the heat flow response during melting can be questioned due to 

the loss of steady state. In conventional DSC, the sample temperature stays constant
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during melting while the latent heat is absorbed. The instrument loses steady state 

during the transition but then recovers it afterwards. This does not present a 

problem because, as long as the baseline is horizontal, the heat of transition can be 

calculated from the area of the peak (the “baseline method”). However, for MTDSC 

the modulated temperature signal is controlled using the sample thermocouple which 

may cause errors as the software tries to compensate for the loss of modulation and 

steady state may be compromised as a result. It has been suggested by Reading et 

al. (1994) that there may be benefits in using the reference temperature to control the 

modulation. However, the current commercial TA Instruments DSC design does not 

allow for this option and so it has not been investigated further.

Some successful studies on melting phenomenon have been carried out using a 

quasi-isothermal method which allows steady state to be reached at each temperature 

before a measurement is made. The temperature range of interest is investigated 

using short modulated segments of underlying constant temperature, each segment 

taking place a few degrees higher or lower than the last. Such methods have been 

used to detect reversible melting in PET (Okazaki and Wunderlich, 1997). 

Unfortunately, quasi-isothermal experiments such as these can be very time 

consuming (the results presented by Okazaki and Wunderlich took approximately 40 

hours for the analysis of each sample) so may not be suitable for routine analysis.

1.3 THE GLASS TRANSITION

Several of the benefits of MTDSC have been found to involve to the measurement 

of glass transitions. There is currently considerable interest in glass transition 

behaviour in the pharmaceutical sciences because of the increased investigation of 

amorphous drugs and delivery systems. Therefore, it is appropriate to introduce this 

phenomenon in more detail. Further information on the glass transition, with 

particular emphasis on polymeric systems, can be found in texts by Wunderlich 

(1990) and Turi (1997).
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1.3.1 The nature of the glassy state

1.3.1.1 The physical structure of solids

Glasses are one of a range of condensed phase classifications which include crystals, 

melts and mesophases. Crystalline materials exhibit long range order with the atoms 

or molecules packed in a repeating pattern which can be assessed using techniques 

such as X-ray diffraction. On heating a crystalline solid it will become a liquid at a 

characteristic melting temperature and by absorbing a defined amount of energy (the 

enthalpy of fusion). The crystalline state is the lowest available energy state so 

molecules will preferentially pack in this way when possible. The melt is a liquid 

phase which exhibits no long range order (i.e. it is amorphous) and usually has a 

structure that is mobile and easily deformed. In addition to the crystal and melt 

phases, a number of intermediate phases are possible which have a degree of 

ordering between that of the crystal and melt. These mesophases include structures 

such as liquid crystals, plastic crystals and condis crystals.

Glasses also have a random (amorphous) structure with short range order similar to 

that seen in the liquid state and no long range order. At low temperatures, glass 

forming materials will be in a state which is characterised by a high viscosity. On 

heating, the sample will pass through a reversible transition, termed the glass 

transition, during which the viscosity falls by several orders of magnitude. This 

results in a liquid or, for some polymeric materials, a rubbeiy state. Although many 

characteristics of the sample, such as the mechanical and electrical properties, will 

change dramatically during this transition the molecular structure of the sample 

remains the same. However, the two states differ in vibrational energy, free volume 

and molecular mobility. Below the glass transition the material losses the large 

amplitude liquid-like molecular motion which can be, depending on the molecular 

structure, translational, rotational and conformational. This leaves only the small 

amplitude vibrational motions that make up most of the thermal motion in 

condensed phases.
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Some materials can exist only in an amorphous state because the shape of the 

molecules does not allow regular packing into a crystalline form. Polymers, in 

particular, can have irregularities along the chain length that prevent crystallisation. 

For many other materials the structure can be either amorphous or crystalline 

depending on how the material is processed. It has also been suggested that there 

exists another type of structure intermediate between crystalline and amorphous 

which is formed at the boundary between these two forms in semi-crystalline 

polymers. This material has been termed the rigid amorphous fraction (Wunderlich, 

1994).

1.3.1.2 The formation of glasses

A number of procedures can render a material amorphous including vapour 

condensation, rapid precipitation from solution (e.g. freeze drying or spray drying), 

mechanical activation (e.g. milling and compaction of crystals) and supercooling of 

the melt (Hancock and Zografi, 1997). It is by this last process that glass formation 

can be achieved using differential scanning calorimetry and so this method will be 

discussed in more detail.

The major factor determining the formation of a glassy system is the rate at which 

the system is cooled from the liquid state. The process can be explained in terms of 

the structural relaxation times of the system. Structural relaxation is a kinetically 

controlled molecular rearrangement which takes place on changes in external 

variables such as temperature and pressure. At high temperatures, above the glass 

transition, the relaxation times of the molecules are very fast compared to the time 

scale of typical experimental measurements and so the system can easily relax into 

the equilibrium state at each instantaneous temperature on cooling. Therefore, a 

structural equilibrium exists which gives rise to an equilibrium heat capacity and 

results in the liquid-like behaviour observed at these temperatures.

If a sample is cooled slowly there is sufficient time for molecular re-arrangement 

and crystallisation before the molecular motions become too slow. The 

crystallisation process is exothermic and leads to a reduction in free volume which
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results in the changes in enthalpy, H, and specific volume, V (V= 1/density), as 

illustrated in Figure 1.5. During fast cooling, there is insufficient time for 

crystallisation, supercooling occurs and the sample continues along the equilibrium 

liquid line, below the melting temperature. As the temperature falls further, the 

relaxation times lengthen until they are comparable to the time scale of the 

experimental measurements (i.e. a few seconds to minutes). The molecular motions 

of the liquid slow down until a point is reached where they can no longer maintain 

equilibrium and the co-operative rotational movement of molecules is no longer 

possible. At a certain point the molecular motion becomes ‘frozen’ and the system 

is trapped in a liquid-like but immobile structure. This point, at which the relaxation 

and experimental timescales equate, is interpreted as the glass transition. The 

phenomenon does not take place at a defined temperature like melting but rather 

over a temperature range. The large amplitude translational and rotational molecular 

motions seen in the supercooled liquid are greatly reduced on cooling through the 

glass transition so that in the glassy state the molecular motion is mainly small 

amplitude vibrations. The transition occurs without a discontinuity in enthalpy or 

volume, as shown in Figure 1.5, although step changes occur in the derivatives of 

these values which can be used to characterise the glass transition temperature. A 

detailed description of the change in enthalpy on cooling and heating through Tg in 

terms of the structural relaxation processes involved has been given by Moynihan

(1994).

supercooled 
hquid V

H,V
equihbrium
hquidglass

crystal

Figure 1.5 Schematic diagram o f enthalpy, H, and volume, V, for the formation o f 

crystals or glasses.
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It is usual to call the material a ‘liquid’ above the glass transition as it is essentially a 

supercooled melt. Polymers may be discussed as being in a rubbery state above the 

glass transition as they may be characterised by their elastic nature. The rate of 

cooling needed to cause glass formation will depend on how quickly the sample can 

crystallise. Some low molecular weight materials or metal alloys may require 

extremely fast quenching to prevent crystallisation while some polymeric materials 

may not crystallise even when cooled relatively slowly.

1.3.1.3 Models for the glass transition

There is much debate over whether the glass transition can be considered a 

thermodynamic transition or whether it is purely a kinetic process. Some of the 

many theories used to explain the nature of the glass transition are briefly outlined 

below and have been discussed in more detail a number of comprehensive reviews 

(Elliott, 1983; Bendler, 1989; McKenna, 1989).

The characteristics of materials are often discussed in terms of their thermodynamic 

properties. First order transitions, such as melting or boiling, are characterised by a 

discontinuity in the first derivatives of the Gibbs free energy, G, (i.e. the entropy, 

volume or enthalpy). In a second order transition there is no discontinuity in the free 

energy or its first partial derivatives but instead there is a discontinuity in the second 

partial derivatives (e.g. the thermal expansion coefficient, a?, the compressibility, 

kt, and the heat capacity, Cp). During glass transitions, samples exhibit behaviour 

similar to that seen for second order processes which has led to the glass transition 

occasionally being considered a second order transition. However, it can not be a 

true second order process as defined by equilibrium thermodynamics as it is a non

equilibrium (time dependent) phenomenon. The glass transition obtained on cooling 

a system represents the departure from equilibrium and the temperature at which the 

transition occurs depends on the cooling rate used. In some models, the material is 

characterised using a number of ‘order parameters’ as well as the usual pressure and 

temperature variables. At the glass transition it is postulated that one or more of the 

order parameters deviates from equilibrium and becomes ‘frozen in’ (Bendler, 

1989).
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Although the experimentally measured glass transition will always be a kinetic 

phenomenon, there are still some arguments in favour of the glass transition being 

considered as a thermodynamic transition. In 1948, Kauzmann noted that if the 

entropy or enthalpy values of a liquid were extrapolated below Tgthey were found to 

be decreasing so rapidly that they would fall below the values for the crystalline 

state at temperatures well above absolute zero (Kauzmann, 1948). This can not be 

valid as it would imply a disordered state with less entropy than the ordered state. 

The situation has become known as ‘Kauzmann’s paradox’. One approach to 

overcome this problem has been developed by Gibbs and DiMarzio (Gibbs and 

DiMarzio, 1958). They reasoned that if the sample could be cooled through the 

glass transition infinitely slowly, the Tg would reach a ‘true’ second-order phase 

transition temperature which underlies the kinetically observed glass transition. 

This, they postulated, would happen when the glass formed had zero configurational 

entropy.

Another model which has been extensively used in interpretation of the glass 

transition is that of hole or free volume theory. Free volume is defined as the 

difference between the total volume and the actual volume occupied by atoms or 

molecules and can be represented as holes of continuously varying size and location 

caused by the movement of the molecules. These holes can then be related 

mathematically to the viscosity of liquids (Williams et al., 1955). The concept of 

free volume has been used to represent the changes that occur in the expansion 

coefficient during the glass transition and has also been adopted to interpret 

diffusion behaviour in liquids and glasses (Cohen and Turnbull, 1959). It is 

assumed that both the volume occupied by the molecules and the free volume 

expand with temperature above Tg. Below Tg, the free volume is assumed to remain 

constant so that only the occupied volume changes. The change in the expansion 

coefficient on heating through Tg is then due to the expansion coefficient of the free 

volume. It is found that the free volume fraction (free volume / total volume) is 

approximately the same at Tg for all polymers which has led to the suggestion that 

the glass transition takes place when the free volume has been reduced to a certain 

critical value.
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1.3.2 Measurement of the glass transition

1.3.2.1 Glass transition temperature, Tg

The change in molecular mobility at the glass transition affects many sample 

characteristics including the expansion coefficient, heat capacity, electrical 

permitivity and refractive index. Perhaps the most immediately obvious change is 

the decrease in elastic modulus on heating through the glass transition. This can fall 

by several orders of magnitude resulting in the sample altering from a brittle solid to 

a viscous liquid. A range of thermal analysis techniques have been developed to 

allow these physical properties to be monitored on heating or cooling the sample. 

One of the most commonly used techniques is DSC, in which the output is 

proportional to heat capacity. As this is the technique of interest in this thesis, the 

rest of this chapter will detail the measurement of the glass transition and the factors 

affecting such measurements in terms of DSC analyses.

The glass transition temperature, Tg, has been operationally defined as the 

temperature reached on vitrification of half the sample during cooling (Wunderlich,

1994). At this ‘mid-point’ the heat capacity is halfway between the values for the 

liquid and glassy states. The transition range can also be described using the 

temperature of departure from baseline, the extrapolated onset point, the inflection 

point, the extrapolated endpoint and return to baseline. Figure 1.6. Since these 

values may be significantly different for a wide transition, it is important to make 

clear which type of temperature measurement has been made. The onset point is 

often a useful measurement as properties, such as viscosity, may change above this 

value such that it represents the upper operating limit of the sample.

In principle, it is usually preferable to measure the glass transition on cooling so that 

the system is changing from an equilibrium to a non-equilibrium state via a 

reproducible route. On heating, the system may start from any number of non

equilibrium states depending on the previous thermal history. However in practice, 

measurements are usually made during heating because irreversible changes, such as 

crystallisation, may take place above the glass transition temperature. In this case, a
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subsequent measurement made on cooling would not be representative of the 

original material.

AC,

Temperature (°C)

Figure 1.6 Illustration o f  possible analyses o f  the glass transition temperature. Tj is 

the departure from  baseline, T2 the extrapolated onset, T3 the inflection point, T4 the 

extrapolated endpoint and T5  the return to baseline.

1.3.2.2 Change in heat capacity at Tg

At temperatures below the glass transition, the heat capacities of the glassy and 

crystalline states are essentially the same as only vibrational contributions to the heat 

capacity are present. On heating a glassy material through the glass transition, an 

increase in heat capacity is seen due to the extra configurational degrees of freedom 

which become available as the molecules gain mobility. Therefore, the heat 

capacity for an amorphous material is usually expected to increase from one 

constant value below the glass transition to a higher constant value above the glass 

transition, although in practise the heat capacity may show a non-zero slope before 

and after the transition due to a non-linear enthalpy curve.

The study of a number glasses has found that the change in heat capacity at the glass 

transition, ACp, is approximately 11 J/(fcmol) for each small mobile unit (bead) of 

approximately one to six atoms in a molecule (Wunderlich, 1990). As ACp is a 

constant for a given material, the measured step change can be related to how much 

of the sample has contributed to the glass transition when there is more than one
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phase present, for example in semi-crystalline polymers. A smaller than expected 

ACp indicates that some part of the amorphous region is hindered so that it has the 

lower heat capacity of the glass rather than the higher heat capacity of the liquid 

(Wunderlich, 1994). This region, termed the rigid amorphous fraction, is found to 

increase in size when the sample is fast cooled possibly because this forms poor 

crystals that have a large surface area. Annealing or slow cooling is found to 

decrease the amount of rigid amorphous fraction. It has also been suggested that a 

reduction in ACp could indicate the presence of interfacial regions in a partially 

miscible polymer blend (Hourston et al., 1997a).

The size of the change in heat capacity at the glass transition can also be related to 

the ‘strength’ or ‘fragility’ of the glass formed (Angell, 1995). Fragility is a 

measure of the sensitivity of the liquid structure to changes in temperature and can 

be determined from the dependency of the sample’s viscosity on temperature. 

Strong glass formers, such as SiOz, resist structural change and small changes in 

heat capacity are observed at Tg. Such materials tend to those which have a three 

dimensional network of bonds and viscosity data which exhibits Arrhenius or almost 

Arrhenius behaviour above Tg. Fragile liquids are those that need only a small 

thermal provocation to re-organise their structure and show large changes in heat 

capacity at the glass transition. Their viscosity data is found to deviate from 

Arrhenius behaviour. For fragile systems, a small change in a storage temperature 

close to Tg could make a large difference to the stability of the sample. Most 

polymeric materials tend to show fragile behaviour (Bohmer et al., 1993, Angell,

1995).

1.3.3 Factors affecting the glass transition

1.3.3.1 Chemical structure

One of the main factors to influence the glass transition temperature of polymers is 

the chemical structure of the constituent molecules and, in particular, the flexibility 

of the polymer chain (Tabor, 1991). Polymers with flexible backbones tend to have 

lower glass transition temperatures than those with stiff backbones so that chains



Chapter 1: In trodu ction /48

which are composed of bond sequences that can rotate easily (for example, - 

CH2CH2- or -CH2OCH2-) will yield a low Tg material. The presence of bulky side 

groups or double bonds in the chain will restrict molecular movement and so give a 

high Tg. The flexibility of the polymer chain will also affect the melting point and 

so it is common to find a correlation between Tm and Tg. For most polymers the 

ratio Tg/Tm (in K) is found to be between 0.5 and 0.7 and this can be used to provide 

a rough guide to the location of the glass transition for a material of known melting 

temperature. For low molecular weight pharmaceutical materials, values of Tg/Tm 

(in K) have been found to range from 0.59 to 0.86 (Kerc and Srcic, 1995).

A simple relationship has been established between the glass transition temperature 

and the molecular weight of a polymeric sample. For high molecular weight 

polymers the glass transition temperature is independent of molecular weight but as 

the molecular weight decreases the effects of chain ends, which can rotate more 

easily than a section in the centre of the chain, become increasingly important. This 

causes the glass transition temperature to lower as the molecular weight decreases. 

The chain ends make a larger contribution to the free volume than regions in the 

centre of the chain so that the density of a polymer decreases with decreasing chain 

length. The Tg reaches a limiting value at high molecular weights due to chain 

entanglements which limit the mobility of the chain. The glass transition can be 

related to the molecular weight using the expression of the form;

Tg = Tg(oo) - K/Mn Equation 1.11

where Tg(oo) is the glass transition of a polymer of infinite molecular weight, K is a 

constant for the polymer in question and Mn is the number-average molecular weight 

(Fox and Flory, 1950). An increase in glass transition temperature with increasing 

molecular weight has also been seen for low molecular weight materials such as 

oligosaccarides and maltodextrins (Orford et al., 1990; Roos and Karel, 1991a).
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1.3.3.2 The effects of cooling and heating rates

The glass transition temperature is dependent on the cooling rate used to produce the 

glass as illustrated in Figure 1.7. When a sample is cooled quickly the relaxation 

times of the system match the experimental timescale at a higher temperature 

compared to if the sample had been cooled at a slower rate. This causes an earlier 

departure from the equilibrium line and so a higher glass transition temperature. 

When the sample is cooled slowly it remains in equilibrium for longer and so a 

lower glass transition temperature is measured. This dependency makes it important 

to detail the cooling rate used (if the glass has been prepared by controlled cooling) 

when presenting glass transition temperatures so that comparisons can be drawn 

with other literature values.

H

equilibrium
liquidfast cooling

slow cooling

T

Figure 1.7 Diagram showing the effect o f cooling rate on the glass transition 

temperature.

When heating through a glass transition, it is often common to see an endothermie 

peak which masks the step change in the heat capacity. For an unknown or complex 

sample, such a peak can be difficult to differentiate from those due to other 

processes such as melting and this problem hinders interpretation of the thermal 

trace. These endotherms can often be related to differences in the timescales of the 

cooling and heating experiments. When a material is cooled slowly the molecules 

are ‘frozen’ with long relaxation times. If the material is then heated quickly 

through the glass transition, the molecules can not achieve the motion associated 

with the equilibrium melt at the temperature at which the system froze on cooling.
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The glass superheats and then drifts quickly towards equilibrium as soon as the 

increasing time scale of molecular motion allows, as depicted in Figure 1.8. This 

produces an overshoot in the heat capacity curve and the hysteresis loop shown. 

The apparent latent heat of the endotherm compensates for the enthalpy deficit 

caused by the path continuing at the lower heat capacity values above the 

temperature of the glass transition produced on cooling. The two areas, A and B, 

must be equal as heating and cooling through the glass transition is a zero entropy 

producing path with no associated discontinuity in enthalpy.

If the sample is cooled and then reheated at the same rate, no overshoot will be seen 

as in this case the structural relaxation times frozen in on cooling through the glass 

transition are matched by the timescale of heating. Consequently, if an endotherm is 

found to mask the glass transition, it can be removed by heating through the 

transition, cooling at a particular rate and reheating at this same rate. The transition 

temperature can then be measured for the second heating experiment. However, 

thermally cycling in this way will remove evidence of any previous thermal history 

and may cause other unwanted changes in the sample.

H slow cooling

fast heating

Cp

T

Figure 1.8 Diagram showing the effect o f slow cooling followed by fast heating 

through the glass transition.



Chapter 1: In trodu ction /51

It is clear from Figure 1.7 that a glass is not a unique state as it depends on the 

conditions under which the glass was formed. It is also apparent that the overshoot 

in the heat capacity signal will result in a range of glass transition temperatures 

being measured depending on the heating rate used to make the analysis. Faster 

heating rates produce larger peaks and higher glass transition temperatures are 

measured. However, the heating rate effect can be removed by using a procedure, 

developed by Richardson and Savil, which calculates the intersection of the 

extrapolated enthalpy lines for the glass and liquid (Richardson and Savil, 1975, 

1977, 1979). The sample is heated from a temperature, Ti, (well below Tg) where 

the timescale of any relaxation processes are very long compared to the time scale of 

the experiment, to a temperature, T], (well above Tg). The specific heat capacity 

data from these two regions, below and above Tg, can then be fitted using the 

equations;

Cpg = a + bT for T < Tg Equation 1.12

Cpi = A + BT for T > Tg Equation 1.13

The constants a, b, A and B are determined by linear regression and then integration 

of these equations yields the corresponding enthalpy curves,

Hg(T) = aT + %bT  ̂+ P Equation 1.14

Hi(T) = AT + l4 B f + Q Equation 1.15

where P and Q are constants which can be determined as the change in enthalpy 

between Ti and T% (i.e. Hi(T2)-Hg(Ti)) can be measured. The enthalpy equations 

are then solved for the intersection temperature, Tf. This temperature is known as 

the fictive temperature and is a constant for a material cooled at a particular rate. 

The method relies on obtaining a heat capacity baseline below and above Tg to allow 

the curve fitting procedure to be used but this may not be possible for samples that 

recrystallise quickly above the glass transition. An alternative method, used by 

Moynihan, uses areas under the experimental curves through the glass transition 

region to determine the fictive temperature (Moynihan et al., 1976).
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1.3.3.3 Physical ageing

Endotherms seen at the glass transition can also be caused by physical ageing of the 

glass during storage at temperatures just below the glass transition. Glasses have 

enthalpy, specific volume and entropy values higher than the equilibrium values and 

so will relax towards equilibrium over time. This is referred to as ageing or, when 

experimentally controlled, annealing. At temperatures just below Tg, the molecules 

retain slight mobility and vrill make small structural rearrangements over time. This 

results in the molecules achieving longer relaxation times and a decease in enthalpy 

and volume is seen, as shown in Figure 1.9. The free volume also decreases causing 

an increase in mechanical modulus and a decrease in the rate of molecular motion. 

On subsequent heating in the DSC, it is possible for the sample to follow the 

annealed glass curve for several degrees above the glass transition temperature 

before relaxation becomes rapid enough for the sample to recover the enthalpy and 

volume losses and rejoin the equilibrium path. This results in an endotherm seen at 

Tg. The endotherm becomes larger for longer annealing times or higher annealing 

temperatures and the magnitude of the peak can be used to determine a relaxation 

time for the system (Montserrat, 1994).

H
cooling

heatingannealing

T

Figure 1.9 Diagram illustrating the result o f physical ageing below Tg.

1.3.3.4 Plasticisation

Blends of two amorphous polymers with different refractive indices are judged to be 

miscible if a mixture of them it is optically clear. Such compatible mixtures show 

only a single glass transition at a temperature between that of the two pure
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components. When one component of a mixture lowers the glass transition 

temperature of another in this way, it is known as plasticisation. Empirical 

equations, such as the Gordon-Taylor equation, have been developed to predict the 

intermediate transition temperature from the glass transitions of the two components 

(Gordon and Taylor, 1952). The Gordon-Taylor equation is derived from free 

volume theory and, assuming there is perfect volume additivity and no specific 

interaction between the two components, the glass transition temperature of the 

binary mixture, Tgmix, is given by,

Tgmix = (piTgi + (p2Tg2 Equation 1.16

where (pi and (p2 are the volume fractions and Tgi and Tg2 the glass transitions of the 

two components. The volume fraction can also be described in terms of the weight 

fraction, w, of the two components, so that cp = (wAa)/p, where Aa is the change in 

thermal expansivity at Tg and p is the density of the material. Equation 1.16 can 

then be expressed as,

'(w,Tj,) + (kw2l,j)"|
T =^gmix w ,+(kWj)

where k, the ratio of the free volumes of the two components, is

Equation 1.17

k = Equation 1.18

The Simha-Boyer rule (Aa.Tg «constant (Simha and Boyer, 1962)) allows this 

expression to be simplified to.

k =
P2X

Equation 1.19
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Couchman and Karasz have used a thermodynamic interpretation of polymer 

plasticisation to derive a similar equation to that derived by Gordon and Taylor 

except that,

k =
A C ,y

Equation 1.20

where ACp is the change in specific heat capacity at Tg (Couchman, 1978; 

Couchman and Karasz, 1978). Glass transition data from a range of weight fraction 

mixtures can be fitted to the Gordon-Taylor equation to determine the ideality of 

mixing for the blend. A poor fit could indicate that the system contains specific 

interactions between segments. For example, the bonding between molecules of the 

two components may be different to that between the molecules of one component.

Water has been reported to have a Tg of 136K (Johari et al., 1987) and so can act as 

a potent plasticiser on many amorphous materials with only a very small residual 

amount of water reducing the Tg by many degrees K (Hancock and Zografi, 1994). 

The rate of many processes, such as crystallisation, may be dependent on the 

difference between the storage temperature and the glass transition temperature (T- 

Tg), so the reduction in Tg can be detrimental the shelf life of the product (Roos and 

Karel, 1992). This is of considerable importance for pharmaceutical samples as 

many amorphous materials are hydrophilic and will quickly absorb water from their 

surroundings. It has been shown that water can also plasticise hydrophobic 

polymers such as poly(lactic acid) (Siemann, 1985). For pharmaceutical 

formulations, plasticisation may result in the glass transition temperature falling 

below the storage temperature which may result in loss of product performance. 

Thus, water content and storage conditions must be carefully controlled.

1.3.4 The pharmaceutical importance of amorphous materials

Pharmaceutical systems may include amorphous materials either through design or 

by accident. Deliberate conversion of a material to the glassy state may be 

undertaken when this produces changes to the physical and chemical characteristics 

in a way that is beneficial to the required usage of the formulation. For example, the
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bioavailability of a drug substance may be limited by the rate of dissolution of the 

drug in the gastrointestinal tract. If the drug is converted into an amorphous form, 

the higher molecular mobility and reduced density may increase the dissolution rate. 

Such an approach has been illustrated with novobiocin (Mullins and Macek, 1960), 

9,3”>diacetylmidecamycin (MOM) (Sato et al., 1980) and indomethacin (Fukuoka et 

al., 1986). The inclusion of glassy materials in formulations can also produce 

beneficial effects for processes such as freeze drying. This procedure can alter the 

shape of protein based drugs making them susceptible to chemical attack and 

shortening the shelf life of the product. It has been found that the addition of sugars 

causes the protein to become trapped in the sugar glass on freeze drying so that 

degradation is reduced.

Accidental conversion of a material to an amorphous form can occur during 

processes such as milling, drying or compression and can lead to unforeseen 

problems in product behaviour. For example, the amorphous content of a material 

will influence its viscoelastic properties which will in turn affect processes such as 

tablet formation. Also, amorphous materials exist in a high energy state compared 

to the crystalline form so their presence can present problems due to decreased 

physical stability. For example, the material may crystallise on storage, although if 

the sample is kept below the glass transition temperature, Tg, the rates of 

crystallisation can be reduced due to the decreased molecular mobility. The 

relationship between the glass transition temperature, molecular relaxation times and 

stability behaviour has been investigated for drugs such as indomethacin, poly(vinyl 

pyrrolidone) and sucrose (Fukuoko et al., 1986; Yoshioka et al., 1994; Hancock et 

al., 1995). It has been found that storage below Tg may not prevent crystallisation 

entirely, particularly over the life time of pharmaceutical products. Hancock et al.

(1995) have suggested that the storage temperature must be at least 50°C below the 

glass transition temperature before the molecular relaxation times can be considered 

negligible over the lifetime of a typical pharmaceutical formulation.

Determination of the glass transition temperatures of pharmaceutical materials is 

important due to the many differences in behaviour above and below this 

temperature. Chemical stability decreases above Tg and heating above Tg may result
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in the collapse of freeze dried products. Thus, it is important to fully characterise 

the behaviour of such systems and obtain an understanding of the nature of the 

glassy state. The increasing importance of the glassy state in pharmaceutical

formulations has resulted in a number of reviev^s of this phenomenon 

(Kerô and Srcic, 1995; Hancock and Zografi, 1997; Craig et al., in press).

1.3.5 Characterisation of the glass transition by MTDSC

For heating or cooling experiments, the MTDSC analysis involves two different 

timescales, i.e. the frequency of modulation and underlying heating rate. Thomas et 

al. (1997) have used an analysis based on hole theory to show that the reversing 

component of the heat flow is influenced by both the modulation period and heating 

rate so that different heat capacities are measured on heating and cooling (at the 

same rate) through Tg. However, the effect of the heating rate can be minimised by 

using small heating and cooling rates. In such cases, the glass transition can be 

considered to be dependent only on the frequency of measurement.

This finding has been supported by an early study by Seferis et al. (1992) in which 

the Tg of a polymeric sample was measured using various heating rates. When the 

Tg was measured from the total heat flow signal, it was found to increase in 

temperature when faster heating rates were used, as for conventional DSC 

measurements. However, once the transition had been split into the reversing and 

non-reversing components, it was found that while the enthalpy relaxation peak seen 

in the non-reversing signal moved to higher temperatures with increasing heating 

rate, the Tg measured from the heat capacity signal was independent of heating rate.

Boiler et al. (1995) have performed quasi-isothermal measurements of the heat 

capacity of polystyrene at decreasing temperatures through the glass transition. The 

results showed that the Tg shifted to lower temperatures for lower frequencies (large 

periods) of modulation. This behaviour was equivalent to that seen in another 

oscillating technique, DMA. Thus, MTDSC experiments can be used to measure a 

glass transition temperature that is dependent only on the frequency of measurement 

and not on the previous cooling rate. This is not possible in conventional DSC as
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even if heating rate effects are removed using the extrapolated enthalpy method, the 

resulting Tg is still dependent on the cooling rate used to generate the glass. It was 

also been found that averaging the heat capacities measured on heating and cooling 

the polystyrene sample, produced heat capacity data close to that measured using the 

quasi-isothermal method (Boiler et al., 1995). The amplitude of the modulation was 

not found to alter the Tg significantly, although some broadening of the transition 

was seen once the amplitude had exceed the temperature width of the transition 

(approximately 10°C). Annealing experiments at temperatures 0 to 18°C below the 

glass transition caused only a small change of 1°C in the Tg measured from the heat 

capacity signal. It was noted that there was a broadening of the low temperature 

side of the step change in heat capacity for the samples annealed at the highest 

temperature. The lowest annealing temperatures produced the highest peak 

temperature in the non-reversing signal. It has been suggested that interpretation of 

these effects in terms of hole theory may allow greater insights into such hysteresis 

phenomena (Boiler et al., 1995; Boiler et al., 1996; Wunderlich et al., 1996c; 

Thomas et al., 1997).

1.4 POLYLACTIDE FOR CONTROLLED DRUG DELIVERY

1.4.1 Polymeric delivery systems

In recent years there has been much interest in the use of polymeric materials for the 

controlled delivery of drugs. The ability to provide sustained drug release is 

advantageous as it avoids the problems of cyclic dosing associated with 

conventional dosing regimes. For example, if dosing is poorly controlled, the level 

of drug in the blood may oscillate between toxic and sub-therapeutic levels. Also, 

complicated dosing regimes may result in poor patient compliance. Controlled 

release systems avoid such problems by allowing a large dose to be administered 

which is then gradually released in vivo over an extended period of time. This 

allows the level of drug in the blood or at a specific site to be continuously 

maintained in a therapeutically acceptable range which is less wasteful of the drug 

and may consequently be less expensive. The local administration of a polymer-
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drug depot may also reduce side-effects compared to systemic administration of 

several large doses.

Although a number of potential benefits have been determined for controlled release 

systems, there are several disadvantages which must also be considered. The 

biocompatibility and toxicity of the polymer must be established, as well as of any 

degradation products that are formed if the system is biodegradable. The device 

may require surgery to implant it at an appropriate site, or cause discomfort to the 

patient. Also, it may be difficult to rapidly suspend treatment should any 

complications arise.

A variety of methods of drug entrapment have been investigated as mechanisms for 

the controlled release and targeting of drugs to selective sites, such as polymeric 

prodrugs, drug conjugates, liposomes and microcapsules and the growing interest in 

this research area has been reviewed by several authors (Bogdansky, 1990; Langer 

and Peppas, 1981).

1.4.2 Microparticles

Particular interest has been shown in drug delivery using polymeric microparticles 

as this approach can eliminate the need for surgery to implant the dosage form. In a 

typical microparticle system the drug is trapped within a polymer matrix. This 

delays the release of the drug as it must either dissolve and then diffuse through the 

polymer network or, if diffusion is not possible, the polymer must be eroded before 

the drug is released. A number of factors will influence the rate of release such as 

the size and density of the matrix particle, the extent of cross-linking or 

polymerisation, the position of the drug in the polymer matrix, the molecular weight 

and concentration of the drug, and interactions between the drug and polymer. With 

careful investigation of these characteristics it is possible to develop systems with 

specific release profiles.

A review of the literature has shown that there are currently a variety of expressions 

in common usage for classifying small, solid particulate drug carriers, including
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nanoparticles, microparticles, microspheres and microcapsules. The term 

nanoparticle is generally used for particles ranging in size from 10 to lOOOnm, while 

the term microparticle usually describes particles between 1 to 500pm in size. The 

terms microsphere and microcapsule are generally used to differentiate between the 

particle design (Whateley, 1993). Microcapsules are based on a reservoir design, in 

which the polymer provides a coating around a drug core, while microspheres refer 

to a monolithic design, where the drug is dispersed homogeneously throughout the 

polymer matrix. Figure 1.10. As well as producing sustained delivery, the 

microcapsule design can also be used for taste masking applications or to protect the 

drug from oxygen or moisture. Microcapsules and microspheres can be delivered 

via a range of routes such as subcutaneously, intramuscularly or orally and the lower 

size ranges (below 7pm) are particularly suitable for injection. Intramuscular 

injections allow the drug to be gradually release for a systemic effect or the delivery 

can be targeted to specific sites such as in the treatment of cancer by 

chemoembolisation.

a) reservoir design b) monolithic design

----- polymer ____ polymer

V*.‘ » •.‘7 ------
v _ y

Figure 1.10 Diagram o f  microcapsule (reservoir) and microsphere (monolithic) 

designs.

The mechanism of release of the drug from the polymer matrix will be determined 

by both the design of the device and also by the degradability or erodability of the 

polymer. For systems in which the polymer does not degrade, the release is limited 

by the diffusion of the drug through the polymer for both designs. The reservoir 

form of microparticle has the advantage that it can be designed to provide zero order 

release rates but carries the risk that should the polymer coating be breached, the 

microcapsule will rapidly release all the remaining drug. Monolithic designs do not 

have this risk but also do not generally have zero order release characteristics; for
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simple geometries, such as slabs, the release rate is usually found to be proportional 

to f^  (Langer and Peppas, 1981). In these systems, there is a high initial release rate 

as drug is lost mainly from the surface layer of the device, but then the rate 

decreases with time as the drug is released from further inside the polymer and so 

takes longer to diffuse to the surface. It is possible to create zero order release 

devices by using complicated geometries in which a larger area of drug becomes 

available as the distance through which the drug must diffuse increases. However, 

these systems can be expected to have higher manufacturing costs.

The use of biodegradable polymers for fabricating controlled release devices 

eliminates the need for surgical removal of the delivery device once it has been 

depleted (although in some cases it may be advantageous to be able to remove the 

device part way through a treatment). For biodegradable systems, the drug release 

mechanism is more complicated as several processes may be taking place 

simultaneously; the polymer may erode from the surface and, particularly for 

hydrophilic polymers, bulk erosion may also take place. In addition, the drug may 

also diffuse through the polymer. Although the combined effects of the release 

mechanisms may make release rates difficult to predict, it is still possible to 

influence the rate and duration of drug release using the physical characteristics of 

the polymer. For example, the time taken for the polymer to degrade in vivo can be 

altered by manipulation of a number of factors including the monomer 

stereochemistry, comonomer ratio, the implant surface area, the porosity, molecular 

weight, polymer crystallinity and drug loading.

1.4.3 Polylactide and polyglycolide microparticles

Many polymeric materials have been investigated as drug carriers but particular 

interest has been shown in lactic and glycolic acid. Figure 1.11. Poly(lactide) or 

poly(lactic acid) (PLA) can be synthesised by the ring opening polymerisation of the 

cyclic dimer, lactide, (Kulkami, 1971) and particular molecular weights can be 

manufactured by using suitable polymerisation conditions. Polymers manufactured 

from either lactic acid or lactide are structurally equivalent and so are both 

commonly abbreviated to PLA; however the terms poly(lactic acid) or poly(lactide)
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can be used if the specific synthetic origin of the polymer is important (Holland et 

al., 1986). Poly(glycolide) (PGA) or copolymers of lactide with gylcolide (PLGA) 

can also be manufactured. Early studies on these polymers investigated their 

suitability for use as dental sutures and established their biodegradable and 

biocompatible nature (Frazza et al, 1971; Brady et al, 1973). These synthetically 

produced polymers have advantages over natural polymers, such as albumin or 

collagen, in that it is easier to control their purity and they can be more cost effective 

(Jalil and Nixon, 1990b).
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Figure 1.11 Diagram o f the chemical structure o f lactic acid, glycolic acid, lactide, 

glycolide, PLA and PLGA.

Lactic acid exists as d and 1 stereoisomers and so the resulting polymer can exist in 

three forms; d-PLA, 1-PLA or d,l-PLA. Poly(l-lactide) is highly crystalline 

(typically >80%) and shows a melting peak at approximately 185°C. Poly(d-lactide) 

is also semi-crystalline. The racemic polymer, poly(d,l-lactide), is amorphous and 

so exhibits a glass transition on heating (Conti et al., 1992). PGA is highly 

crystalline but the introduction of glycolic acid into lactic acid polymers decreases
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the crystallinity of the resulting co-polymer (Whateley, 1993). PLGA copolymers 

of less than 70% gylcolide have been found to be amorphous (Gilding and Reed, 

1979).

The suitability of PLA for manufacturing microparticles was shown in 1976 by 

Mason et al. (1976) and Anderson et al. (1976) and by the late 1970s, lactic and 

glycolic acid based polymers had been investigated for the controlled delivery of a 

number of drug compounds. Early applications included the delivery of narcotic 

antagonists (Yolles et al., 1973; Schwope et al., 1975), anticancer agents (Yolles et 

al., 1975), antimalarials (Wise et al., 1976), pesticides (Sinclair, 1973) and 

contraceptives (Yolles et al., 1976; Wise et al., 1978a; Beck et al., 1979b). Lactide 

and glycolide polymers can be manufactured into a number of delivery systems such 

as rods or pellets (Schwope et al., 1975; Wise et al., 1978b), fibres (Dunn et al., 

1981, Eenink et al., 1987) as well as injectable microparticles.

Agents incorporated into PLA or PLGA microspheres include antimalarial systems 

(Wise et al., 1976), steroids (Beck et al., 1979a), anticancer systems (Juni et al., 

1985; Tsai et al., 1986; Spenlehauer et al ,1988) and antibiotics (Lewis et al., 1980). 

More recently, interest has developed in the entrapment of molecules such as 

polypeptides (Maulding, 1987), vaccines (Tabata and Ikada,1987; Conway et al., 

1997) and insulin (Kwong et al ,1986). The entrapment of large molecules such as 

water soluble proteins becomes a much more complex task due to the necessity of 

maintaining the three dimensional molecular structure of the protein. The biological 

activity of the agent may be lost if the manufacturing process allows dénaturation to 

take place. A number of applications of drug loaded microspheres including 

chemoembolisation and the delivery of vaccines has been discussed by Whateley 

(1993).

1.4.4 Methods of PLA microsphere preparation

PLA microspheres can be manufactured using a variety of methods including 

solvent evaporation, phase separation and spray drying. These methods, as well as
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some less commonly used ones, have been reviewed by several authors (Jalil and 

Nixon, 1990b; Conti et al., 1992; Whateley, 1993; Ogawa, 1997).

The most common preparation technique is the solvent evaporation process in which 

the polymer is dissolved in a volatile organic solvent. The drug is either dissolved 

or suspended in the same solution and then this mixture is added to an aqueous 

phase whilst stirring to produce microdroplets. The aqueous phase usually contains 

an emulsifier to stabilise the microspheres once they have been formed. The 

resulting oil/water emulsion is stirred continuously as the solvent evaporates and 

microspheres are formed. In some methodologies the process is interrupted before 

complete removal of the organic solvent and the aqueous phase is replaced by one 

that does not contain surfactant as this has been shown to reduce the formation of 

surface crystals (Benita et al., 1984). Once the microspheres have solidified, they 

can be collected by filtration, washed and dried. The solvent evaporation process is 

most suitable for the entrapment of hydrophobic drugs as hydrophilic ones will tend 

to partition into the aqueous phase so resulting in low drug loadings (Spenlehauer, 

1986). This method has the advantage that a wide range of particle sizes can be 

produced (typically from 100pm to <lpm) by controlling process conditions such as 

the stirring rate. A similar method utilising oil-in-oil (0 /0) or water-in-oil-in-water 

(W/O/W) emulsions can also be used for the entrapment of water soluble drugs.

Phase separation methods can also be used to produce microspheres and are 

generally used for the encapsulation of water-soluble drugs. The drug is dissolved in 

water and then added to a solution of the polymer in an organic solvent to form a 

water in oil emulsion. A second organic solvent, which is poorly miscible with the 

polymer but is miscible with the first organic solvent, is then added whilst stirring 

the mixture. This causes phase separation as the polymer precipitates forming 

particles which also contain the drug. The non-solvent is then extracted by the 

addition of another solvent. This method has the disadvantage that a large amount 

of solvent is required and it may be difficult to completely remove the solvents from 

the microparticle system after manufacture.
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Spray drying techniques can be used for the preparation of microparticles containing 

either water soluble or lipophilic drugs. Although this method yields good 

entrapment efficiencies, the particles produced can aggregate to form agglomerates 

which may be detrimental in the final formulation. The method has been used to 

produce progesterone-loaded PLA particles by Bodmeier and Chen (1988) who 

determined that the polymorphic from of the drug was affected by the presence of 

the polymer. When a progesterone only solution was spray dried, the a-form of the 

drug predominated but when d,l-PLA was added to the solution, the P-form 

predominated.

1.4.5 Degradation and release behaviour of PLA and PLGA systems

The release of drug from PLA and PLGA microparticles can take place through a 

number of mechanisms which are summarised as follows (Jalil and Nixon, 1990b).

1. Initial loss of drug from the particle surface.

2. Release of drug thorough pores in the polymer that reach the surface (the drug 

must first dissolve into the dissolution medium then diffuse to the microsphere 

surface).

3. Diffusion through the bulk polymer.

4. Diffusion through a water swollen polymer barrier, if the polymer swells in 

aqueous media.

5. Degradation and erosion of the polymer.

The complexity of a release profile which depends on all these factors makes it very 

difficult to generalise release kinetics for such systems. The relative importance of 

these mechanisms will depend on,

1. The nature of the drug (for example its molecular weight and solubility in the 

polymer).

2. The physio-chemical properties of the polymer (for example its comonomer 

ratio, hydrophobicity, molecular weight and crystallinity).

3. The nature of the microsphere structure (for example, if the drug is molecularly 

dispersed in the polymer or present as discrete crystals, and if the polymer is 

porous or solid).
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4. The presence of plasticisers which lower the Tg of the polymer and so increase 

the diffusion rate of the drug through the polymer.

The degradation of PLA has been shown to take place in two stages (Pitt et al, 

1981). The first stage produces a decrease in molecular weight due to hydrolytic 

cleavage of ester linkages. This is followed by weight loss and a change in the rate 

of chain scission. For most polyesters a decrease in the rate is seen. This is thought 

to be due to an increase in crystallinity as the short chain segments become mobile. 

However, poly(dl-lactic acid) shows as increase in the rate of chain scission which 

may be related to the fact that this polymer is completely amorphous. The polymer 

is eventually broken down in the monomeric lactic acid which is a natural metabolic 

product of all higher animals and is eliminated from the body, mainly through 

respiration (Brady et a l, 1973). This degradation process may take several weeks 

by which time a low molecular weight drug may have already diffused from the 

microsphere system. For larger drug molecules, diffusion may be very slow so that 

the release of the drug is controlled by the erosion of the polymer.

The poly(l-lactide) form generally exhibits longer degradation times (months to 

years) than the amorphous poly(d,l-lactide) form (weeks to months). This is thought 

to be due to its more crystalline and less hydrophilic nature. Copolymers of d,l- 

lactide and glycolide usually exhibit shorter degradation times than the 

homopolymers. This is attributed to the fact that in amorphous polymers their 

random structure increases the concentration of accessible ester groups so that they 

exhibit faster degradation rates. Polymers based on lactic acid are more 

hydrophobic than glycolic acid polymers because of the influence of the methyl 

group. It has been shown that water uptake increases as the glycolide ratio of the 

copolymer increases (Gilding and Reed, 1979) and this would be expected to 

increase the degradation rate of such copolymers.

As well as the copolymer composition and crystallinity, the molecular weight also 

influences the degradation rate due to its effect on the water accessibility to the ester 

linkages (Park, 1995). Gamma-irradiation is often used for sterilisation of 

pharmaceutical systems and this procedure has been shown to decrease the
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molecular weight of PLGA samples, consequently influencing the degradation 

process (Hausberger et al., 1995). A review of the literature concerning the 

degradation rates and mechanisms of PLA polymers has been produced by Holland 

et al. (1986).

1.4.6 Delivery of progesterone by microspheres

Many studies on microsphere systems have been concerned with the entrapment of 

steroids. Early investigations were mainly based on poly(l-lactide) (Jackanicz et al., 

1973). However, most successful clinical results have involved d,l-lactide or d,l- 

lactide/gycolide co-polymers (Beck et al., 1979a, 1980, 1981). Microspheres are 

usually formed by a solvent evaporation technique and suspended in an aqueous 

vehicle before intramuscular injection. The release of steroid from microspheres can 

involve several mechanisms. Initial leaching of the drug form the surface of the 

sphere can produced a burst effect which is followed by prolonged release as the 

polymer matrix is eroded (Lewis et al., 1988). Several in vivo studies have shown 

such a biphasic release profile (Anderson et al., 1976; Beck et al., 1983). Poly(l- 

lactide) has been found to be impermeable to progesterone, a result which was 

attributed to the crystalline structure of the polymer (Dunn et al., 1981).

It has been found that the physical form of progesterone in microspheres changes 

with drug loading (Benita et al., 1984; Benoît et al., 1984). It is important to 

characterise these changes as the release rate and bioavailability of the drug will be 

affected by its physical state. The physical form of the drug will also influence the 

stability of the product.

1.5 AIMS OF THE PROJECT

The aim of the project is to assess the potential of modulated temperature differential 

scanning calorimetry (MTDSC) as a tool for the characterisation of pharmaceutical 

systems. A review of the literature concerning preliminary studies performed using 

MTDSC has suggested that this technique has the potential to improve the detection 

and measurement of glass transitions compared to conventional DSC. Amorphous
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materials are of increasing importance in the development of pharmaceutical 

formulations and so the MTDSC technique potentially offers a significant advance 

in pharmaceutical characterisation.

As the technique is relatively new, there are still many questions to be answered 

regarding the optimum use of the method. In particular, the effect of the modulation 

parameters and experimental set up on the quality of the data produced must be 

assessed. To achieve this, two model systems were chosen whose thermal behaviour 

has previously been well characterised and which would provide the opportunity for 

studying a range of possible benefits. The materials selected were lactose and 

aluminium oxide (synthetic sapphire). The lactose sample was spray dried in order 

to convert it to an amorphous form so that a range of thermal transitions could be 

investigated. Aluminium oxide is an inert material which is suitable for use as a 

calibration standard.

Once the benefits and limitations of the technique have been determined, the aim is 

to develop the assessment of MTDSC by utilising it to investigate a d,l-PLA 

microsphere system. This polymer was chosen because it has been used extensively 

in studies of controlled release. Progesterone has been chosen as a model drug to 

provide the opportunity to assess the use of MTDSC for the analysis of a pure, low 

molecular weight material. Finally, the project aimed to determine if MTDSC can 

further the understanding of how the physical form of progesterone in d,l-PLA 

microspheres changes with drug loading by providing greater insight into the 

physical form of the drug. The characterisation of this type of complex 

pharmaceutical system may reveal further insights into the benefits and limitations 

of the MTDSC technique.
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CHAPTER 2: MATERIALS, METHODS AND 
INSTRUMENTATION________________________________

2.1 MATERIALS

2.1.1 Spray dried lactose

A batch of a-lactose monohydrate ((3-anomer content 2.6%, lot number 85H0771) 

was obtained from Sigma Chemicals (Poole, UK) and was used to make a 

preliminary investigation into the type of data that could be obtained using MTDSC. 

Lactose is a disaccharide composed of galactose and glucose and is one of the main 

components of cows’ milk. Repeated processing of the milk allows 99.5% lactose to 

be produced which can then be used for pharmaceutical applications, for example as 

an excipient in tablet formation. As part of a complex formulation lactose may have 

to go through many processing stages which may involve large mechanical stresses 

or heating. Therefore, it is vital to characterise the material thoroughly to ensure 

that such treatment does not alter the sample in any detrimental way.

CH2OH

HOHO
OH

OHOH

OHOH

13-lactosea-lactose

Figure 2.1 Structural formulae for a  and f-lactose.

Lactose can exist as two isomeric forms; a- and p-lactose. Figure 2.1. The a-form 

has a melting point of 223°C (The Handbook of Pharmaceutical Excipients, 1986) 

and the p-form has a melting point of 230 to 232°C (Berlin et al., 1971; Figura, 

1993). In aqueous solution lactose molecules mutarotate to an equilibrium of 38% 

a-lactose and 62% p-lactose (The Handbook of Pharmaceutical Excipients, 1986). 

The a-form can also exist as a monohydrate which when dehydrated by different
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methods yields anhydrous lactose of different properties (Figura, 1993). Rapid 

dehydration produces an unstable form, termed an-type, which can reversibly sorb 

water from the vapour state. X-ray powder diffraction showed that this form has the 

same crystal structure as the monohydrate (Figura and Eple, 1995). Slow 

dehydration produces a stable form, ag-type, which was shown by TXRD to have a 

different structure to the monohydrate. The p-form is non-hygroscopic at humidities 

below 97% RH but when stored at higher humidities it sorbs water to produce a 

concentrated solution in which the lactose can mutarotate and subsequently form 

crystalline a-lactose monohydrate (Berlin et al., 1971).

Lactose can be converted to an amorphous form by processes such as spray drying 

or freeze drying. A rapid drying process traps the lactose in the random structure 

present in the solution because there is insufficient time for crystallisation before the 

sample vitrifies. In the amorphous state the sample will exhibit a glass transition on 

heating during which the structure changes from a rigid glass to a mobile “liquid” 

phase. The pharmaceutical industry has shown particular interest in the amorphous 

form of lactose because commercial spray dried lactose, which is prepared from a 

dispersion of crystalline lactose in a saturated lactose solution, is 15% amorphous. 

Spray dried lactose has been shown to have improved characteristics for tablet 

production over the crystalline monohydrate and this effect has been attributed to the 

binding effect of the amorphous component (Vromans et al, 1987).

Amorphous lactose can sorb large quantities of moisture. It is thought that this is 

possible because the water dissolves into the bulk amorphous structure rather than 

being adsorbed on to the surface as in the case of crystals (Ahlneck and Zografi, 

1990). As with many other materials, water acts as a plasticiser on amorphous 

lactose and lowers the glass transition temperature (Hancock and Zografi, 1994). 

This makes it important to control storage conditions. The disordered amorphous 

phase is in a higher energy state than the crystalline form and so these regions may 

crystallise on storage which could be detrimental to the formulation.
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2.1.2 Aluminium oxide

Aluminium oxide (synthetic sapphire) was used for much of the preliminary 

investigation as it is an inert material which shows no transitions on heating over the 

temperature range of the DSC instrument. This makes it suitable for assessing the 

effect of basic experimental parameters without the complication of sample 

transitions. It also has a well documented heat capacity and is suitable as a 

calibration standard (Archer, 1993). Aluminium oxide was obtained from Aldrich 

(Gillingham, UK) as a fine powder (99.9%, -lOOmesh, lot number 01904BZ HN) 

and as small, irregularly shaped fused pieces (99.99%, -6 +12 mesh, lot number 

04603PV JY). An aluminium oxide disc which fitted into the DSC pans was 

obtained from the DSC accessory kit (TA Instruments, Leatherhead, UK).

2.1.3 Poly(d,l-lactide)

Poly(d,l-lactide) was obtained in several molecular weight forms from two suppliers 

as detailed in Table 2.1. The polymer samples were received in small glass vials 

which were placed in an airtight container containing silica gel and were stored at 

approximately -24°C until use. After removal from storage, the packaging was 

allowed to dry thoroughly before the vials were opened.

The d,l-PLA of Mw 90,000 was used to make a preliminary study of possible 

MTDSC analysis conditions and data. The sample was analysed in the form as 

received from the supplier and after being cast as a film. The polymer film was 

prepared using a method similar to that of Bodmeier et al. (1989). A solution of 

350mg of polymer in 7ml of acetone was cast in glass Petri dish, dried in a vacuum 

oven at 25°C and 200mbar for 4 days and was then stored in a desiccator over silica 

gel prior to analysis.

The 5,100 and 99,800 Mw d,l-PLA samples were analysed both in the form in which 

they were received and after being made into microspheres using the method 

discussed later in this chapter. The two polymers are referred to throughout the 

discussion of the relevant results in terms of ‘high’ and ‘low’ molecular weight or
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the Mw values (99,800 and 5,100). The 99,800 and 103,000 Mw samples were then 

used to make progesterone-loaded microspheres using the same method. The range 

of microspheres manufactured is discussed later.

Table 2A Details o f poly(d,l-lactide) samples used in this project. The Mw, Mn and 

polydispersity data were obtainedfrom the suppliers.

Mw Mn poly
dispersity

Type Lot
number

Supplier

5,100" 2,400"
IMS’*

2.125" Resomer R104 250972 Boehringer Ingelheim, 
Ingelheim, Germany

90,000 - - Lactel BP-0500 82H0792 Sigma Chemicals, 
Poole, UK

99,800 
± 1,600

65,700 
± 1,300

1.52 
± 0.025

Lactel BP-0500 46H0142 Sigma Chemicals, 
Poole, UK

103,000 
± 1,300

67,600
±920

1.52
±0.012

Lactel BP-0500 47H0200 Sigma Chemicals, 
Poole, UK

measured by gel permeation chromatography 
potentiometric determination.

2.1.4 Progesterone

Progesterone (minimum 99%, lot number 46H1203) was obtained from Sigma 

Chemicals (Poole, UK) and was used as a model drug for investigation by MTDSC 

and also for manufacture into d,l-PLA microspheres. Progesterone is a natural 

female hormone produced by the corpus luteum after the ovary has released an egg. 

It causes the endometrium to develop ready to receive the fertilised egg and causes 

the body temperature to rise slightly. The placenta also produces progesterone 

during pregnancy. Progesterone prevents ovulation if administered during days 5 to 

25 of the normal menstrual cycle (The Merck Index, 1996). It has been used for the 

prevention of threatened or habitual abortion, to alleviate premenstrual syndrome, to 

treat postnatal depression and for contraceptive purposes. Progesterone is not 

effective orally except in high doses and has a short elimination half-life from the 

blood. The usual methods of administration are by intramuscular injection or 

suppository although the Alza Pharmaceutical Company has developed a sustained 

contraceptive delivery device (Progestasert) which is based on a membrane-enclosed 

reservoir design. The interuterine device releases progesterone directly in to the
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uterus to prevent pregnancy. Progesterone has advantages over synthetic hormones 

as it does not bring a risk of side effects for doses equivalent to those occurring 

naturally.

A diagram of the structural formula of progesterone is shown in Figure 2.2. 

Progesterone exists in two main crystal forms of equal physiological activity. The 

a-form has an orthorhombic (prism) crystal structure and a melting point between 

127-131°C. The (3-form has an orthorhombic (needle) structure and a melting point 

at 121°C (The Merck Index, 1996). Kuhnert-Brandstatter (1971) has reported a 

melting temperature of 131°C for the a-form and 123°C for the p-form.

CH;progesterone
(C 21H 30O 2) CH:

Figure 2.2 Structural formula for progesterone.

2.1.5 Other materials

The other materials used during this project are summarised in Table 2.2 which also 

details their source and lot number.
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Table 2.2 Details o f materials used during this project.

Material Lot number Source
cyclohexane (99.9% for GC) 20090 Reidel-de Haën, Seelze, Germany
n-octadecane (99.9% for GC) 50860 Reidel-de Haën, Seelze, Germany
indium (99,999%) 01527HYK2 38,301.5 Aldrich, Gillingham, UK
tin foil 0.5mm thick 
(99.999%)

02912HZ HZ 26,575.6 Aldrich, Gillingham, UK

acetone (99%) - BDH, Poole, UK
dichloromethane (99.5%) K23525380 717 BDH, Poole, UK
ethanol (99%) - Laboratory supply
di-phosphorus pentaoxide 
(with moisture indicator)

ZU167878 606 BDH, Poole, UK

poly(vinyl alcohol) 
(98% hydrolysed, Mw 
22,000)

K23297545 706 BDH, Poole, UK

silica gel
(coarse with indicator)

- BDH, Poole, UK

tween 80 2A2088516649 BDH, Poole, UK
water (de-ionised) Laboratory supply
nitrogen gas 
(dry, oxygen free)

- BOG, Guildford, UK

helium gas - BOG, Guildford, UK

2.2 SAMPLE PREPARATION METHODS

2.2.1 Spray Drying

Spray drying is a process used for converting a solution or suspension into a solid 

particulate form. The technique is illustrated in Figure 2.3 and can be described in 

terms of four stages (Masters, 1991);

1) The feed liquid is atomised.

2) The resulting spray comes into contact with hot air.

3) The spray is dried to a powder.

4) The powder is separated from the air.

The model of instrument employed in this study (Büchi 190 mini spray dryer, Büchi 

Laboratory-Techniques Ltd., Switzerland) uses a two-fluid nozzle to atomise the 

spray. The liquid feed and pressurised air mix in the nozzle causing the feed to 

break up into a spray which is then carried through a drying chamber by a stream of 

heated air. After the spray has dried to a powder, the product is collected in a
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cyclone separator. Although the air used to dry the droplets may be hot, the 

evaporation process cools the drying particles and this helps prevent thermal 

degradation of the product.

pump

nozzle tubing

liquid feed 

exhaust
spray o o o

air flow

cyclone
separator

mill

temperature
probe

product
collection

Figure 2.3 Schematic diagram o f  the Büchi 190 Mini Spray Dryer.

The physical characteristics of the spray dried product can be controlled by altering 

various experimental conditions such as the flow rate of the feed solution and 

pressurised air, and the operating temperature. For example, the particle size can be 

reduced by increasing by the pressure of the air in the nozzle as this increases the 

energy available for atomisation. The particle size can also be reduced by 

decreasing the concentration or viscosity of the feed or by decreasing the feed rate. 

If the rate of the air flow through the drying chamber is slowed, this will increase the 

drying time for the particles and so may lower residual solvent levels. Increasing the 

outlet temperature may also reduce the final solvent content of the product.
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As well as altering sample properties such as particle size and shape, spray drying 

may also cause polymorphic alterations or the elimination of crystallinity. Thus, 

spray drying can be used to enhance the dissolution rate of poorly soluble drugs by 

converting them to a higher energy crystal form or to an amorphous form. However, 

formation of these higher energy states may be detrimental to the stability of the 

product and so must be weighed against the benefits of increased bioavailability. A 

review of spray drying applications of pharmaceutical relevance has been given by 

Broadhead et al. (1992) and the thermal analysis of spray dried products has been 

reviewed by Corrigan (1995).

In this study, the spray drying technique has been used to convert a-lactose 

monohydrate into an amorphous lactose form so that it can be used as a model test 

material to assess the capabilities of MTDSC. A 10% w/v aqueous solution of a- 

lactose monohydrate was prepared and left for 2% hours to reach mutarotational 

equilibrium. The solution was then spray dried using an inlet temperature of 130°C, 

an outlet temperature of 80°C, a pump speed of approximately 5ml/min, a spray 

flow of 3 bar and an aspirator setting of 90%. After collection of the spray dried 

product, it was further dried for 24 hours in a vacuum oven at 50°C and 200mbar 

and then transferred to a desiccator containing silica gel for storage until use.

2.2.2 Microsphere Preparation

The microsphere manufacturing process utilised in this study was based on the 

solvent evaporation method of Benita et al. (1984). This procedure was chosen 

because it is one of the most commonly used methods and has previously been 

shown to be suitable for the manufacture of progesterone-loaded poly(d,l-lactide) 

microspheres (Benita et al., 1984; Benoît et al., 1984).

Three sets of microspheres were prepared. The first set was formulated using blends 

of d,l-PLA of Mw 99,800 and 5,100 in weight ratios of (99,800:5,100) 0:100 (x2), 

25:75, 50:50, 75:25 and 100:0. The second set of microspheres incorporated 

progesterone into the 99,800 Mw d,l-PLA in w/w ratios of 0, 10, 20, 30 and 50% 

(the percentage refers to the amount of progesterone). The last set of microspheres
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were made from 103,000 Mw d,l-PLA and progesterone at contents of 0, 5 (x2), 10, 

15, 20, 25, 28, 30, 35 and 50% w/w progesterone. All the microspheres were 

manufactured by Nadia Passerini except for the repeat batch of the d,l-PLA 

(103,000) + 5% progesterone which was manufactured by Vivienne Hill.

All the batches of microspheres were prepared using the following procedure. The 

polymer and drug were weighed separately on small filter papers to give the required 

weight ratio and were then tipped into a small conical flask. The total weight of 

solid raw materials (polymer or polymer and drug) was 500mg in each case. A 

measuring cylinder was used to measure out lOmL of dichloromethane which was 

then added to the dry raw materials. A glass rod was used to stir the mixture until all 

the particles had dissolved. A beaker containing 125mL of an aqueous solution of 

2% w/v PVA in de-ionised water was placed on a magnetic stirrer (Coming Hot 

Plate Stirrer PC351) set to the fastest setting. The dichloromethane solution was 

then pipetted slowly into the aqueous phase. On completion of the pipetting, the 

stirring speed was reduced to a lower rate (the same rate being used for all the 

batches). The resulting emulsion was then left stirring at room temperature and 

ambient pressure, to allow evaporation of the dichloromethane and the formation of 

microspheres.

The microspheres made from blends of two molecular weights of poly(d,l-lactide) 

were prepared by a continuous evaporation process in which the emulsion was 

stirred for 20 hours before collection of the microspheres. The dmg-loaded 

microspheres used an interrupted evaporation process in which the aqueous phase 

containing PVA was replaced with water after 4 hours as this has been shown to 

reduce the formation of free drug crystals (Benita et al., 1984). To replace the 

aqueous phase, the suspension was removed from the magnetic stirrer and the 

microspheres allowed to settle to the base of the beaker. The aqueous phase was 

slowly poured from the beaker until there was only a small amount left and the 

agitation had caused the microspheres to re-disperse in the liquid. Approximately 

lOOmL of water was then added to the beaker and the microspheres again allowed to 

settle. The water was decanted and replaced twice more. During the last addition of 

water, the microspheres were washed down from the sides of the beaker and the
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beaker approximately filled to the 150mL mark. The suspension was then returned 

to the magnetic stirrer and the solvent evaporation continued for a further 16 hours.

At the end of the set evaporation time, the microspheres were collected by filtration 

and washed by pouring 250mL of water through the filter paper. Once dry, the 

samples were sieved using a 250pm sieve to remove any aggregated particles and 

stored in opaque glass vials. The yield was determined by dividing the weight of 

sample collected after sieving by the weight of raw materials. The microspheres 

were further dried in a vacuum oven at 200mbar and 30°C to remove any residual 

solvent and so to limit the effect of plasticisation of the glass transition. The 

microspheres made from blends of the 99,800 and 5,100 Mw d,l-PLA were dried for 

either 88 or 108 hours, the 99,800 Mw progesterone-loaded microspheres were dried 

for 88 hours and the 103,000 Mw progesterone-loaded microspheres were dried for 

142 hours. In each case, the samples were dried until the mass loss on heating, as 

measured by TGA, was less than 1%. The same drying time was used for all the 

samples within the set so that any differences due to physical ageing would be 

minimised. Finally, the vials were stored at approximately 20-22°C in desiccators 

containing di-phosphorous pentaoxide to provide a dry atmosphere.

2.3 ANALYTICAL INSTRUMENTATION

2.3.1 Differential Scanning Calorimetry

In this study, a heat flux design of DSC was used (DSC 2920 with MTDSC 

capability, TA Instruments Ltd., Leatherhead, UK). As in all DSCs, the primary 

transducer is a temperature sensor which is used to calculate the heat flow into or out 

of the sample, since the heat flow can not be measured directly. A cross sectional 

diagram of the DSC cell is shown in Figure 2.4. The sample and reference pans sit 

on raised platforms in a constantan disc. This disc forms the primary heat flow path 

between the furnace and pan positions and also forms one element of the 

temperature measuring thermocouples (TA Instruments, 1993). A chromel wafer 

attached to the underside of each platform forms the second element of the chromel- 

constantan area thermocouples. The two thermocouples are connected in a series
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opposed manner so that the output is proportional to the temperature difference 

between the sample and reference positions. Chromel and alumel wires connected 

to the underside o f each platform form a chromel-alumel thermocouple that is used 

to measure the sample temperature.

silver lid

sample pan reference
pan

heating
block chromel disk

constantan
disk chromel & alumel 

wires

Figure 2.4 Cross sectional diagram o f  the DSC 2920 cell.

The constantan disc provides a controlled heat flow path between the sample and 

reference positions and transfers heat from the silver heating block which surrounds 

the disc to the sample and reference pans. The heating block is covered by a cooling 

jacket which is connected to a refrigerated cooling system (RCS). This device 

makes possible controlled cooling as well as heating and allows for precise 

temperature control by providing a cold heat sink for the furnace to work against. 

The DSC cell and RCS are purged with either nitrogen or helium gas, depending on 

the temperature programme. A 30mL/min flow is used for the cell purge and a 

150mL/min flow is used for purging the RCS.

DSC experiments can be performed using heating or cooling temperature ramps 

(typically between 0.5 to 20°C/min) or using isothermal methods or any 

combination o f ramps and isotherms. Full details o f the heating rates chosen in this 

investigation are provided with the relevant results. The sample is contained in an 

aluminium pan which can be either open, non-hermetically sealed or hermetically 

sealed, as illustrated in Figure 2.5, and can be sourced from several instrument
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manufacturers. Pans sourced from TA Instruments Ltd are identified in the text by 

the term ‘(TA)’ while those from Perkin-Elmer Co. are termed ‘(PE)’. The type of 

pan chosen can influence the sample data in several ways. Hermetically sealed pans 

prevent the loss o f volatile sample components during heating whereas open and 

non-hermetically sealed pans allow volatiles to escape. For non-hermetically sealed 

pans the process used to crimp the lid onto the pan base also compresses the sample 

which improves thermal contact between the sample and pan. A similar result can 

be achieved for the hermetic (TA) pans by inverting the lid before crimping but this 

is not possible with the hermetic (PE) pans because o f a slightly different lid design.

Open pan

Non-hemietic pan

Hermetic pan (TA) with inverted lid

Hermetic pan (PE)

Figure 2.5 Cross-sectional schematic diagram o f  the types o f  pans used in this 

study. The shaded areas illustrate the typical sample position

The raw data produced by the instrument must be calibrated to provide quantitative 

results. The temperature signal is calibrated by measuring a transition onset 

temperature for several reference standards. The values are entered into the DSC 

software, together with the literature values, and used to correct the measured 

temperature. The most commonly used transition is melting, although solid-solid 

and polymorphic transitions may provide alternatives (Charsley et al., 1993). A 

range o f certified reference materials have been tested by the ICTAC Committee on 

Standardisation and these substances are often chosen for temperature calibration 

(Charsley, 1993). The heat flow signal is calibrated by multiplying by a cell 

constant, E, which is calculated by dividing by the literature heat o f fusion for a
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reference standard (usually indium) by the observed heat of fusion. Values for E are 

usually found to be between 1 and 1.1 when a nitrogen purge gas is used but can be 

slightly higher when helium is used. All calibration runs are carried out using the 

same experimental parameters (heating rate, pan type, purge gas etc.) as the 

subsequent sample analyses.

2.3.2 Modulated temperature differential scanning calorimetry

The heat flux instrument described above can also be used for making MTDSC 

analyses 'svithout requiring any changes to the hardware; only the software need be 

upgraded to permit the use of a modulated temperature programme. A variety of 

MTDSC methods have been used in the following studies and the exact details of 

the modulation periods, amplitudes and heating rates chosen are detailed in the 

relevant experimental parameters sections. This information has been abbreviated in 

the figure captions to the form “q?, p?. A?” so that, for example, “q2, p30, AO. 16” 

will refer to an experiment with an underlying heating rate of 2°C/min, a period of 

30s and an amplitude of 0.16°C. These parameters must be carefully selected as a 

poor choice can result in inaccurate or misleading MTDSC data. Therefore, this 

project began with an investigation into the effects of such parameters on the 

resulting data, before progressing on to the MTDSC characterisation of a 

pharmaceutically important material.

The calibration of MTDSC data is basically the same as for conventional DSC data 

except that an extra calibration constant is need to correct the heat capacity signal. 

As in conventional DSC, the temperature signal is calibrated within the instrument 

software using the observed and literature melting temperatures of calibration 

standards. The baseline slope is corrected using the manufacturer’s method. All 

calibration experiments are performed using the same heating rate, pan type and 

purge gas as will be used in subsequent MTDSC experiments.

The current version of MTDSC software (V2.1E) only allows for one enthalpy and 

one heat capacity constant to be entered into the software even though both these 

values change with temperature. As an alternative to using this software option, it
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has been suggested by TA Instruments that the uncalibrated experimental data be 

exported into a spreadsheet and be corrected using previously determined 

temperature dependent calibration constants. These two methods are discussed in 

more detail below and the rational for the procedure chosen for the calibration of the 

MTDSC data presented in this thesis is discussed at the end of Chapter 3, after 

investigation of the other factors that affect the accuracy of the data.

2.3.2.1 One point calibration method

When restricted to one enthalpy and heat capacity calibration constant the usual 

method is to employ the conventional DSC procedure for the enthalpy calibration. 

The measured heat of fusion of indium is compared to the literature value to produce 

a constant termed the cell constant, E, which is entered into the instrument software 

and is used to adjust the heat flow data. The heat capacity constant, K(Cp), is 

calculated in a similar manner by dividing the literature heat capacity of a standard 

material (usually aluminium oxide) by the measured heat capacity. The operator can 

calculate K(Cp) using the measured and literature heat capacities at any temperature 

but only one value can be entered into the software. Thus, the operator could choose 

to use a value calculated at the centre of the temperature range, or at the expected 

temperature of a particular sample transition or could use an average of values 

calculated over the whole range. However, K(Cp) changes with temperature so a 

value calculated for a temperature in the middle of the analysis range may not give 

accurate data at the temperature extremes. In particular, it has been found that the 

value decreases rapidly with temperature below 300K, so that over a large 

temperature range (150 to 550K) the use of a single calibration point could result in 

errors as large as 15 to 20% (Varma-Nair et al., 1994).

2.3.2.2 Temperature dependent calibration method

In order not to compromise the data accuracy, it is also possible to transfer the 

uncalibrated data from the instrument to a spreadsheet and then use a different 

calibration constant for each data point. If this method is used the cell constant, E, 

can also be calculated on a temperature dependent basis using aluminium oxide 

rather than indium as above. A baseline correction can also be incorporated in the
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procedure to account for any thermal imbalance in the cell. In an ideal cell the heat 

capacity should be zero when there is no sample. In practice this is not the case 

because of small asymmetries in the cell which produce a thermal imbalance on 

either the sample or reference side. This causes a small heat capacity signal to be 

measured when the empty cell is heated. Determination of the size of this signal is 

important as it has been found that the heat capacity constant, K(Cp), changes with 

the size of the thermal imbalance. A cell with a large thermal imbalance (4.4mJ/°C) 

was found to give low K(Cp) values (<1) indicating that the measured heat capacity 

values were higher than the literature values (Varma-Nair et al., 1994; Varma-Nair 

and Wunderlich, 1996).

In cases of a large thermal imbalance, it may be necessary to perform a baseline 

correction, using the data from an experiment on empty pans of matched weight, to 

achieve accurate data. This procedure is routinely employed during conventional 

DSC measurements of heat capacity because the cell asymmetry causes a small heat 

capacity (either positive or negative) to be measured when empty pans are analysed. 

In MTDSC the measured heat capacity is always positive because it is calculated 

from the amplitudes of the modulated signals. Therefore, the phase lag between the 

modulated heat flow and derivative modulated temperature signals is used to 

determine if the imbalance is biased towards the sample or reference side (TA 

Instruments, 1996b). If the phase lag is positive, there is sample bias and the 

measured heat capacity should be subtracted from all subsequent runs. If the phase 

is negative, the bias is on the reference side and the heat capacity should be added to 

subsequent runs. For the instrument used in this study, it was found that there was a 

sample bias.

The data from the uncalibrated DSC files for the sample, calibration standard and 

empty pan analyses are saved as data tables using the MTDSC Universal Analysis 

software and exported into spreadsheet software (Excel was used in this thesis). The 

same modulation parameters, heating rate and pan types must be used in all the 

experiments. Each data table contains temperature (°C), heat flow (mW), heat 

capacity (mJ/°C) and derivative temperature (°C/min) signals at suitable temperature 

increments. The following procedure, based on a method outlined by TA
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Instruments, is used to determine the calibration constants and then calibrate the 

sample data (TA Instruments, 1996b). The cell constant, E, is calculated by 

comparing the measured heat flow for the calibration standard to the expected heat 

flow determined from the literature heat capacity,

E = - (literature Cp * heating rate)/(measured heat flow - baseline heat flow)

Equation 2.1

The literature heat capacity values for the aluminium oxide sample used as the 

calibration standard in this study were calculated using a temperature dependent 

equation supplied by the ATHAS laboratory which fits the data produced by Archer 

(1993). The equation was compared to the literature heat capacity values and found 

to be in good agreement. The heating rate used in the above equation is the 

instantaneous value down-loaded from the DSC module in the data table, rather than 

the programmed value. The heat capacity calibration constant, K(Cp), is then 

calculated by comparing the observed heat capacity to the literature values,

K(Cp) = literature Cp / (E * (measured Cp -  baseline Cp)) Equation 2.2

The enthalpy and heat capacity calibration constants are then combined into a single 

value called the combined cell constant product (CCCP),

CCCP = E * K(Cp) Equation 2.3

Once these constants have been determined they can be used to calibrate the sample 

data as follows.

Heat capacity = CCCP * (sample Cp -  baseline Cp) Equation 2.4

Total heat flow = E * (sample heat flow -  baseline heat flow) Equation 2.5

Reversing heat flow = - CCCP * heating rate * (sample Cp -  baseline Cp)

Equation 2.6

Non-reversing heat flow = total heat flow -  reversing heat flow Equation 2.7
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It has been suggested that use of the measured (instantaneous) heating rate in the 

above equations would be preferable, as under some conditions the measured and 

programmed rates may differ by up to 10% (Van Assche et al., 1997). However, in 

this study the programmed heating rate was used as this is the method currently 

implemented within the TA Instruments software.

2.3.3 Thermogravimetric analysis

Thermogravimetric analysis is a technique for measuring the weight of a sample 

during a controlled heating programme. Although the official name for this 

technique is thermogravimetry (TG), many thermal analysts still use the older term 

of thermogravimetric analysis (TGA) to avoid confusion with the glass transition 

temperature (Tg). The acronym TGA has been used in this thesis for the same 

reason. In the polymer industry, TGA is traditionally used to study degradation in 

either inert or oxidative atmospheres. The technique is commonly used in the 

pharmaceutical industry for measuring desorption i.e. the determination of the 

amount of residual solvent in a product or its raw materials. Other pharmaceutical 

applications include the study of the phase inversion of oil in water emulsions, the 

characterisation of solvates, the measurement of stability, and the investigation of 

reaction and decomposition kinetics (Ford and Timmins, 1989).

A TGA 2950 (TA Instruments, Leatherhead, UK) was used to determine the mass 

lost from samples on heating. A schematic diagram of this instrument is shown in 

Figure 2.6. The sample is placed in a platinum holder which is connected to a 

balance mechanism by means of a fine wire. A coil wound furnace, which is 

surrounded by a water cooled jacket, is then raised around the sample and provides 

the controlled heating programme. The temperature of the sample is measured by a 

thermocouple positioned just above the sample pan. Dry nitrogen gas is purged 

through the balance and furnace regions, using flow rates of 40mL/min and 

60mL/min respectively, to ensure an inert atmosphere is maintained.
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Figure 2.6 Schematic diagram o f  the basic elements o f  the TGA 2950 instrument.

The instrument works on the null balance principle (TA Instruments, 1994). The 

sample and tare platinum holders hang from each end o f a balance arm that is 

pivoted at the centre. Affixed to the top of the balance arm is a small flag. This 

blocks an equal amount o f the light emitted by an LED from reaching two 

photodiodes, for as long as the balance arm is horizontal. If the force on the sample 

and tare sides becomes unequal, such as when the sample starts to lose mass, this 

will cause the balance arm and flag to rotate. As a consequence o f the rotation, a 

different amount of light will reach the two photodiodes and a current, called the 

error signal, is produced. The current is nulled by the control circuitry and the meter 

movement returns the balance arm to the horizontal (null) position. Therefore, the 

change in current required by the meter movement is proportional to the change in 

mass o f the sample.

The null position principle is ideal for TGA design since it ensures that the sample 

maintains a constant position in the furnace. Generally, the temperature will vary
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through the furnace because of its geometry. Therefore, keeping the sample in the 

same position allows the temperature to be controlled more easily. The temperature 

signal is calibrated by comparing the observed melting temperature of a metal 

standard to the literature value. Indium was used in this study. Melting is not 

associated with a change in weight, so the melting point is determined by observing 

its effect on the derivative temperature signal. Although, the measurement of a 

melting transition is the most common method used for temperature calibration of 

this type of balance, magnetic reference materials have also been developed 

(Charsley, 1993). The weight signal is calibrated using lOOmg and Ig weights 

supplied by the manufacturer.

The sample can be placed either directly on the platinum holder or can be contained 

in an open aluminium DSC pan, which is then put in the platinum holder. The 

second method was used in this study as it allows the aluminium pan and sample to 

be disposed of after each run without contaminating the platinum holder, which 

otherwise must be carefully cleaned between experiments. Some runs were also 

performed using sealed DSC pans so that the results could be compared to MTDSC 

experiments made using the same pan types. All the TGA experiments undertaken 

to determine the level of residual solvent in a sample were made using a heating rate 

of 10°C/min, while experiments undertaken for comparison with DSC data were 

made at 2°C/min.

2.3.4 Ultra-violet spectroscopy

Ultra-violet (UV) light lies just to the shorter wavelength side of visible light in the 

electromagnetic spectrum, as illustrated in Figure 2.7. The absorption of visible and 

ultra-violet radiation by organic compounds is associated with transitions between 

electron energy levels (Williams and Fleming, 1989). Measurement of the 

wavelength of the absorbed light allows calculation of the transition energy, which is 

a measure of the separation in energy of the orbitals concerned. It has been found 

that such absorption follows two empirical laws. The first, Lambert’s law, states 

that the fraction of the incident light absorbed is independent of the intensity of the 

light source and the second. Beer’s law, states that the absorption is proportional to
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the number of absorbing molecules. These laws give rise to the following equation, 

which relates the transmittance (I/Io) to the concentration of the absorbing species.

log
y

= -s[J]l Equation 2.8

where lo is the intensity of the incident light, I the intensity of the transmitted light, e 

is the molar absorption coefficient (this coefficient depends on the frequency of the 

radiation used and has units of mol'^Lcm’̂ ), [J] is the molar concentration of the 

absorbing species in the sample and 1 is the path length of the absorbing solution 

(cm) (Atkins, 1996). The product e[J]l is called the absorbance or optical density of 

the sample. The measurement of this absorbance allows the concentration of the 

absorbing sample to be calculated.
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Figure 2.7 Summary o f the regions o f the electromagnetic spectrum.

A UV-vis spectrophotometer model 554 (Perkin Elmer Ltd., Beaconsfield, UK) was 

used to determine the concentration of progesterone in FLA microspheres. In this 

instrument, a monochromatic beam of light from a deuterium lamp is split by a 

rotating chopper and sent alternately through sample and reference cells. A tungsten 

lamp can be used if visible light is required. The light which has passed through the 

cells is then reflected on to a photomultiplier which converts the light energy into an
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electrical current. The components of the electrical signal relating to the sample and 

reference responses are separated and used to calculate the absorbance by the 

sample.

Before the instrument is used for sample analyses it is necessary to prepare a 

calibration curve to check that there is a linear relationship between absorbance and 

drug concentration and also to determine the wavelength of the maximum 

absorbance (̂ max). A progesterone solution of 0.1994mg/mL concentration was 

prepared by dissolving 49.85mg of progesterone in 20mL of dichloromethane. The 

solution was then made up to 250mL with ethanol. A graduated pipette was used to 

measure and transfer small volumes, of between 2.5 and ISmL, of this stock solution 

into 20mL volumetric flasks to produce the range concentrations indicated in Table 

2.3. A second solution of 20mL dichloromethane made up to 250mL with ethanol 

was prepared for use in the reference cell and for diluting the progesterone stock 

solution.

Table 2.3 Details o f progesterone solutions prepared for the UV spectrophotometer 

calibration curve.

Concentration Volume of Volume of Concentration Number
of initial initial final solution of final of
solution solution solution solutions
(mg/mL) (mL) (mL) (mg/mL) prepared
0.1994 - - 0.1994 1
0.1994 15 20 0.1496 2
0.1994 12 20 0.1196 2
0.1994 10 20 0.0997 2
0.1994 7 20 0.0698 2
0.1994 5 20 0.0499 2
0.1994 2.5 20 0.0249 2

Each solution was analysed using 1mm path length quartz cells. Preliminary scans 

revealed that progesterone exhibited maximum absorbance at a wavelength of 

240nm. This maximum was determined by manually entering wavelength values 

through the region of the absorbance peak and recording the corresponding 

absorbance values. Before measuring the absorbance of the calibration solutions, 

both the cells were filled with the dichloromethane / ethanol solution and the
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absorbance value was manually zeroed at 240nm. The sample cell was then filled 

with a progesterone solution and the absorbance measured at the same wavelength. 

Each time the concentration o f the solution in the cell was changed, the cell was 

washed out with the next concentration o f solution several times and the exterior o f  

the sample vial was cleaned with a dry tissue to remove any spilt liquid before 

making any measurements.
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= 0.9992
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Figure 2.8 Calibration curve generated from  the UV analysis o f  a progesterone 

solution.

For each o f the thirteen solutions, the cell was filled and the absorbance measured 

five times. The five readings were then averaged and plotted against the 

concentration of the solution. Figure 2.8. The data wer&found to give an acceptable 

fit to a linear regression through the origin with a correlation coefficient (R^) of 

0.9992. The error bars were found to be very small; they are shown on the graph but 

are almost too small to distinguish from the data point symbols. The average 

absorbance values measured for the two solutions o f each concentration were 

generally very close which indicates that the preparation method used to generate 

the various concentrations was reproducible. The linear regression showed that the



Chapter 2: Materials, methods and instrumentation / 90

measured absorbance could be related to the concentration of progesterone (in 

mg/mL) through the relationship,

absorbance = 4.7005 x concentration Equation 2.9

This expression was subsequently used to convert the measured absorbances for the 

microspheres into progesterone loadings. The procedure for analysing the 

microspheres was as follows. Approximately 5mg of progesterone-loaded

microspheres were weighed onto a small square of paper using a Mettler M3 balance 

which had a four figure display (i.e. O.OOOmg) (Mettler Instrumente AG, Zürich, 

Switzerland). The microspheres were transferred to a lOmL volumetric flask and 

O.SmL of dichloromethane was added using a Gilson pipette. The flask was shaken 

gently until all the microspheres had dissolved and then the solution was made up to 

lOmL with ethanol and agitated to precipitate the polymer. The resulting suspension 

was centrifuged at 10,000 rpm for 10 minutes (JS-HS centrifuge, Beckman-RIIC 

Ltd, High Wycombe, UK) and the absorbance of the supernatant was measured at 

240nm. Four suspensions were prepared for each microsphere sample and five 

absorbance readings were made from each supernatant solution. This gave 20 

readings which were averaged to give a result for each drug loading.

2.3.5 Particle size analysis

The particle sizes of the various microsphere batches were measured using a laser 

diffractometer (Malvern Particle Sizer 2600c, Malvern Instruments Ltd., Malvern, 

UK). The operation of the instrument is based on the principles of Fraunhofer 

diffraction and uses the radiation from a low energy helium-neon laser (Malvern 

Instruments, 1987). Figure 2.9 illustrates the main components of the Malvern 

instrument. A beam of laser light is passed through a cell containing the sample 

particles which are suspended in a liquid and agitated using a magnetic stirrer. The 

scattered light is then focused by a Fourier transform lens (or receiver lens) onto a 

series of 31 concentric photodetector rings which are in the focal plane of the lens. 

Positioning the detector at this point ensures that the diffraction pattern is stationary 

and not affected by the velocity of the particles. A hole in the centre of the detector
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houses a photodiode that is used to align the laser beam. The Fourier transform lens 

focuses all the light incident on it at a particular angle onto the same ring of the 

detector, regardless of the position of the particles that had deflected the light.

laser

„ . /cell containing
sample suspension

t
Fourier 

transform lens

concentric
photodetector
rings

central photodiode 
for aligning laser

Figure 2.9 Schematic diagram o f the main components o f the Malvern particle sizer.

Fourier transform lens

large particle

small particle

detector

Figure 2.10 Diagram illustrating the scattering o f light by particles in the Malvern 

particle sizer.

According to Fraunhofer theory, particles scatter light through angles that depend on 

their size (Barth, 1984; Brittain, 1995). Small particles scatter the laser beam to high 

angles and this light is detected on the outer rings of the detector. Figure 2.10. Very 

small particles scatter the light to such high angles that it misses the receiver lens 

and so can not be detected. The intensity of light diffracted on to each detector ring 

during a number of time interval sweeps is recorded and used to build up a
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distribution profile of the particle sizes. The instrument software performs a 

calculation of the particle size based on a system of equivalent spheres (in this case 

equivalent volumes) and so provides an indirect measurement of particle size.

For the analysis of the PL A microspheres, the instrument was used with a 300mm 

receiver lens which provides measurements in the 5.8pm to 564pm range. Before 

measuring the samples, the laser beam was aligned onto the detector to give a good 

intensity of undeflected light. The sample cell was then filled with water containing 

0.1% Tween 80 and a background measurement was taken. For the sample 

analyses, approximately 15mg of microspheres were suspended in 13mL of an 

aqueous solution of 0.1% Tween 80 and the suspension was agitated by a magnetic 

stirrer. This concentration of microspheres was found to give obscuration values 

between 0.2 and 0.4 as required. High obscuration values were avoided because the 

multiple scattering of the incident light causes an over prediction of small particles. 

The volume diameter D(v,0.5) and span values were recorded and used to 

characterise the samples. The D(v,0.5) value is the diameter of the sphere for which 

50% of the total volume measured is below this size and 50% above. The span is a 

measure of the width of the volume distribution and is given by.

span = Equation 2.10
D(v,0,5)

D(v,0.9) and D(v,0.1) represent the volumes below which 90% and 10% of the 

volume is measured. Three measurements were taken for each suspension and three 

suspensions were made for each sample.

2.3.6 Hot stage microscopy

Hot stage microscopy allows a sample to be heated at a controlled rate whilst 

observing any changes through a microscope. The system employed in this study 

used a transmission compound microscope (Olympus BX system microscope, 

Olympus Optical Co. (UK) Ltd., London, UK) fitted with a 35mm camera (Nikon F- 

601M,Nikon Corporation, Tokyo, Japan) to record the images. An objective lens
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which gave a magnification of xlO was used and the microscope was adjusted for 

Kohler illumination before use. This procedure ensures that the sample is evenly 

illuminated and avoids undesirable effects such as glare and poor resolution.

A hot stage heating unit (FP5/FP52, Mettler Instrumente AG, Zurich, Switzerland) 

was placed on the microscope stage and centred in the field of vision. The unit 

contains a flat oven which is electrically heated and a platinum resistance 

thermometer which is used to control the temperature. Although the instrument 

manual states that the thermometer does not require calibration (Mettler Instrumente 

AG), the temperature readings were checked by observing the melting temperature 

of indium. A small piece of indium was placed on a microscope slide and heated at 

l°C/min. Melting was observed to begin at I56.0°C which is in adequate agreement 

with the literature value of 156.61°C (TA Instruments Applications Note TN-11).
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condenser 
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Figure 2.11 Diagram illustrating the microscope lens configurations required for 

use with (a) crossed polars (b) DIG methods.
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A small amount of the sample material was then placed on a microscope slide, 

covered with a glass cover slip and fitted into the hot stage unit. The instrument was 

heated at a rate of l°C/min and samples were observed using both crossed polars 

and differential interference contrast (DIG) methods. Figure 2.11a shows a 

schematic diagram of the microscope configuration required for use with crossed 

polars. Polarisers are placed below the condenser and above the objective and are 

rotated until their azimuths of polarisation are mutually perpendicular. In this 

position, minimum light intensity is observed (Slayter and Slayter, 1992).

When isotropic specimens are placed between the polarisers, the field of view 

remains dark. However, anisotropic (or biréfringent) materials, such as most 

crystals, glasses and polymers, resolve the incident light into two mutually 

perpendicular components termed the ordinary and extraordinary rays (Robinson 

and Bradbury, 1992). A component of the vibration will pass through the second 

polariser and the sample will be visible as a bright area in an otherwise dark 

background. Non-birefringent materials can also show up as bright areas due to 

scattering of light (Robinson and Bradbury, 1992).

In the DIG method. Figure 2.11b, the polarised light leaving the first polariser is 

split into two mutually perpendicularly polarised beams by a Wollaston prism placed 

below the condenser (Slayter and Slayter, 1992). The two beams pass through 

adjacent regions of the sample which may have different optical paths and so 

introduce a phase difference between the beams. The two beams are then 

recombined by a second Wollaston prism above the sample and a second polariser 

(analyser) brings the beam back into a single azimuth of polarisation. The resulting 

interference between the two beams produces observable differences in intensity 

which increase the contrast of the image. When white light illumination is used, the 

colours observed depend on the optical path difference imposed at the second 

Wollaston prism and these colour changes enhance the observed image.
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2.3.7 Scanning electron microscopy

Scanning electron microscopy (SEM) is technique in which an image of a specimen 

is formed using a beam of electrons instead of light (Swift, 1970; Agar, 1974; Watt, 

1997). In ordinary light microscopes the resolving power is limited to about 0.2pm 

(200nm) and can not be improved due to the dependence of the resolving power on 

the wavelength of radiation used. In 1924 Louis de Broglie reasoned that if light, 

which is usually considered to have wavelike properties, can also show particle-like 

behaviour, then electrons, which are usually considered as particles, may also be 

treated as waves. He went on to propose an equation relating the wavelength (A<) of 

an electron to its momentum (m^v).

wavelength(X,) = Equation 2.11
m.v

where h is Planck’s constant (6.63 x 10'̂ "̂  Js), me is the rest mass of the electron 

(9.11 X 10'̂  ̂ kg), and v is its velocity. An electron accelerated from rest through a 

potential difference V has a kinetic energy of eV (where e is the charge on the 

electron); the kinetic energy can also be expressed as %meV̂ . Substitution into 

Equation 2.11 will therefore give a de Broglie wavelength for an electron of (Atkins,

1996),

h
V̂ m.eV

Equation 2.12

An electron of lOOkeV will have a wavelength of approximately 4x10'^ nm (Watt,

1997). Although this would suggest that a resolving power of 10’̂  nm would be 

possible, in practice other factors limit the resolving powers of current instruments to 

approximately 0.1 nm (Slayter and Slayter, 1992).

A schematic diagram of a typical SEM configuration is shown in Figure 2.12. The 

electron source is usually either a tungsten filament or a lanthanum hexaboride tip. 

Electrons are focused by a series of electromagnetic lenses to form a probe beam 

which is rastered over the surface of the sample to produce a 2-dimensional image.
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The movement of the probe over the surface of the sample is controlled by magnetic 

coils and the sample is mounted in a vacuum chamber to reduce interactions of the 

electrons with other particles. In the simplest case, an incident electron collides with 

(or passes very close to) an atom in the specimen and is deflected without losing any 

energy (an elastic collision). The electron may go on to make several collisions 

before being scattered back from the sample or may emerge from the other side of a 

thin sample (as in transmission electron microscopy (TEM)). Some electrons lose 

all their energy within the specimen which causes heating and contributes to a 

sample current. SEM mainly uses secondary or reflected (backscattered) electrons 

to assess the topography of the specimen. These electrons are detected by a monitor 

positioned at an angle to the sample plane. The signal produced is recorded for each 

point on the sample surface and is used to control the brightness of a corresponding 

point on a cathode ray tube which thus displays an image of the surface.
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probe forming 
lens (objective)

beam deflection 
coils

I electron gun
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stage

Figure 2.12 The main components o f  an SEM  system.
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As well as undergoing elastic collisions, electrons can interact with the sample in a 

number of more complex ways (Watt, 1997). They may undergo inelastic collisions 

which result in an outer orbital electron being removed from the sample atom, 

leaving a positively charged ion. If the atom is near the surface, the electron may be 

able to escape from the sample and contribute to the secondary electron (SE)
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emission current. As only electrons from atoms close to the surface can contribute 

to this current, it is generally used for high-resolution surface imaging.

Backscattered or reflected electrons have energies ranging from those of the incident 

beam down to energies similar to secondary electrons. As well as forming 

topographical images, backscattered electrons can also be used to provide 

information on the atomic number of the atoms in the specimen because the amount 

of backscattering increases with increasing atomic number. The electron 

bombardment of the sample also produces X-ray photons of wavelengths 

characteristic of the elements in the sample. Thus, the X-ray data can be used for 

sample identification. In addition to the emission (secondary and backscattered 

electrons) and X-ray modes, appropriately equipped SEM systems can be used to 

measure the absorbed sample current, cathodoluminescence and transmitted 

electrons (Watt, 1997).

In this study, the morphology of the microspheres were investigated using a Phillips 

XL20 SEM (Philips Electron Optics, Eindhoven, Netherlands). A small amount of 

the powder sample was fixed to a metal stub using a piece of carbon impregnated 

sticky tape and excess powder was removed using compressed air. The sample was 

then sputter coated with gold for 2 mins in an argon atmosphere using an Emitech 

K550 sputter coater set at 30mA. The gold coating improves the image contrast by 

promoting electron reflection at the surface instead of the multiple scattering which 

can take place if the electrons penetrate a sample of low atomic number. The metal 

coating also prevents a non-conducting sample from becoming electrically charged 

as it conducts excess charge to the metal stub (Watt, 1997). During the sputter 

coating process the gold atoms deflect off the argon atoms in the atmosphere. This 

prevents the gold atoms from all striking the sample at the same angle and so 

reduces the formation of shadows.

2.3.8 Powder X-ray diffraction

Powder X-ray diffraction (PXRD) is a technique used to investigate the crystalline 

characteristics of materials using radiation from the X-ray region of the
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electromagnetic spectrum (US Pharmacopeia, 1979; Atkins, 1996; Jenkins and 

Snyder, 1996). X-rays have very short wavelengths, between two and five orders of 

magnitude shorter than visible light (Watt, 1997). The X-ray region is bound by the 

y-ray and UV regions, as illustrated in Figure 2.7. There is some overlap between 

the regions for y-rays and X-rays as they are not defined by their wavelength but 

rather by their origin (Whelan and Hodgson, 1985). The wavelengths of X-rays are 

comparable in length to the spacing of atoms in crystals (approximately 100pm) and 

so when X-rays are aimed at crystals, the beams are diffracted by them. Although 

the beam is scattered through all angles, in certain directions the diffracted beams 

are in phase and so become reinforced. This produces characteristic diffraction 

patterns that can be used to identify the crystal present. Amorphous materials, 

which do not contain a repeating structural unit, do not produce diffraction at 

characteristic angles and so can not be easily identified. In early X-ray diffraction 

methods a single crystal of the sample was required but developments to the 

technique have made possible the analysis of powder samples.

Powder X-ray diffraction is generally non-destructive in nature (although the sample 

may have to be ground to ensure it is randomly orientated) and the sample can be 

recovered for use in further analytical tests. This is particularly useful during the 

development of novel pharmaceutical drugs when only a small mass of the material 

may be available. As well as for routine identification of materials, the technique is 

commonly used in the pharmaceutical industry to identify the different polymorphs 

and solvates of a compound and to assess the level of sample purity.

In typical X-ray diffraction instrumentation, the X-rays are produced by bombarding 

a metal anode with a stream of high energy electrons. This produces two types of 

radiation, a broad background of continuous (white or Bremsstrahlung radiation) and 

well as intense peaks of radiation at wavelengths characteristic to the metal surface 

(Atkins, 1996; Watt, 1997). The bombarding electrons decelerate rapidly on 

interacting with the electric fields of the metal atoms and their kinetic energy is 

converted into X-ray photons which are then emitted from the anode to form the 

background radiation. This white radiation may interfere with the measurement of 

the sample diffraction pattern as it can mask small peaks and so its intensity is
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minimised by using the lowest practical accelerating voltage as this reduces the 

kinetic energy of the bombarding electrons.

The intense characteristic radiation lines, which are seen overlaid on the background 

radiation, are produced by the rearrangement of electrons in the atoms of the metal 

target. If a bombarding electron imparts sufficient energy to an electron bound in an 

inner orbital of the atom, it may cause the atomic electron to be ejected. This leaves 

a vacancy which is filled by an electron from an outer orbital. Since orbitals closer 

to the nucleus are more tightly bound and have lower energy than the outer orbitals, 

the electron must therefore lose energy. This is achieved by emitting the excess 

energy in the form of an X-ray photon, whose energy will be equal to the discrete 

energy difference between the orbitals. These photons contribute to the 

characteristic peaks seen in the spectra produced.

incident rays

reflected
rays

Figure 2.13 Illustration o f the diffraction o f X-rays.

Figure 2.13 shows a diagram illustrating the diffraction of the X-ray beam by the 

sample. The incident radiation is aimed at the sample at a glancing angle, 0, and is 

reflected from each plane in the crystal lattice according to Snell’s law (the angle of 

incidence = the angle of reflection). It is assumed that the incident radiation is in 

phase. At the measurement point, M, the reflected wave from a lower plane in the 

crystal has travelled an extra distance, a + b (shown as bold lines), compared to the 

wave from the top plane. Simple trigonometry allows this distance to be expressed 

as.
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a + b = 2d sin0 Equation 2.13

where d is the distance between planes in the crystal lattice. This path difference 

will cause a phase difference between the waves and destructive or constructive 

interference will result. However, once the extra distance travelled is equal to the 

wavelength of the incident radiation, X, the waves will again be in-phase and 

constructive interference will occur (Atkins, 1996). This will happen when the 

reflected radiation satisfies the Bragg equation,

nA, = 2d sin 6 Equation 2.14

The characteristic diffraction pattern produced by the interference can be used to 

identify the crystalline sample.

Powder X-ray diffraction studies of progesterone and progesterone-loaded 

microspheres were performed by M. Vickers at the Department of Crystallography, 

Birkbeck College, London, UK. A Siemens D500 diffractometer employing the 

Bragg-Brentano geometry was used and the instrument was fitted with a pre-sample 

monochromator and a scintillation counter. The radiation was Cuk^i (A,=1.5406Â). 

The incident and receiving slits were set at 0.3° and 0.05° respectively and the data 

were collected over the 20 range, 3 to 35° using a step size of 0.05° and a counting

time of 10 seconds per step. Samples were presented to the beam in a flat, silicon

wafer sample holder and all measurements were made at ambient temperature.
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CHAPTER 3: PRELIMINARY INVESTIGATION OF 
THE EFFECTS OF EXPERIMENTAL PARAMETERS

3.1 INTRODUCTION

It was decided to begin the project by investigating a common pharmaceutical 

material as this would allow the type of data that could be obtained from the 

MTDSC technique to be established. One of the perceived advantages of MTDSC, 

at least in the study of polymeric systems, is improved measurement of the glass 

transition, so it was logical to explore the use of this technique for the 

characterisation of an amorphous material of pharmaceutical importance. 

Consequently, spray dried lactose was chosen for preliminary investigation, firstly 

because it is a material which is widely used in the pharmaceutical industry and 

secondly because conventional DSC studies had shown that amorphous lactose 

demonstrates a range of thermal transitions on heating. There is extensive literature 

available on the characterisation of this material using many analytical techniques 

and so it is suitable to be used as a model system for investigating the potential of 

the MTDSC technique.

It is known that the quality of data produced by conventional DSC experiments is 

dependent on the choice of experimental parameters; factors such as the heating rate, 

pan type and sample mass can all influence the resulting data. The operator aims to 

choose optimum experimental conditions in order to avoid artefacts and spurious 

results. In practise though, the actual range of experimental parameters that can be 

successfully utilised is sufficiently large that the operator is seldom likely to exceed 

these constraints in the course of most typical analyses. In MTDSC experiments the 

complex nature of the applied temperature programme makes the quality of the data 

produced more dependent on a suitable choice of parameters. In some cases, failure 

to understand the effects of the various experimental parameters on the heat flow 

response can lead to misinterpretation of the data. In order to make sure that such 

effects were fully understood, the preliminary analyses of lactose were followed by a 

systematic study of the influence of a rang^xperimental parameters on the data. 

This investigation was performed using an inert, calibration material (aluminium
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oxide). Particular attention was paid to the modulation of the heat flow and the 

accuracy of the heat capacity data produced. Undertaking this investigation will 

ensure that when a more complex pharmaceutical system is analysed in Chapters 4 

and 5, the data are produced using the optimum conditions and are free from 

avoidable artefacts.

3.2 PRELIMINARY STUDY ON SPRAY DRIED LACTOSE

3.2.1 a-lactose monohydrate

3.2.1.1 Experimental details

The a-lactose monohydrate sample was analysed using conventional DSC with a 

heating rate of 2°C/min and non-hermetic pans. The DSC instrument was calibrated 

for temperature using cyclohexane, indium and tin and was calibrated for enthalpy 

using indium, as described in Chapter 2. TGA analyses were made using open pans 

and a heating rate of 10°C/min to determine the mass loss during heating.

3.2.1.2 Results and discussion

The conventional DSC analysis of the a-lactose monohydrate run as received 

showed two main features, Figure 3. la. The first was an endotherm with a peak 

temperature of 136°C which could be assigned to the loss of crystal water by the 

corresponding mass loss seen in the TGA analysis of the sample. Figure 3.1b. The 

second large endotherm in the DSC trace had an onset temperature of 208°C and a 

peak temperature of 212°C. This corresponds with the typical melting temperatures 

given in the literature for a-lactose monohydrate which range from 202°C to 215°C 

(The Handbook of Pharmaceutical Excipients, 1986; Giron, 1989; Figura, 1993). 

The presence of both these transitions confirm that the lactose was received in the a- 

monohydrate form. A further endotherm with a peak temperature of 219°C was also 

recorded which could be due to either melting, decomposition or a mixture of both 

processes. The noise seen in the DSC signal, together with the mass loss seen 

measured by TGA in this temperature region, would suggest decomposition.
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Several previous studies of the monohydrate have shown a small feature at 

approximately 170°C (Lerk et al., 1984; Figura et al., 1995). X-ray diffraction 

analysis of this transition by Lerk et al. (1984) suggested that it was due to the 

transformation of unstable a-lactose, formed during dehydration, into compound 

a/p crystals. Their study also determined that a significant proportion of all the 

a-forms (monohydrate, unstable and stable) converted to the p-form on heating. 

Figura et al. (1995) showed that an unstable form of a-lactose produced by rapid 

dehydration of the monohydrate transformed to a stable a-form on heating. X-ray 

diffraction indicated that this process took place in several steps over the 

temperature range 120 to 170°C but only one transition was visible by DSC at 

170°C. However, in this study no transition was visible in the conventional DSC 

result at 170°C although this could possibly be due to the low heating rate used.

115
(a) DSC heat flow
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Figure 3.1 (a) conventional DSC heat flow  fo r  a-lactose monohydrate run at 

2°C min in non-hermetic pans (b) TGA mass loss on heating at 10°C/min in open 

pans.
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3.2.2 Spray dried lactose

3.2.2.1 Experimental details

The spray dried lactose sample was also analysed using conventional DSC with a 

heating rate of 2°C/min and non-hermetic pans. MTDSC experiments were then 

performed using modulation parameters of a 2°C/min heating rate, a 30s period and 

a 0.16°C temperature amplitude. The heating rate and period were chosen to try to 

achieve at least four modulations through any transitions as recommended by TA 

Instruments (TA Instruments, 1993). The amplitude was chosen to give a minimum 

heating rate of 0°C/min i.e. no cooling during each cycle. The MTDSC analyses 

were made using several pan types. Open pans, non-hermetically sealed pans and 

hermetically sealed pans manufactured by TA Instruments were used as well as 

hermetically sealed pans (also called 20pl volatiles pans) made by Perkin-Blmer. 

The two types of hermetic pans are referred to in the text as ‘hermetic (TA)’ and 

‘hermetic (PE)’ respectively. The hermetic (TA) pans were used with the lids 

inverted to increase the thermal contact with the sample. All DSC pans were 

matched in mass to within ±0.1 mg. The MTDSC instrument was calibrated for 

temperature using cyclohexane, indium and tin. All the data presented in the 

following section were cahbrated for enthalpy and heat capacity using the 

temperature dependent method discussed in Chapter 2.

TGA analyses of the spray dried lactose sample were made using each of the pan 

types that had been employed in the MTDSC investigation. A heating rate of 

2°C/min was used so that the results could be compared with the corresponding 

MTDSC data. The sample was also analysed in open pans at 10°C/min.

3.2.2.2 Results and discussion

Figure 3.2 shows the raw data (before calibration) for the total heat flow and 

modulated heat flow produced during the MTDSC experiment using non-hermetic 

pans. The deconvoluted heat flow has been shifted vertically relative to the 

modulated heat flow so that it can be seen more easily. Figure 3.3 shows the 

modulated heating rate and phase signals from the same experiment. The modulated
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heating rate signals show that the chosen modulation parameters produced a 

heating profile with an instantaneous minimum heating rate of 0°C/min and a 

maximum of 4°C/min. Thus, the aim of avoiding cooling as part of any cycle had 

been achieved. It is also noted that there were at least four modulations through 

each transition as suggested for successful deconvolution of the data. This data were, 

then deconvoluted using the TA Instruments software and exported to a spreadsheet 

where it was calibrated using the temperature dependent method. All other plots in 

this section show the calibrated data.

Figure 3.4 shows the total heat flow compared to the heat flow from a conventional 

DSC experiment and the mass loss profile from a TGA analysis. The heat flows 

measured by the conventional and modulated techniques were found to be in 

generally good agreement, except for minor differences during the peak maxima. A 

possible explanation for these differences is discussed in the next section. The same 

thermal processes were seen in both heat flow signals which confirms that no 

information is lost by using the MTDSC technique. Therefore, even if the 

deconvoluted signals do not yield any benefits, it is still possible to access the same 

information that would have been produced by the conventional DSC technique.

Both the heat flow signals showed a broad endotherm between 10°C and 1I0°C 

which was assigned to the loss of residual water from the sample. This 

interpretation was confirmed by the TGA trace which showed a mass loss over the 

same temperature region. TGA analysis of the sample in open pans at a heating rate 

of 10°C/min resulted in the measurement of a residual moisture content after spray 

drying of (2.6 ± 0.4)% (n=IO).
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Figure 3.2 Total heat flow  and modulated heat flow  fo r  an MTDSC analysis o f  

spray dried lactose in non-hermetic pans (q2, p30, AO. 16).
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fig u re  3.3 Modulated heating rate and phase signals fo r  an MTDSC analysis o f  

spray dried lactose in non-hermetic pans (q2, p30, AO. 16).
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Figure 3.4 Total heat flow  from  MTDSC (q2, p30, AO. 16), heat flow from  

conventional DSC (q2) and mass loss from  TGA (q2). A ll experiments used non- 

hermetic pans.
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Figure 2.5 Total, reversing and non-reversing heat flow  deconvoluted from  the data 

shown in Figures 3.2 and 3.3.
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A second small endotherm was seen in both DSC traces with a peak temperature of 

116°C. This peak overlapped with the trailing edge of the water loss peak and 

would be difficult to assign to a glass transition unless the transition temperature 

was previously known. However, separation of the MTDSC total heat flow into 

reversing and non-reversing heat flow allowed the transition to be easily identified. 

The three heat flow signals are shown in Figure 3.5. They have been shifted 

vertically, so that they do not overlap, to aid presentation. The reversing heat flow 

clearly shows the endothermie step due to the increase in heat capacity at the glass 

transition, while the non-reversing signal shows the associated endotherm which 

masked the heat capacity change in the total and conventional DSC heat flows. 

Thus, MTDSC has identified a glass transition that was difficult to determine by 

conventional DSC.

Any amorphous material is in a relatively high energy, and hence unstable, state 

which, if conditions allow, will transform into a lower energy crystalline form. In 

this case such a process takes place on heating the sample and results in the 

exotherm seen in the total heat flow signal at approximately 170°C. This 

temperature is in agreement with previously published values for the 

recrystallisation of amorphous lactose (Roos and Karel, 1991b; Elamin et at, 1995). 

After deconvolution of the total heat flow, the recrystallisation exotherm was 

observed in the non-reversing signal indicating that it is an irreversible process at the 

time and temperature of measurement. It was also noted that the reversing heat flow 

contained a step change during the crystallisation region representing a decrease in 

heat capacity. The size of the step change was similar to that seen during the glass 

transition which would indicate that the loss of molecular mobility as crystals form 

is comparable to the increase in molecular mobility obtained on heating through the 

glass transition. A similar decrease in heat capacity has been recorded during the 

recrystallisation peak of amorphous PET (Schawe, 1996; Schawe and Hohne, 1996).

The crystallisation transition was followed by melting which was seen in both the 

reversing and non-reversing signals above 200°C. The fact that the transition was 

seen in both signals suggests that the melting process can, at least in part, follow the 

modulation. However, interpretation of such results is difficult because the use of



Chapter 3: Preliminary investigation... 109

MTDSC for the measurement of melting phenomenon is still under investigation as 

discussed in Chapter 1. The peak temperature of the melt endotherm seen in the 

total heat flow signal was 207°C which was close to the peak temperature of 212°C 

measured for the original starting material of a-lactose monohydrate. The heat of 

fusion of the melt could not be accurately determined because TGA analysis 

indicated that the sample quickly started to degrade at temperatures above the onset 

of melting. The experiment was stopped soon after this melting transition to prevent 

the decomposition products contaminating the cell and so any melting due to p-form 

crystals (T^ 230°C to 232°C) was not measured.

4

3 complex heat capacity (Cp*)

in-phase heat capacity (Cp')

out-of-phase heat capacity (Cp")
0

100 105 110 115 120 125 130

Temperature (°C)

Figure 3.6 The in and out-of-phase components produced by phase correcting the 

complex Cp measured from  the data in Figures 3.2 and 3.3.

The phase signal exhibited three peaks. These occurred during the glass transition, 

recrystallisation and melting regions. Figure 3.3. The signal was also found to 

exhibit a large amount of noise above the melting temperature which is probably due 

to the influence of the decomposition process on heat transfer. As discussed in 

Chapter I, the phase signal can be used to separate the complex heat capacity into 

in-phase and out-of-phase components. The phase was set to zero at temperatures 

before and after the glass transition to remove the baseline slope, as described in the
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method by Aubuchon and Gill (1997). When the magnitude of the baseline 

corrected phase was used to calculate the in-phase and out-of-phase components 

during the glass transition, the in-phase component was found to be virtually 

identical to the complex heat capacity, Figure 3.6. The loss component showed a 

small peak through the glass transition region, the interpretation of which is unclear 

at present. The similarity of the real and complex components suggests that there 

does not appear to be any benefit to performing this extra deconvolution step for this 

sample and so only the original complex heat capacity signals are discussed in the 

next sections.

The spray dried lactose sample was also analysed in open and hermetic (PE) pans to 

determine the effect of the type of sample entrapment on the results. The same 

modulation parameters were used. Figure 3.7 shows the TGA weight signal for the 

sample heated in the three pan types. When open pans were used the water could 

escape easily and the mass loss was seen over the lowest temperature range. The 

non-hermetic pans still allowed the water to escape but over a higher temperature 

range. The hermetic (PE) pans prevented the loss of water up to 200°C.

The total heat flow measured for spray dried lactose when analysed in each pan type 

is shown in Figure 3.8. The curves have been separated on the y-axis so that they 

do not overlap and the apexes have been omitted from the plot so that the smaller 

details can be observed. The analysis made using open pans produced a result 

similar to that obtained when the non-hermetic pans were used. A broad endotherm 

due to water loss was followed by the small peak which has been shown to be the 

glass transition. The regions of water loss are in good agreement with the TGA 

data. The hermetic (PE) pans showed a very different total heat flow signal. No 

broad endotherm was seen below 110°C and the glass transition was seen to have a 

much lower onset temperature (75°C). This decrease of the glass transition 

temperature is due to the strong plasticisation effect of the residual water trapped 

within the pan. The recrystallisation temperature was also found to be lowered in 

temperature.
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Plgure 3.7 TGA analysis o f  spray dried lactose made using hermetic (PE), non- 
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Figure 3.8 Total heat flow  measured fo r  MTDSC analysis o f  spray dried lactose 

using hermetic (PE) pans, non-hermetic pans and open pans (q2, p30, AO. 16).
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Figure 3.9 Heat capacity measured fo r  MTDSC analysis o f  spray dried lactose 

using hermetic (PE) pans, non-hermetic pans and open pans (q2, pSO, AO. 16).

The plasticisation of the glass transition can be easily observed by using MTDSC to 

measure the heat capacity. Figure 3.9. The glass transition onset in this signal is 

seen at 114°C and 113°C for the open and non-hermetic pans respectively and at 

83°C for the hermetic (PE) pans. The onset temperatures were measured using the 

standard software facility which determines the intersection between a tangent fitted 

through the baseline before the transition and one fitted through the inflection point 

of the step in the signal at the glass transition (TA Instruments, 1993). The onset 

values have been quoted for the glass transition rather than midpoint or inflection 

temperatures as the onset temperature represents the point at which sample 

properties begin to change rapidly. For example, mechanical softening of 

carbohydrate materials may cause collapse above this temperature (Roos and Karel, 

1993). Also, it has been shown that the time taken for crystallisation to occur when 

amorphous lactose samples are held isothermally above the glass transition can be 

related to the onset temperature (Roos and Karel, 1990).

The glass transition temperatures measured for the open and non-hermetic pans were 

found to be several degrees higher than values quoted in the literature for anhydrous
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lactose. Typical values quoted include 101°C (Roos and Karel, 1991b), 104°C 

(Sebhatu et al; 1994, 1997) and 108°C (Saleki-Gerhardt and Zografi, 1994). The 

value obtained using the hermetic pans was also higher than would be expected for a 

moisture content of 2.6%. No explanation could be found for this discrepancy and 

checks of the instrument temperature calibration were all satisfactory.

The difference in the onset temperatures measured from the heat capacity and total 

heat flow signals is due to the presence of the endotherm in the total (equivalent to 

conventional DSC) signal. When the Tg is measured from the total heat flow signal 

the value produced is closer to the onset of the endotherm than the step change in the 

heat capacity. It was noted that the step change in heat capacity during the glass 

transition was less defined for the open and hermetic pans which is probably due to 

poor thermal contact between the sample and pan. The non-hermetic pans are 

crimped in such a way that the sample is compressed into the base of the pan and 

this improves heat transfer.

When open or non-hermetic pans are used, although the water evaporates on 

heating, the sample may not be completely anhydrous before the glass transition 

temperature is reached. In particular, it could be seen from the overlay of the TGA 

signal and the DSC traces in Figure 3.4 that mass was still being lost during the 

glass transition region when non-hermetic pans were used. The extent of 

plasticisation of the sample will depend on the amount of water left and so it is 

important to be able to accurately quantify these residual solvent levels. With the 

non-hermetic pans, this is difficult. The hermetic (PE) pans allow the glass 

transition temperature of the sample to be measured without the loss of the residual 

water, the percentage mass of which remains in the sample can be determined by 

TGA. Therefore, it may be beneficial to use this type when characterising such 

materials.

3.2.3 Comments on the calibration method

The analyses of spray dried lactose discussed above utilised the temperature 

dependent calibration method. It was found that, over a temperature range of 25°C



Chapter 3: Preliminary investigation... / 1 1 4

to 250°C, the measured heat capacity calibration constant changed by 4% for the 

non-hermetic pans, 11% for the hermetic pans (PE) and 19% for the open pans. The 

larger change for the open pans was probably due to poor heat transfer when the 

aluminium oxide sample is not compressed on to the base of the pan. Therefore, 

although the one point method has the advantage of being simple and quick, it is not 

suitable for producing accurate heat capacity data over a wide temperature range. A 

similar change in K(Cp) with temperature has been found by Van Assche et al. 

(1997) who measured a 5% change in K(Cp) over the temperature range -50 to 

300°C. As part of the assessment of the calibration method, the thermal imbalance 

of the empty DSC cell was determined. Baselines were measured from -30 to 

140°C using the parameters; q2, p60, A1 and ql, p40, AO.5 and from -50 to 275°C 

using the parameters q2, p30, AO. 16. The results showed that the cell had a small 

imbalance of less than 0.6mJ/°C in each case.

The temperature dependent calibration method has the benefit of producing accurate 

data over wide temperature ranges but it is also a time consuming procedure. 

Although highly accurate heat capacity data may be required in some applications, 

in this study the MTDSC technique was principally used to reveal hidden transitions 

and to aid in interpretation of the observed thermal events. It was also anticipated 

that the heat capacity would be considered over shorter temperature ranges than in 

the results above. Therefore, the simple one point calibration procedure would 

appear to be acceptable.

The choice of calibration method will not change the nature of the transitions 

recorded, i.e. whether the transition is seen in the heat capacity signal or not, but 

may affect the size of the transition. Also, any error in the calibration of the heat 

capacity signal will cany over into the calculations of the reversing and non

reversing signals and may affect their relative size. However, since the 

interpretation of these peaks during melting is not yet clear, there is no loss of 

information from avoiding calculations of the peak areas in these signals.
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3.2.4 Comparison of MTDSC and DSC heat flow

Ideally, the total heat flow from an MTDSC experiment should be identical to the 

heat flow obtained from a conventional DSC experiment at the same underlying 

heating rate. In most cases the two signals have been found to be identical although 

a study of poly(butylene terephthalate) and polycarbonate blends did show a 

difference between these signals during recrystallisation (Jin et al., 1996). However, 

the MTDSC method used by Jin et al. (1996) utilised a large temperature amplitude 

which would have produced cooling as part of each modulation cycle. This effect 

may possibly have influenced the crystallisation process but was not considered by 

the authors. In this preliminary study on lactose, the temperature amplitude value 

was specifically chosen to avoid cooling during each cycle so that the data could be 

compared to conventional DSC data without having to consider this possibility.

In the discussion of Figure 3.4 it had been noted that there were small discrepancies 

between the MTDSC total heat flow and DSC heat flow during narrow peaks. It 

was postulated that this could be due to the choice of modulation period as it was 

thought that when there are insufficient cycles through a peak this may be 

detrimental to the deconvolution process. In order to test this assumption, the 

narrow recrystallisation exotherm seen on heating the spray dried lactose sample 

was re-analysed using a range of periods.

3.2.4.1 Experimental details

A 2°C/min heating rate was used in conjunction with periods of 10, 30, 45, 60 and 

80s. For each period, the amplitude was adjusted so that it was the maximum value 

possible without inducing cooling as part of each modulation cycle. The samples 

were run in hermetic (TA) pans and the temperature was calibrated as in the 

previous section. The total heat flow and heat capacity signals are presented without 

calibration as this correction will not influence the effects under discussion. This is 

explained in more detail below.
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3.2.4.2 Results and discussion

Figure 3.10 shows the total heat flow data measured using each period. The data are 

shown without calibration because the calibration procedure will not influence the 

effect under investigation. For example, the cell constant, which is used to calibrate 

the total heat flow, depends on the underlying heating rate used and not the 

modulation parameters. Therefore, there should be no change in the total heat flow 

with period and this is the effect under consideration. However, as Figure 3.10 

shows, the measured total heat flow was found to become shorter and broader as the 

period was increased. The deconvolution process uses data from one complete cycle 

of modulation to calculate each data point and so, for long periods, when there are 

only a few cycles in the modulated heat flow through the peak region (Figure 3.11), 

the deconvolution appears to be having a smoothing effect on the peak. It was noted 

that the data showed some irreproducibility in the crystallisation temperature. The 

temperature was not found to correlate with the age of the sample, the initial water 

content or the sample mass but could possibly be due to variations in the 

temperature at which the water escaped from the sample. The strength of the 

hermetic seal for these pans is discussed in the next section.

The results obtained in these experiments would imply that short periods should be 

chosen as they will give results most similar to conventional DSC data. However, 

most guides to using MTDSC recommend the use of long periods so the advantages 

and disadvantages of the period length requires further investigation. It was also 

noted that for the combinations of period and amplitude used here they all achieved 

the required temperature amplitude setting except for the 10s period. Again, this 

warrants further investigation.

As well as influencing the size and shape of the peak in the total heat flow, an 

insufficient number of modulations was also found to affect the heat capacity 

results. Figure 3.12. It was expected that a step would be seen in the heat capacity 

signal during the recrystallisation exotherm as had been observed in the data for the 

non-hermetic pans but such a transition could not be observed. When short periods 

were used, the signal was seen to be noisy during the temperature region of the
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crystallisation peak. As the period increased, a peak was seen to develop in the heat 

capacity signal. It appears when there are only a few modulations through a peak, 

the underlying heat flow changes rapidly over only one or two modulations. This is 

registered as a change in amplitude and so an increase in the apparent heat capacity 

is recorded. It has been suggested that this component can be removed from the heat 

capacity signal by using stepwise isothermal methods to measure the heat capacity 

(Aubuchon at el., 1997). However, these methods can be time consuming. The heat 

capacity data have also been presented without calibration but it is clear that the 

calibration procedure, which involves multiplication by a constant value, will not 

remove these peaks.

conventional DSC
10s

30s00 ̂ 0.8

I 0.6

45s

60s 80s

s
X

0.2

- 0.2

120 128 132 136 140124 144

Temperature (°C)

Plgure 3.10 Total heat flow  measured for spray dried lactose analysed in hermetic 

(TA) pans and using a range o f  modulation periods.
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Figure 3.11 Modulated heat flow measured fo r  spray dried lactose analysed in 

hermetic (TA) pans and using a range o f  modulation periods.
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Figure 3.12 Heat capacity measured fo r  spray dried lactose analysed in hermetic 

(TA) pans and using a range o f  modulation periods.
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3.2.5 The strength of the hermetic seal

3.2.5.1 Experimental details

The strength of the seal obtained in both types of hermetic pan was tested by heating 

pans in the TGA until rapid mass loss indicated that the seal had broken. The pans 

contained either water or spray dried lactose and were heated a rate of 10°C/min. 

Between four and nine runs were made with each configuration.

3.2.5.2 Results and discussion

A typical example of each TGA response is shown in Figure 3.13. When the 

hermetic (PE) pans were used, no mass loss was recorded on heating the spray dried 

lactose sample up to 200°C. When the pans contained water, the seal was 

maintained up to a minimum of 130°C at which point there was rapid mass loss. 

The hermetic (TA) pans did not prevent the release of volatiles so successfully. The 

spray dried lactose sample showed mass loss around 150°C while the pans 

containing water showed increasing mass loss above 100°C.

120
hermetic (PE) - SDL

100
hermetic (TA) - SDL

53 hermetic (TA) - water

hermetic (PE) - water

30 50 70 90 110 130 150 170 190 210
Temperature (°C)

Figure 3.13 TGA analyses o f  either water or spray dried lactose (SDL) in either 

hermetic (TA) or hermetic (PE) pans (qlO).
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3.3 FACTORS AFFECTING THE MODULATION

In all the following experiments, the data are presented without calibration as the 

factors under investigation will affect the calibration measurements in the same way 

as subsequent sample analyses. Therefore, the aim of the next section is to 

determine the effect of experimental conditions on both the calibration and sample 

experiments.

3.3.1 The effect of period, purge gas and temperature on sine wave distortion

The effect of the period and purge gas on the modulation was determined by 

analysing a 10.079mg fused aluminium oxide sample in a non-hermetic pan. The 

sample was run quasi-isothermally at 50 and 150°C. Periods of 10 to 80 seconds 

were used together with a cell purge of either nitrogen or helium gas at a flow rate of 

30mLc/min. The RCS was purged at 150mLc/min of nitrogen in all experiments 

and the modulation amplitude setting was kept constant at 0.5°C. The method was 

allowed to run for approximately 10 cycles at each period so that the oscillation 

would have time to stabilise, then the modulated heat flow was studied for any 

distortion to the sine wave.

The symmetry of the sine wave was visually assessed by tracing one cycle of the 

modulation onto tracing paper, then rotating and reflecting the paper. When the 

oscillation was found to be asymmetrical, it was noticed that the distortion usually 

occurred in the lower part of the sine wave. This corresponded to the heating 

segment of the cycle, during which the furnace is trying to overcome the constant 

cooling of the RCS. The level of distortion for each set of conditions is summarised 

in Table 3.1. The sine waves with the shortest periods were most distorted, with the 

distortion decreasing as the period lengthened. When short periods are used it is 

difficult to transfer heat from the furnace to the sample, and then to remove it, at the 

rate required to maintain the modulation. This gives a minimum usable period that 

is longer than the software minimum of 10s.
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It was possible to achieve undistorted sine waves at smaller periods when the 

temperature was increased. This is probably because at higher cell temperatures it is 

easier for the furnace to overcome the cooling effect of the RCS. Changing the 

purge gas from nitrogen to helium was also found to make smaller periods possible. 

The thermal conductivity of helium is approximately six times that of nitrogen and 

so it is likely that this improves the transfer of heat to and from the sample.

Table 3.1 Summary o f the level o f sine wave distortion for various periods. D = 

distorted, SD = slightly distorted, no D ^  no distortion.

Period (seconds) 10 20 30 40 50 60 70 80
N] purge, 

isotherm at 50°C
D D SD noD noD noD no D no D

N2 purge, 
isotherm at 150°C

D no D no D - - - - -

He purge, 
isotherm at 50°C

D no D no D - - - - -

He purge, 
isotherm at 150°C

SD no D no D - - - - -

3.3.2 Assessment of sine wave distortion

An alternate visual assessment of the modulation can be made by plotting the 

modulated heat flow against the modulated temperature or heating rate in the form 

of a Lissajous figure (TA Instruments, 1996a, Varma-Nair and Wunderlich, 1996). 

Lissajous figures are produced when two sinusoidally oscillating signals are plotted 

against each other and are commonly used to investigate the response of a system to 

an applied oscillating stimulus. The shape of the figure produced depends on the

frequency and phase of the two signals. Examples of Lissajous figures can be

produced by plotting,

X = a.sin(27ifl) Equation 3.1

y = b.sin(27cfl+8) Equation 3.2

where a and b are amplitudes, f  is frequency (=l/p), t is time and 8 is the phase 

difference between the sine waves (Gough et al., 1996). Examples of the resulting
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curve shapes are shown in Ftgure 3.14 for various y-curve frequencies and phase 

differences relative to the x-curve.

In MTDSC experiments, the modulated heat flow and heating rate signals have the 

same frequency and there is usually a non-zero phase lag between them, so that an 

ellipse is formed when they are plotted against each other. When no sample 

transitions are taking place, the amplitude of each signal and the phase lag between 

them will remain constant and so each cycle of the ellipse will superimpose on the 

previous one. Any distortion of the ellipse indicates a corresponding distortion of 

the sine wave and any parameters that cause this should then be avoided.

8 =  0 8 = 7T/4 8 =  7T/2

f =  1

f = 2

f = 3

Figure 3.14 Examples o f  the Lissajous figures produced by plotting sine wave 

oscillations o f  various frequency ratios and phase differences.

To test the applicability of such a method, the spray dried lactose sample was 

analysed in hermetic (PE) pans using a range of periods from 10 to 90s and a 

temperature modulation of 0.5°C. The sample was held quasi-isothermally at 20°C 

for 20 minutes for each period setting. Several cycles from each analysis are shown 

in Figure 3.15. The distortion of the ellipse caused by the use of short periods was 

easily observed illustrating that this is a convenient method for assessing the sine 

wave.
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 ̂ - 0.2

-0.8 -0.4 0 0.4

Modulated temperature - average temperature (°C)

0.8

Figure 3.15 Lissajous figures produced by an MTDSC analysis o f  spray dried 

lactose using various modulation periods.
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3.3.3 The effect of period and temperature on the maximum temperature 

amplitude

Large temperature amplitudes have been found to improve heat capacity data 

precision by reducing noise levels but there are instrumental limits to the values that 

can be achieved in practise (Boiler et al-, 1994). In the next set of experiments, the 

aim was to determine the maximum temperature amplitude that could be achieved 

for a range of periods and temperatures. A 10.079mg fused aluminium oxide sample 

was used and the cell was purged with helium. Quasi-isothermal analyses were 

performed at underlying temperatures of -50, -30, 50 and 150°C and for periods of 

10, 20 and 30s at each temperature. During each analysis, the temperature 

amplitude set in the modulation method was gradually increased until the observed 

amplitude could no longer reach the set value. The previously measured amplitude 

was then recorded as the maximum that could be achieved for those conditions. 

These values are plotted in Figure 3.16.

It was found that larger amplitudes could be achieved when using longer periods and 

at higher temperatures. Although it was possible to increase the observed 

temperature amplitude above these maximum values by entering an amplitude which 

was larger than required into the method, it was decided to avoid this as failure of 

the observed signal to match the programmed signal implies loss of modulation 

control. It was also noted that for the experiments performed using a 30s period, the 

sine wave started to become distorted before the amplitude had failed to meet the set 

value. This would indicate that monitoring the sine wave for distortion is a more 

important measure of the acceptability of the modulation than checking that the 

amplitude is correct.
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Figure 3.16 Plot o f  the maximum temperature amplitude which could he achieved at 

various temperatures and using periods o f  10, 20 and 30s.

It should be noted the maximum amplitude that can be obtained at each period will 

probably depend on the cooling accessory used and may also be affected by the 

choice of purge gas. In this case an RCS and a helium purge were used but different 

limits may be determined if the liquid nitrogen cooling accessory (LNCA) or a 

nitrogen purge were used. It has also been suggested that the thermal conductivity 

of the sample should be considered when determining the maximum temperature 

amplitude because temperature modulations may not be transmitted through samples 

of low thermal conductivity (Sauerbrunn and Blaine, 1994). However, only small 

sample masses were generally used in this study, so the effect was not investigated 

further.

3.4 FACTORS AFFECTING THE MEASUREMENT OF HEAT 

CAPACITY

It is important to determine the influence of the experimental parameters on the 

measurement of heat capacity because this signal is used to calculate the reversing 

heat flow, which in turn is used to calculate the non-reversing heat flow. Thus, any 

error or artefact in the heat capacity signal will be carried through to these other
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signals. In the following set of experiments the cell constant and heat capacity 

calibration constants were again set to 1 (i.e. no calibration) so that the uncorrected 

heat capacity values could be compared to literature values for the material used.

3.4.1 The effect of the purge gas

A purge gas is passed through the DSC cell to provide an inert atmosphere, which 

prolongs the lifetime of the cell, and to prevent contamination of the constantan 

disk. It has been found that the cell constant, E, measured during calibration is more 

sensitive to the purge flow rate for helium gas compared to nitrogen, which makes it 

very important to keep the flow rate constant from experiment to experiment (TA 

Instruments, 1997). The use of a helium purge has the advantage that shorter 

periods can be obtained without distortion and this may be an important 

consideration for samples that exhibit narrow transitions. It has also been suggested 

that smoother data are produced when using a helium purge (Cser et al., 1997).

The instrument manufacturer has suggested that helium be used for MTDSC 

experiments instead of the usual nitrogen but it is likely that changing the purge gas 

may influence the measured heat capacity. In order to investigate this, the two gases 

were used during measurement of the heat capacity of a 61.308mg aluminium oxide 

disk from the DSC calibration kit. A heating rate of 2°C/min, a period of 60s, an 

amplitude of 0.32°C and non-hermetic pans were used. The sample was run twice in 

both purge gases.

Figure 3.17 shows the measured and literature heat capacity for the sample. It can 

be seen that lower values are measured when helium gas is used compared to the 

nitrogen results. It is thought that this is due to the higher thermal conductivity of 

helium which allows the purge to carry heat away from the sample, causing a 

temperature gradient to build up. This causes the measured heat flow amplitude to 

be smaller than expected and so results in low heat capacity measurements. 

Although it may be possible to correct for this effect by calibrating the cell while 

using the same purge gas, it should be noted that the equations used to represent the 

heat flow in the DSC are based on the assumption that the primary heat transfer path
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is through the constantan disk. If a secondary path through the purge gas becomes 

significant, the equations may no longer be valid. Therefore, it was decided to use 

nitrogen as the purge gas for future experiments.

literature Cp

nitrogen purge

helium purge

0.2

10 30 50 70 130-30 -10 90 110
Temperature (°C)

Figure 3.17 Heat capacity measured for a 61.308mg aluminium oxide distLwhen 

analysed using either a nitrogen or helium cell purge (q2, p60, AO. 32).

3.4.2 The effect of the sample mass

In conventional DSC, it is recommended that large sample masses be used when 

precise heat capacity data are required as this increases the AT and heat flow signals. 

However, the MTDSC technique may impose a limit on the maximum mass of  

sample that can be analysed successfully, as it has been found that large sample 

masses can cause low heat capacity readings (Boiler et al., 1994). This effect can be 

explained by considering that thermal gradients build up in large samples, so that not 

all the sample is following the modulation. Effectively, only the heat capacity due 

to part o f the sample mass is being measured which causes an error when the total 

sample mass is used to calculate the specific heat capacity values. In the study by 

Boiler et al. (1994) the sapphire sample used was in the form of a solid machined 

disk whereas most pharmaceutical samples would be more likely to be in a
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powdered form. It is possible that the physical form of the sample will influence its 

heat transfer characteristics and so could be expected to impact on the ability to 

modulate the sample. Therefore, the effect o f the sample mass on the measured 

heat capacity was checked using a fine grained aluminium oxide powder.

A number o f samples were prepared with masses between 5.103 and 40.127mg 

(which was the maximum that could be packed in the non-hermetic pan used). The 

sample and reference pans were matched in mass to ±0.1 mg. The samples were 

analysed using modulation parameters o f a 2°C/min heating rate, an 80s period and a 

0.42°C temperature amplitude and at least two measurements were made for each 

sample mass. These analyses produced the heat capacity values, measured at 

100°C, shown in Figure 3.18. The values are lower than the expected literature 

value of 0.907 J/g/°C at 100°C (Kaye and Laby, 1995) as they are shown 

uncalibrated.

g  0.6

•n 0.4

0 10 20 30 40 50
Sample mass (mg)

Figure 3.18 Heat capacity o f  aluminium oxide measured at 100°C in non-hermetic 

pans and using various sample masses (q2, p80, AO.42).

It was found that the measured heat capacity was fairly constant over the mass range 

5 to 40mg and that large masses did not decrease the accuracy o f the data. However, 

it should be noted that non-hermetic pans were used in these experiments. When
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Open or hermetic pans are used, in which there is no contact between the top of the 

sample and the pan, the heat transfer may become more difficult for large samples. 

It was observed that there was a quite large variation in the values obtained on 

repeating the analyses and this was thought to relate to the positioning of the pans in 

the cell. When the pan was not moved between runs, the second value was very 

close to that obtained during the first analysis (as seen for the top two of the three 

5mg results which can not be distinguished). For the other experiments, the pans 

were removed from and replaced in the cell between runs. Although it was 

attempted to re-position the pans in the cell symmetrically and reproducibly each 

time, it would appear that even small variations in position and thermal contact can 

alter the measurement. It may be possible to overcome this problem by using a 

robotic loading accessory (Autosampler) to load pans and by making sure the pans 

are completely flat.

3.4.3 The effect of modulation period

A relatively long period was used in the above experiment. If thermal lags can 

develop in the sample they would be expected to become larger when shorter 

periods are used because the sample has less time to respond to the changing 

temperature programme. To test this assumption, two of the aluminium oxide 

samples (13.580 and 40.127mg) were re-analysed using a heating rate of 2°C/min, 

periods of 20, 30, 40, 50, 60, 70 and 80s, and amplitudes calculated from Equation

1.10 so as to keep the minimum heating rate zero i.e. the derivative modulated 

temperature amplitude was constant.

Figure 3.19 shows the heat capacities measured at 100°C when using each period. It 

was found that the measured heat capacity decreased as the period was reduced and 

that the effect was more pronounced for the larger mass sample. This is consistent 

with the assumption that thermal gradients build up across the sample and cause 

inaccurate measurements at large masses and short periods. A similar decrease in 

measured heat capacity with period has been observed for an indium sample and this 

effect was also attributed to heat transfer effects (Cao et al., 1997). Other studies on 

aluminium oxide have also found low heat capacity readings to be measured when



Chapter 3: Preliminary investigation... /  130

using short periods, resulting in the calculation o f large calibration constants 

(Sauerbrunn et al., 1994; Varma-Nair et al., 1994). This strong dependence between 

heat capacity and period makes it very important that all calibration experiments are 

performed at the same period as subsequent sample analyses.

0.85
U U.Ô
^  0.75 -

Ï 0.7- 
2  0.65 -

13.580mg

40.127mg

0.45

0.4

30 40 70 8020 50 60

Period (s)

Figure 3.19 Heat capacity measured at 1()0°C fo r  aluminium oxide samples o f  mass 

13.580 and 40.127mg analysed using periods o f  20 to 80s.

3.4.4 The effect of pan mass

The heat capacity measured by MTDSC is dependent on the difference in mass on 

the sample and reference positions. If the empty sample and reference pans weigh 

exactly the same, the measured heat capacity should be zero. When a sample is 

added, the measured heat capacity is then due solely to the mass o f the sample. 

However, in practice the pans are not identical in mass. TA Instruments 

recommends that the pans be selected so that the difference in mass is ±0.1 mg or 

less. This difference will produce an error in the sample heat capacity signal given 

by the mass difference multiplied by the specific heat capacity o f aluminium. For 

example, assuming a 3mg aluminium oxide sample and using the following 

literature heat capacity values (Kaye and Laby, 1995),

specific heat capacity o f aluminium at 100°C = 0.937 J/g/°C 

specific heat capacity o f aluminium oxide at 100°C = 0.907 J/g/°C
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the error can be calculated as follows;

heat capacity due to 3mg of aluminium oxide = 0.003 * 0.907 = 2.721 mJ/°C 

heat capacity due to 0. Img of aluminium = 0.0001 * 0.937 = 0.0937 mJ/°C

The measured heat capacity would be 2.721 + 0.094 mJ/°C, if the sample pan were 

heavier or 2.721 -  0.094 mJ/°C, if the reference pan was heavier. This would be an 

error of approximately 3%. If the sample mass was increased to 30mg then the error 

due to the pans would be only 0.3% of the sample heat capacity. Another way to 

reduce the error would be to reduce the difference in the pan mass. For the data 

discussed in Chapters 4 and 5 the pans were matched to within ±0.02mg. Although 

this was practicable for the hermetic (PE) pans, it was not feasible for the hermetic 

(TA) type as the variation in the pan weights was such that matched pairs could not 

be found without weighing a large number of pans.

3.4.5 Problems associated with pan type

3.4.5.1 Baseline reproducibility

In order to test the reproducibility of the baseline, analyses were made using empty 

matched pans of each type (open, non-hermetic, hermetic (TA) and hermetic (PE)). 

Extra runs were made for the hermetic (TA) and hermetic (PE) types. The 

modulation parameters used were a heating rate of 2°C/min, a period of 30s and an 

amplitude of 0.16°C. The measured heat capacity for each analysis is shown in 

Figures 3.20, 3.21, 3.22 and 3.23. The baselines for the open, non-hermetic and 

hermetic (PE) pans were found to be reproducible. However, the hermetic (TA) 

pans were found to give poor reproducibility. At first, it was thought that this was 

due to poor thermal contact of the pan with the constantan disc so two methods of 

improving this contact were investigated. The first involved lightly sanding the base 

of the pan to make sure it was smooth. The second involved flattening the base of 

the pan with a specially made metal die before crimping the pan. Neither method 

was found to improve the reproducibility to the extent expected. It has been 

suggested by the manufacturer that a heat conducting paste can be used to stick the 

pan to the disk. However, this was considered impractical due to the difficulty in
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matching the mass of the paste on the sample and reference positions and the time 

that would be required for cleaning the cell between each run.
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Figure 3.20 Baseline heat capacity fo r  empty open pans (q2, p30, AO. 16).
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Figure 3.21 Baseline heat capacity fo r  empty non-hermetic pans (q2, p30, AO. 16).
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fig u re  3.22 Baseline heat capacity fo r  empty hermetic (PE) pans (q2, p30, AO. 16).
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Figure 3.23 Baseline heat capacity fo r  empty hermetic (TA) pans (q2, p30, AO. 16).
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3.4.5.2 Measurement of small sample masses

A range of small masses of aluminium oxide were analysed using the non-hermetic, 

hermetic (TA) and hermetic (PE) pan types. The samples were heated at an 

underlying rate of 2°C/min and using a period of 30s and amplitude of 0.16°C. 

Three measurements of the heat capacity at 100°C were made for each mass and the 

average value was then plotted against the mass used. Figures 3.24 and 3.25. Such 

plots should show a linear increase in heat capacity with mass, so that the slope 

gives the specific heat capacity in J/g/°C. However, it was found that for the 

hermetic (TA) pans the heat capacity for small masses could not be distinguished 

from that due to empty pans. For these pans, the reproducibility was also seen to get 

worse as the sample mass decreased.

u
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Figure 3.24 Heat capacity measured for small masses o f  aluminium oxide when 

using hermetic (PE) and non-hermetic pans (q2, p30, AO. 16).

In contrast, the non-hermetic and hermetic (PE) pans showed the expected linear 

dependency at small masses. Results presented by other MTDSC users (Varma-Nair 

et al., 1994; Varma-Nair and Wunderlich, 1996) have also described difficulties with 

the hermetic (TA) pan type in making accurate heat capacity measurements although 

it has yet to be established why these pans are problematic. Possible causes could be
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the shape or mass of the pans; the typical mass of 56 to 58mg for the hermetic (TA) 

pans is over twice that of the non-hermetic or hermetic (PE) pans. In general, it is 

recommended to avoid small sample masses as the data produced will lose precision 

due to excess noise. Also, the errors in the measured heat capacity due to 

differences in pan mass or errors in weighing the sample will be larger.

♦ hennetic (TA)

6 8 10 

Mass (mg)

12 14 16

fig u re  3.25 Heat capacity measured fo r  small masses o f  aluminium oxide when 

using hermetic (TA) pans (q2, pSO, AO. 16).

3.5 CONCLUSIONS

The preliminary investigation of spray dried lactose showed that the MTDSC 

technique has the advantage over the conventional DSC method that it can be used 

to reveal information which would have otherwise been difficult to obtain. The 

ability to identify the glass transition from the step in the reversing or heat capacity 

signal is particularly useful as knowledge of the glass transition temperature can be 

extremely important in understanding the physical characteristics of a material. In 

the conventional DSC technique, it is possible to misinterpret endothemis associated 

with a glass transition with those due to solvent loss or melting and further analysis 

of the sample may be required to determine the exact nature of the endothermie 

process. For example, cooling and re-heating the sample would show the
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reversibility of the process but such thermal treatment could influence other 

properties such as crystallinity or solvent content. The ability of MTDSC to identify 

the glass transition during the first heat of the sample is preferable.

It has been shown that the glass transition can be measured even when the presence 

of residual solvent makes the interpretation of the total (equivalent to conventional 

DSC) heat flow difficult. It was also found that the glass transition measurement is 

not influenced by baseline effects such as curvature. A recrystallisation process was 

found to take place as the amorphous lactose sample was heated and this transition 

was observed only in the total heat flow signal. The heat capacity signal produced 

by MTDSC revealed a change in heat capacity during this process. For the lactose 

sample, phase correction of the heat capacity data was found to yield little extra 

information. The in-phase component of the heat capacity was very similar to the 

complex heat flow and the interpretation of the out-of-phase component was 

unclear. The signals produced by MTDSC during melting were also found to 

produce little benefit because, as discussed earlier, the interpretation of the reversing 

and non-reversing components has not been established. As well as possible 

theoretical problems associated with interpreting the melt response, there are 

practical problems in achieving good data. For very narrow melting transitions, 

such as those seen for pure drugs, it may be difficult to achieve the recommended 

number of cycles through the peak unless very short periods are used.

It has been suggested that quasi-isothermal methods can be used for the 

investigation of melting transitions. In these experiments the temperature is 

modulated around an isothermal value for a short period of time e.g. 20 minutes. 

The isothermal temperature is raised by a few degrees and another 20 minute 

analysis is made. This process is then repeated over the entire temperature range of 

interest for the sample. However, for samples that show transitions over a large 

temperature range, these experiments can be very time consuming with a typical 

series of runs on PET taking approximately 40 hours in total (Okazaki and 

Wunderlich, 1997). Although such methods may give greater insights into the 

melting process they are unlikely to quickly yield information that will be of 

immediate benefit to the design of dosage forms. For this reason it was decided that
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most benefit would be achieved by concentrating on the use of the technique for the 

study of glass transitions, for which the advantages have been clearly demonstrated.

The investigation of the effects of the experimental parameters revealed a number of 

important findings. Lissajous figures were investigated as a means of monitoring 

distortion of the sine wave and were found to be useful. It was determined that there 

are limits to both the amplitude and period settings that can be successfully used. 

Short modulation periods caused several problems, most notably distortion of the 

sine wave and low heat capacity readings. However, although this indicated that 

long periods were preferable, their use could result in an insufficient number of 

modulations through a transition peak. This could then lead to artefacts when the 

data were deconvoluted. Therefore, some compromise has to be reached when 

choosing the parameters. It was also established that the hermetic (TA) pans are 

unsuitable for MTDSC experiments. Their use was found to result in irreproducible 

baselines and difficulty in measuring small sample masses.

Overall, it was concluded that the experimental parameters should be chosen after an 

initial analysis of the sample had determined the type and width of the thermal 

transitions. In this way, it would be possible to predict the modulation conditions 

which would result in a suitable number of oscillations through a transition.
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CHAPTER 4; CHARACTERISATION OF dJ-PLA

4.1 INTRODUCTION

The aim of the next part of the study was to build on the results of Chapter 3 by 

furthering the MTDSC investigation of the glass transition. Poly(d,l-lactide) (d,l- 

PLA) was chosen for analysis because it is an amorphous polymer which has been 

investigated for use in a range of drug delivery systems, as discussed in Chapter 1. 

A preliminary investigation of a d,l-PLA sample of Mw 90,000 was undertaken to 

determine the glass transition region and to establish suitable experimental 

parameters for the main MTDSC study. The polymer was analysed in the form in 

which it was received and after it had been manufactured into a film (see Chapter 2). 

The film was prepared in order to investigate how the presence of residual solvent 

would influence the measurement of the glass transition temperature.

Previous studies on blends of high and low molecular weight d,l-PLA have 

illustrated the plasticisation effect of the low molecular weight polymer on the glass 

transition temperature of the system (Bodmeier et al., 1989). It was decided to 

develop the investigation of the capabilities of MTDSC by using it to characterise 

such a system. The polymer was obtained in high (99,800) and low (5,100) 

molecular weight forms which were analysed as received and after being 

manufactured into microspheres in various weight ratios of the two polymers. 

MTDSC was used to measure the glass transition with the objective of determining 

if the technique could provide improved results compared to conventional DSC 

analysis. In particular, the aim was to establish if the glass transition was easier to 

identify from the heat capacity compared to the total heat flow and also to determine 

if the phase signal provided any useful information on the sample.
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4.2 PRELIMINARY STUDY OF d,l-PLA (Mw 90,000)

4.2.1 Experimental details

The d,l-PLA sample of Mw 90,000 was analysed using a heating rate of 2°C/min, a 

period of 60s and an amplitude of 0.32°C. A longer period and larger amplitude 

than those used to analyse the lactose sample were chosen because the only 

transition of interest was the glass transition. It has been recommended that such 

settings give more accurate heat capacity data and so are preferable for glass 

transition analyses (TA Instruments, 1993). The sample was heated only once 

through the glass transition, rather than after applying a defined thermal history, 

because the purpose of the exercise was to establish the temperature range of the 

glass transition and to determine the suitability of the modulation parameters rather 

than to make a precise measurement of the glass transition temperature. Crimped 

non-hermetic pans were used with sample masses between 2.650 and 3.404mg. A 

helium cell purge was used during this preliminary investigation.

Temperature calibration was performed with cyclohexane, indium and tin standards. 

In the next MTDSC analyses, the heat capacity signal would only be of interest over 

a relatively small temperature range (approximately 0 to 80°C). So, in light of the 

results of Chapter 3, it was decided to use the one point heat capacity and enthalpy 

calibration method. Therefore, the cell constant was measured using indium and the 

heat capacity constant was measured using aluminium oxide. The heat capacity 

constant was measured at 45°C as this temperature was in the middle of the 

temperature range of interest. TGA analyses were made using open pans and a 

heating rate of 5°C/min.

4.2.2 Results and discussion

Figure 4.1 shows the modulated heat flow, total heat flow, heat capacity and phase 

signals resulting from the analysis of the sample in the same form as it had been 

received. The total heat flow signal exhibited an endothermie peak with an onset 

temperature of 46.3°C. Although there was a small shift in the baseline before and
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after the endotherm, the process could be more easily identified as a glass transition 

by the presence of a defined step increase seen in the heat capacity signal over the 

same temperature range. The modulated heat flow signal showed that there were 

only approximately three temperature cycles through the transition. This is not ideal 

as it has previously been shown in Chapter 3 that artefacts may be seen in the data 

when there are insufficient cycles through a peak. This effect is likely to be the 

cause of the slight noise seen in the heat capacity during the glass transition. It was 

concluded from this preliminary experiment that better results may be achieved by 

using a shorter period in order to increase the number of cycles during the transition.
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Figure 4.1 M odulated heat flow, total heat flow, heat capacity and phase from  an 

analysis ofd,l-PLA (Mw 90,000) as received (q2, p60, AO.32).

The phase lag signal from the same experiment showed a small peak during the 

glass transition which was used, after correction for the instrumental baseline, to 

separate the heat capacity into the in-phase and out-of-phase components. Figure 

4.2. As for the previous lactose sample, the real component of the heat capacity was 

found to be generally similar to the complex heat capacity, although there was a 

small deviation during the noisy region of the glass transition. The loss signal 

showed a small peak over the same temperature range. The phase correction
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procedure did not impart any new information and so it was decided not to apply 

this correction to future complex heat capacity measurements, although the phase 

signal was still monitored in case any further information could be gained from it.
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P'igure 4.2 Complex, in-phase and out-of-phase heat capacity from an analysis o f  

d,l-PLA (Mw 90,000) as received (q2, p60, AO.32).

The MTDSC analysis of the cast film produced a more complex trace, Figure 4.3. 

The total heat flow showed two endothermie peaks on a sloping baseline and it was 

clear that it would not be possible to determine the glass transition temperature from 

this trace alone. However, the heat capacity signal revealed a step change over the 

temperature range of the first peak which could then be assigned to the glass 

transition. This again indicates the advantage of MTDSC over the conventional 

DSC method. It was also noted that the heat capacity signal was not affected by the 

baseline slope seen in the total heat flow signal. This illustrates another benefit of 

using MTDSC for the identification of glass transitions.

The onset temperature of the glass transition seen in the heat capacity signal was 

measured as 15.9°C for the film which is significantly lower than the value of 

46.3°C measured for the polymer as received. This plasticisation of the glass
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transition would indicate the presence o f residual solvent in the film and this 

assumption was supported by TGA analysis o f the film which showed a mass loss of

3.6 ± 0.5% (n=3) on heating to 120°C. It is possible that the second peak seen in the 

total heat flow could be associated with the loss o f solvent as the increased 

molecular mobility above the glass transition may allow the solvent to escape more 

easily, but this assumption has not been confirmed. The analysis o f the film has 

shown that it is important to determine and control the level o f residual solvent in 

the polymer as comparison o f glass transition temperatures between samples will be 

complicated if different levels o f solvent (and hence plasticisation) are present.

&
I
s
X

0.4

Heat flow
0.3

0.2

0.1

0

■0.1 Heat capacity

■0.2

-0.3
30 40 50 60-10 0 10 20

10

9

8

7

6

5

4

3

2

U

I
I
X

Temperature (°C)

Figure 4.3 Modulated heat flow, total heat flow  and heat capacity from  analysis o f  a 

(Mw 90,000) _////» (^2, ;?60, ^O J^ .

4.3 CHARACTERISATION OF d,l-PLA (Mw 99,800 & 5,100)

4.3.1 Experimental details

MTDSC was used to investigate the samples o f d,l-PLA with molecular weights of

99,800 and 5,100. Modulation parameters o f a l°C/min underlying heating rate, a 

40s period and a 0.5°C temperature amplitude were chosen on the basis o f the
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conclusions of the preliminary study. In the previous experiments, the amplitude 

was chosen to maintain the condition of avoiding cooling during each cycle. 

However, for slow underlying heating rates, this can only be achieved if small 

amplitudes are selected but the use of small amplitudes decreases the sensitivity of 

the instrument for detecting glass transition. In cases where there is no melting and 

crystallisation, the avoidance of cooling during each modulation cycle is less 

important and so it was decided to use a larger amplitude of 0.5°C. This would 

result in heating with some cooling during each cycle but should produce improved 

heat capacity data.

The low molecular weight sample was heated to 55°C, cooled to 5°C and then 

reheated to 55°C. The high molecular weight sample was heated to 75°C, cooled to 

25°C and then reheated to 75°C. Each heat and cool segment of the method was 

performed at the same heating rate. Both samples were also analysed by 

conventional DSC using a heating rate of 20°C/min so that the glass transition 

temperatures could be compared to typical literature values. The sample were again 

heated through the glass transition, cooled at the same rate and then reheated.

For both the MTDSC and DSC experiments, the samples were encapsulated in 

hermetic pans (PE) which were matched in mass to within ± 0.02mg. The sample 

masses were between 3.249 and 6.922 mg. On the basis of the findings in Chapter 

3, a nitrogen cell purge was used for all future experiments. The temperature was 

calibrated by reference to the melting temperatures of cyclohexane, n-octadecane, 

indium and tin. The calibration was performed using the same heating rate as in the 

polymer experiments. The enthalpy and heat capacity calibration was performed 

using the same methods as in the preliminary study. All quoted temperature and 

enthalpy values are the average of three experiments unless otherwise stated. The 

polymers were also analysed using hot stage microscopy. A small amount of sample 

was placed on a microscope slide and covered with a cover slip. The slide was 

placed in a hot stage holder and heated at a rate of l°C/min. Photographs were 

taken at various temperatures during the heating programme using DIC and 

polarising microscopy.
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4.3.2 Results and discussion

4.3.2.1 MTDSC and DSC heat flow

The quality of the modulation was assessed by plotting Lissajous figures of the 

MTDSC data for both the polymers. Figure 4.4. Each figure is produced from the 

data for approximately ten cycles at temperatures below the glass transition 

measured on the first heat. Both figures showed good ellipses indicating that there 

was no significant distortion of the modulation and so are evidence that the choice of 

experimental parameters was satisfactory. Figures 4.5 and 4.6 show the modulated 

heat flow and total heat flow measured during the first heats of both molecular 

weight polymers. It can be seen that there are approximately eight modulations 

during the transition region which should allow for good deconvolution of the data.

Mw 5100

0.06

0.04 -Mw 99800

0.02

- 0.02 -

-0.04 -

-0.06 -

-0.08

Modulated heating rate - average heating rate (°C/min)

Figure 4.4 Lissajous figures fo r  the MTDSC data from  analysis o f  d,l-PLA o f  Mw 

5,100 and 99,800 (ql, p40, AO.5).
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Figure 4.5 Modulated heat flow and total heat flow  measured during analysis o f  as 

receiveddJ-PLA ofM w  5,100 (ql, p40, AO.5).
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Figure 4.6 M odulated heat flow  and total heat flow  measured during analysis o f  as 

receivedd,l-FLA o fM w  99,800 (ql, p40, AO.5).
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The total heat flow for all three heating and cooling segments of the analysis of both 

molecular weight polymers showed similar characteristics. Figures 4.7 and 4.8. The 

first heat contained an endothermie peak during the expected glass transition region 

which is probably related to the thermal history of the samples, as discussed in 

Chapter 1. The cooling segment of the total heat flow showed a broad step change 

which is indicative of a glass transition. Although the second heat was performed at 

the same rate as that used during cooling, which it was thought would eliminate the 

endotherm, a small peak could still be seen. This may be because the slow heating 

rate used (l°C/min) kept the sample at temperatures close to the glass transition 

temperature for long enough periods of time to allow ageing of the sample to take 

place, although this explanation was not investigated.

The glass transition onset temperatures measured from both heating curves are 

detailed in Table 4.1. It was noted that the values for the second heat were not very 

different from those measured during the first heat. It was also noted that the values 

measured were lower than typical values given in the literature, some of which have 

been summarised in Table 4.2. However, it is difficult to make direct comparisons 

between results due to the variety of molecular weights of polymer which have been 

studied, the different heating rates used and the different types of glass transition 

temperature measurement that can be made (e.g. onset, half-height midpoint or 

inflection).

Table 4.1 Onset values measured from the total heat flow for Mw 5,100 & 99,800 

d,l-PLA polymers (ql, p40, AO.5).

Mw Tg onset Tg onset
first heat second heat

(°C) (°C)
5,100 27.24 ±0.83 25.76 ±0.41

99,800 44.23 ±0.13 43.15 ±0.31
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Table 4.2 Examples o f values quoted in the literature for the Tg o f df-PLA as 

measured by DSC.

Tg

CC)

Tg
type*

measurement
type

Mw heating
rate*
C°C/min)

Reference

54 ? first heat 20,500 ? Jalil and Nixon (1990a)
52 ? first heat 13,300 ? Jahl and Nixon (1990a)
50 ? first heat 5,200 ? Jalil and Nixon (1990a)
48 ? first heat 109000 2 Castelh et al. (1996)
46 ? first heat 16000 2 Castelli et al. (1996)
45 ? first heat 9000 2 Castelh et al. (1996)
56 mid after quenching 137,619 20 Omelczuk and McGinity (1992)
53 mid after quenching 92,360 20 Omelczuk and McGinity (1992)
27 mid after quenching 3,450 20 Omelczuk and McGinity (1992)
55 ? after quenching ? 20 Bodmeier and McGinity (1987)

* Question marks indicate that the details were not given in the reference.

It was thought that one cause of the discrepancy seen between the results presented 

here and the typical literature values could be due to the slow heating rate used in 

the MTDSC experiments. Most conventional DSC experiments are performed at 

rates of 10 to 20°C/min and faster rates result in glass transitions being recorded 

over broader temperature intervals. To test this assumption both the polymers were 

reanalysed using conventional DSC with a 20°C/min heating programme. The 

samples were heated, cooled and reheated at the same rate. Figures 4.9 and 4.10 

show the total heat flow from the MTDSC analysis at l°C/min compared to the heat 

flow from the conventional DSC analysis at 20°C/min for both samples and 

illustrates the influence of heating rate on the glass transition.

The onset values measured when the 20°C/min heating rate was used were higher 

and closer to typical literature values as expected, Table 4.3. It was seen that the 

difference between the onset temperatures measured from the first and second heats 

was more pronounced for the faster heating rate. In particular, the higher molecular 

weight polymer exhibited a difference of approximately 7°C between the first and 

second onset. It was also noted that the conventional DSC data showed an 

endotherm during the second heat which was not expected as the sample had been 

cooled at the same rate used on heating. This could mean that some other factor 

needs to be taken into consideration and this would also apply to the MTDSC data 

discussed earlier.
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Figure 4.9 Comparison o f  the MTDSC total heat flow  (ql, p40, A0.5) and  

conventional DSC heat flow  (q20) fo r  both heats o f  the 5,100 Mw polymer.
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Figure 4.10 Comparison o f  the MTDSC total heat flow  (ql, p40, AO.5) and  

conventional DSC heat flow  (q20) fo r  both heats o f  the 99,800 Mw polymer.
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Table 4.3 Onset values measured from the conventional DSC heat flow for 5,100 & 

99,800 Mw d,l-PLApolymers (q20).

Mw Tg onset Tg onset
first heat second heat

(°C) (°C)
5,100 34.45 ± 0.25 28.91 ± 0.44°C

99,800 53.21 ±0.08 46.13 ±0.49°C

4.3.2.2 Heat capacity and phase measurements

The heat capacity measured during each heating and cooling segment of the 

MTDSC data for the high and low molecular weight polymers is shown in Figures

4.11 and 4.12. The glass transition onset temperatures measured for both heating 

segments are shown in Table 4.4 and were found to be similar. The high molecular 

weight sample showed a clear step increase in the heat capacity at the glass 

transition temperature. The three heat capacity curves for the first heat, cool and 

reheat segments of the experiments were seen to overlay each other. The heat 

capacity result for the lower molecular weight sample was slightly more complex. 

During the first heat, a step increase was seen over the same temperature range as 

the endotherm seen previously in the total heat flow signal and this was taken as 

evidence of the glass transition. This was followed by a second broader step change 

in the heat capacity which began at approximately 40°C. The feature did not 

correspond with a transition in the total heat flow or conventional DSC data and so 

required further investigation. The cooling and reheat curves overlaid each other but 

were shifted on the y-axis compared to the first heat. It was noted that the shift was 

similar in magnitude to the change in heat capacity during the second step change 

and it was speculated that this was the cause of the discrepancy in the data between 

the first and second heats.

Table 4.4 Onset values measured from the heat capacity o f 5,100 & 99,800 Mw d,l- 

PLA polymers (ql, p40, AO.5).

Mw Tg onset Tg onset
first heat second heat

(°C)
5,100 30.11 ±0.23 28.86 ±0.13

99,800 45.69 ±0.13 45.62 ± 0.06
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Figure 4.12 Heat capacity measured during heat, cool and reheat analyses o f  d,l- 

PLA o fM w  5,100 (ql, p40, AO.5).
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As in the preliminary MTDSC studies of glass transitions, such as on spray dried 

lactose, the phase signals was also recorded during the experiment, Figures 4,13 and 

4.14. The phase signal for the high molecular weight sample showed a step change 

in phase during the glass transition rather than a peak as had been seen in the 

preliminary studies. Each of the three curves for the heat, cool and reheat segments 

were similar in shape although there was a slight discrepancy between the first and 

later segments. The trace for the low molecular weight sample exhibited a more 

defined peak during the glass transition but also showed an unexpected gradual 

increase at higher temperatures which corresponded with the change seen in the heat 

capacity signal. This will be discussed in more detail in the next section.

When the phase signal is used to correct the heat capacity, the method recommended 

by the instrument manufacturer suggests adjusting the phase signal to zero before 

and after the transition in order to remove the effect of the instrumental phase lag 

(Aubuchon and Gill, 1997). The usual procedure is to fit a linear baseline between 

two points above and below the transition and then to subtract this baseline from the 

phase signal, so effectively shifting the phase to zero outside of the transition range. 

This assumes that the instrumental phase lag, which includes components from the 

sample to pan and pan to cell contact, is either constant during the experiment or 

changes linearly with temperature.

However, although during the preliminary studies it had been possible to apply this 

procedure, for the curves shown in Figures 4.13 and 4.14 the method is less 

applicable. Figure 4.15 illustrates the difficulty in using this method. For the high 

molecular weight sample, linear baselines can be drawn separately through the data 

above and below the glass transition region but it would be difficult to fit a 

meaningful linear baseline through the whole temperature range. This would 

suggest that there has been some change in the instrumental component of the phase 

lag during the glass transition. For the low molecular weight sample there is even 

greater difficulty. A linear baseline can be drawn through the data below the glass 

transition but at higher temperatures the curve is non-linear.
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Figure 4.14 Phase measured during heat, cool and reheat analyses o f  d,l-PLA o f  
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Figure 4.15 Phase signals measured during the first heat o f  both molecular weight 

dJ-PLA samples together with lines illustrating possible baselines. The 

temperatures shown refer to corresponding HSM photographs.

The phase lag between the applied heating programme and the observed heat flow is 

influenced by the thermal contact o f the sample to the pan as this effects heat 

transfer (Weyer et al., 1997). It was thought possible that the change in phase seen 

for the low molecular weight sample related to a softening o f the sample and 

possibly flow o f the liquid-like material, which would increase the contact of the 

sample with the pan. This effect o f sample flow altering the phase signal has been 

suggested by Schaap ( 1997) to account for changes seen in the MTDSC data for a 

polystyrene powder. If such a process also takes place for this sample, it would be 

very difficult to correct the phase signal. Simple subtraction o f a linear baseline 

would not be applicable for a process that changes in a complex, and probably 

irreproducible, way with temperature. In this situation, it would not be possible to 

use the recommended procedure for phase correcting the heat capacity data.
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4.3.2.3 Hot stage microscopy investigation

To test the assumption that softening and flow of the polymers could be related to 

changes in the phase signal, both polymers were heated using a hot stage and 

observed using differential interference contrast microscopy (DIC). Plates 4.1, 4.2 

and 4.3 show photographs taken through the microscope for the low molecular 

weight sample at temperatures of 25, 42 and 52°C. On heating from 25°C (Plate 

4.1) through the glass transition there was no visible change in the polymer particles 

until 39°C at which temperature the surfaces of the particles started to appear 

smoother. This process was more noticeable by 42°C. Further heating resulted in 

the particles becoming liquid-like, coalescing into droplets and also making contact 

with the top cover slip. By 52°C it can be seen that the polymer is in a very different 

physical form to that seen at 25°C. As the polymer becomes more liquid it will have 

much greater contact with the sample pan during an MTDSC experiment and hence 

the heat transfer will be improved. It was noted that the onset of softening seen 

using the microscope corresponded well with the onset of the increase seen in the 

phase signal. Thus, it seems plausible that the phase signal is being influenced by 

this softening process.

Plates 4.4, 4.5 and 4.6 show the photographs taken for the higher molecular weight 

polymer at 35, 80 and 90°C. As the sample was heated there was no change in shape 

or appearance up to 40°C but as the temperature increased through the glass 

transition region the sample shape and position on the microscope slide changed 

slightly. This could be the cause of the change in phase baseline position in the 

earlier figures. However, although the position of the sample altered it did not 

appear to soften to the extent that the surface appeared smooth and liquid-like until 

80°C which was higher in temperature than the maximum used in the MTDSC 

experiment. The sample only became fully liquid-like on heating to 90°C, almost 

40°C higher in temperature compared to the low molecular weight sample.
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Plate 4.1 DIC microscopy photograph o f  5,100 Mw dJ-PLA at 25°C.
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P late 4.2 D IC  m icroscopy ph otograph  o f  5 ,100  M w  dJ-PLA  a t 42°C.
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Plate 4.3 DIC microscopy photograph o f  5,100 Mw dJ-PLA at 52°C.

.......

P la te  4 .4  D IC  m icroscopy ph otograph  o f 99 ,800  M w  d,l-PLA at 35°C.
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Plate 4.5 DIC microscopy plwlograph o f 99,800 Mw d,l-PLA at 80°C.

7

P la te  4 6 D IG  m icroscopy ph otograph  o f 99 ,800  M w  d,l-PLA at 90°C.
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The findings for both molecular weights of polymer supported the assumption that a 

change in phase can indicate a change in the contact of the sample with the pan. 

Indeed, it is possible that the phase lag signal could be used to determine softening 

points for such materials. It should be noted that these results show the importance 

of considering the sample shape in MTDSC experiments. The effect of flow on the 

data could be reduced by preparing the sample into a flat, thin and compact form 

prior to running the experiments. However, such treatment could also have the 

potential of altering other sample properties which may make it unacceptable to 

process the sample in this manner. As a result of this investigation, it was decided 

not to phase correct any subsequent heat capacity data. Instead, the complex heat 

capacity and phase signals will be discussed separately.

4.4 CHARACTERISATION OF d,l-PLA MICROSPHERES

4.4.1 Experimental details

Microspheres were made from blends of the high and low molecular weight d,l-PLA 

in the weight ratios (99,800:5,100) 100:0, 75:25, 50:50, 25:75 and 0:100 using the 

method described in Chapter 2. A second batch of the 0:100 ratio was made for 

further SEM investigation. This sample was stored under the same conditions as the 

other batches but was not vacuum dried. All results on the 0:100 blend refer to the 

first batch unless it is specifically stated that the second batch is under discussion.

The microspheres were analysed by MTDSC using the same modulation parameters 

and calibration procedure as used for the polymers as received. Sample sizes of 

1.231 to 3.748mg were used and the sample and reference pans were matched by 

mass to within ±0.014mg. Hermetic (PE) pans were used. Each sample was heated 

to 75°C, cooled to 5°C and then heated to 75°C again during the MTDSC analysis. 

The cooling programme imposes a known thermal history on the samples so that any 

differences seen in the second heating profile can be assigned to the effect of the 

sample composition. Differences due to thermal history in the thermal traces for the 

first heating ramp were minimised by making the measurements after storage at 

20°C for between 62 and 66 days i.e. by minimising differences due to ageing.
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SEM, particle size analysis and TGA experiments were performed as described in 

Chapter 2. Hot stage microscopy was performed using a heating rate of l°C/min as 

before.

4.4.2 Results and discussion

4.4.2.1 SEM, Malvern particle sizer and TGA analysis

Table 4.5 summarises the yield, particle size, drying time and TGA mass loss during 

heating measured for microspheres made from blends of the two molecular weights 

of d,l-PLA. The yield of microspheres was 80% or more for each sample, except for 

that made from the low molecular weight polymer only which had a yield of only 

60.4%. The particle size was found to vary between 98 and 114pm for the samples 

with at least 25% of the higher molecular polymer. The microspheres made from 

only the low molecular polymer showed a lower average particle size of 74pm. All 

the samples were dried until the mass loss on heating was less than 1% which 

required a longer drying time for the 100:0 and 75:25 microspheres. Although the 

TGA showed that the mass loss after drying was small, it can not be used to 

determine whether the loss was due to residual dichloromethane or water.

Table 4.5 Results o f analysing microsphere samples for yield, particle size and TGA 

mass loss.

Blend ratio 
99,800:5,100

Yield

(%)

Particle
size^
(pm)

Span Drying
time

(hours)

TGA mass 
loss^
(%)

100:0 80.8 114.5 ±3.0 0.53 ± 0.02 108 0.7 ±0.2
75:25 82.3 104.0 ±0.6 0.64 ±0.01 108 0.6 ±0.2
50:50 86.0 98.4 ±0.7 0.62 ± 0.03 88 0.5 ± 0.2
25:75 80.0 98.4 ±3.4 1.10±0.19 88 0.4 ± 0.2
0: 100 60.4 74.4 ± 11.0 1.45 ±0.09 88 0.6± 0.2

D[v,0.5] (n=9), Measured from ambient temperature to 120°C (n=6)
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The SEM micrographs of the samples showed that all the blends had formed spheres. 

Plates 4.7 to 4.12. The micrographs for the first batch of microspheres made from 

only the low molecular weight polymer showed evidence of damage with many 

broken bits of sphere being seen. These broken pieces could explain the smaller 

average particle size measured for this sample. The unbroken spheres were 

generally similar in size to those of the other blend ratios. A second batch made 

from only the low molecular weight polymer did not show such damage. This batch 

was made using the same manufacturing procedure but was not vacuum dried. 

Consequently, it is unclear if the damage was caused by small differences in sample 

handling during preparation or was due to the drying process.
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Plate 4.7 SEM  micrograph o f  microspheres made from  blends o f  99,800 and 5,100 

Mw d,l-PLA in the weight ratio 100:0.

P la te  4 .8 SE M  m icrograph o f  m icrospheres m ade fro m  blends o f  99 ,800  an d  5,100

M w  d,l-PLA in the w eigh t ra tio  75:25.
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Plate 4.9 SEM  micrograph o f  microspheres made from  blends o f  99,800 and 5,100 

Mw d,l-PLA in the weight ratio 50:50.

P la te  4 .10 SE M  m icrograph o f  m icrospheres m ade fro m  blends o f 99 ,800  an d  5 ,100

M w  d,l-PLA in the w eigh t ra tio  25:75.
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Plate 4.11 SEM  micrograph o f  microspheres made from  blends o f 99,800 and 5,100 

Mw d,l-PLA in the weight ratio 0:100.
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P la te  4 .12 S E M  m icrograph o f  m icrospheres m ade fro m  blends o f 99 ,800  and 5 ,100

M w  d,l-PLA in the w eigh t ra tio  0:100  (secon d batch).
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4.4.2.2 MTDSC and HSM analysis of microsphere samples

Total heat flow

An example of a typical Lissajous figure recorded during analysis of the microsphere 

samples is shown in Figure 4.16 and indicates that the modulation was satisfactory. 

Figure 4.17 shows the total heat flow measured during the first heat, cool and reheat 

sections of the experiment for the 50:50 blend microspheres. The results for each of 

the blends showed similar features. The effect of thermal history on the glass 

transition is illustrated by the change in transition temperature between first and 

second heat. The trends due to the polymer composition can be more easily seen in 

Figures 4.18, 4.19 and 4.20 which show an overlay of the total heat flow for each of 

segment of the experiment. In each of these overlays, the signals have been 

separated on the y axis to aid presentation.

I

I
Oqz
s

13T3O

CD

0.05

Modulated heating rate - average heating rate (°C/min)

Figure 4.16 Lissajous figure fo r  MTDSC analysis o f  microspheres made from  a 

50.50 6/eW  q/'PP.^OO 6/W 5,/OO Mu/ 2̂ 4 (q/, /?40, ^40.5;.
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F igure 4.17 Total heat flow for the heat, cool and reheat through the glass transition 

for the 50:50 microspheres (ql, p40, AO.5).
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Figure 4.18 Overlay o f  the total heat flow  measured during the firs t heat o f  each 

blend o f 99,800:5,100 microspheres (ql, p40, AO. 5).
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Figure 4.19 Overlay o f  the total heat flow measured during the cooling segment fo r  

each blend o f 99,800:5,100 microspheres (ql, p40, AO.5).
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Figure 4.20 Overlay o f  the total heat flow measured during the second heat o f  each 

blend o f 99,800:5,100 microspheres (ql, p40, AO.5).
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For each sample the first heat showed a relatively large endothermie peak which 

moved to lower temperatures as the percentage of the lower molecular weight 

polymer increased, as would be expected when plasticisation takes place. As 

discussed in Chapter 1, the endothermie peak seen at the glass transition is 

dependent on the thermal history of the material. Although each batch of 

microspheres was manufactured using the same method, it can not be discounted that 

there were possibly slight differences in the procedure. Therefore, comparisons 

between the samples are preferably made after cooling at a constant rate so that 

differences in thermal history can be removed.

The heat flow measured during cooling is shown in Figure 4.19. The cooling curves 

for the microspheres containing the higher molecular weight polymer showed a 

small step decrease at the glass transition, although this was difficult to separate 

from the baseline curvature in some traces. It was found that the glass transition 

could not be determined for the 0:100 sample but this could be due a smaller sample 

size (<2mg) having been used in this experiment compared to the others (typically

2.5 to 3mg).

Table 4.6 Glass transition onset temperatures measured from the total heat flow 

signal recorded during the second heat o f microspheres made from blends o f d,F 

PLA.(n=3).

Mw ratio 
(99,800 :5,100)

Tg onset 
(°C)

100:0 45.01 ± 0.24
75:25 42.54 ±0.15
50:50 39.06 ± 0.24
25:75 36.59 ±0.52
0:100 32.39 ± 0.49

Figure 4.20 shows the total heat flow measured during the second heat of the 

samples. The application of the controlled cooling programme has removed the 

large endotherm seen in the first heat although a small endotherm can still be seen. 

The onset temperatures of the glass transition measured from the second heat traces 

are detailed in Table 4.6. As expected for two miscible polymers, addition of the 

lower molecular weight material reduced the glass transition of the blend, so that the
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microspheres made from mixes of two molecular weights had glass transition 

temperatures intermediate to those of the two one component systems.

These onset temperatures have been plotted against composition in Figure 4.21 and 

the data has been fitted using the Gordon-Taylor equation {Equation 1.17). The 

temperatures measured for the two pure components were fixed in the equation and 

this produced a value of 0.78 ± 0.05 for the constant k. There was no evidence of 

deviation from the Gordon-Taylor relationship for the blends which confirms that the 

two polymers were completely miscible. This plot can be used as an example of the 

ideal case when comparing other systems which may not exhibit complete 

miscibility, such as the polymer-drug systems considered in Chapter 5.

320

318

316

314

Data: DataI I 
Model: GT 
Chi^2 = 0,09291 

T1 318 .16 ±0
T2 305.54 ±0
k 0.77666

308

306
±0.05188

304
0.2 0.4 0.6 0.8 1.00.0

Weight fraction of 5,100 Mw d,l-PLA

Figure 4.21 Plot showing a f i t  o f  the Gordon-Taylor equation to the glass transition 

onset temperature measured from  the total heat flow  recorded during the second  

heat.
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V .^.222 H eat capacity

Figures 4.22, 4.23, 4.24 and 4.25 show the heat capacity signals corresponding to 

the data shown in the previous four figures. The glass transition could be clearly 

identified in each trace by the presence of a step change in the signal. It was 

especially noticeable that the glass transition seen on cooling was much more clearly 

defined in the heat capacity signal than in the total heat flow signal. The glass 

transition could be easily observed even during the cooling trace for the low 

molecular weight sample which did not show any apparent transition in the total heat 

flow curve. This is an excellent illustration of the suitability of MTDSC for 

measuring glass transition phenomenon.

2
50:50

1.8

cool
1.6

first heat

1.4 second heat

1.2
10 20 30 40 50 60 70

Temperature (°C)

Figure 4.22 Heat capacity measured for the heat, cool and reheat through the glass 

transition o f  the 50:50 blend microspheres (ql, p40, AO.5).
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Figure 4.23 Overlay o f  the heat capacity measured during the first heat o f  each 

blend o f 99,800:5,100 microspheres (ql, p40, AO.5).
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Figure 4.24 Overlay o f  the heat capacity measured during the cooling segment o f  

each blend o f 99,800:5,100 microspheres (ql, p40, AO.5).
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Figure 4.25 Overlay o f  the heat capacity measured during the second heat o f  each 

blend o f 99,800:5,100 microspheres (ql, p40, AO.5).
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Figure 4.26 Plot showing a f i t  o f  the Gordon-Taylor equation to the glass transition 

onset temperature measured from  the heat capacity recorded during the second heat.
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Table 4.7 Glass transition onset temperatures measured from the heat capacity 

recorded during the second heat o f each microsphere sample (n^3).

Mw ratio 
(99,800:5,100)

Tg onset
m

100:0 46.98±0.34
75:25 44.88±0.44
50:50 40.98±0.24
25:75 38.41±0.37
0:100 33.75±0.70

Table 4.7 details the onset temperatures measured during the second heat of each 

batch of microspheres. As in the total heat flow data, the influence of plasticisation 

by the low molecular weight component can clearly be seen. A fit of the data to the 

Gordon-Taylor equation. Figure 4.26 again indicated a good correlation between the 

measured data and the predicated values. A value of 0.69 ± 0.06 was determined for 

the constant, k. The change in heat capacity at the glass transition, ACp, was 

measured for both pure components and also used to calculate k, as in Equation 1.20. 

This method produced a value of 0.52 ±0.11 which was lower than that achieved 

from fitting the data. However, it was noted that the ACp values had quite large 

errors associated with them and it was likely that their accuracy was compromised 

because of the small sample mass and simple, one point calibration method that had 

been used. If a more detailed investigation of the Gordon-Taylor fit of the data was 

to be pursued, these issues would have to be addressed.

4.4.2.2.3 Non-reversing heat flow

The heat capacity data presented above can be converted into heat flow data by 

multiplication by the underlying heating rate; this produces reversing heat flow. 

Subtraction of the reversing heat flow from the total heat flow yields the non

reversing heat flow which can be used to monitor transitions seen in the total heat 

flow which are not caused by changes in heat capacity. Figures 4.27, 4.28 and 4.29 

show the non-reversing signals calculated from the total heat flow and heat capacity 

data discussed in the previous sections.
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P'igure 4.27 Overlay o f  the non-reversing heat flow measured during the firs t heat o f  

each blend o f 99,800:5,100 microspheres (ql, p40, AO.5)..
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Figure 4.28 Overlay o f  the non-reversing heat flow measured during the cooling 

segment fo r  each blend o f 99,800:5,100 microspheres (ql, p40, AO. 5).
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fig u re  4.29 Overlay o f  the non-reversing heat flow  measured during the second heat 

o f  each blend o f 99,800:5,100 microspheres (ql, p40, AO. 5),

The curves measured during the first heat showed the endotherms occurring during 

the glass transition region which have previously been discussed. The results 

obtained during cooling were more surprising though, as each trace showed a small 

peak during the glass transition region when no peaks had been seen in the 

corresponding total heat flow curves. At first, the presence of these peaks was 

unexpected as the appearance of peaks during the glass transition is usually related to 

thermal history effects which are not applicable on cooling.

However, it is possible to explain the presence of these peaks by considering the way 

in which the non-reversing signal is calculated from the total and reversing heat 

flows. The total heat flow is calculated as the average of the modulated heat flow 

and so is dependent on the underlying heating rate, in this case l°C/min. The 

reversing signal is measured from the response to the modulation and is found to be 

dependent on the period of heating rate oscillation, in this case 40s. As discussed in 

Chapter 1, the measured glass transition temperature is dependent on the timescale 

of measurement, i.e. the heating rate or frequency. So, in cases such as this, where 

the measurement has been made using two different timescales, it could be expected 

that two different glass transition temperatures would be measured. Thus, when the
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two signals are subtracted, the resulting curve contains a small peak due to this 

discrepancy.

The same discrepancy also occurs in the heating curves and should be accounted for 

if enthalpies measured from the non-reversing signal are to be used quantitatively 

(Reading, 1997). It has been suggested that the peak area could be measured on 

cooling and then this value subtracted from those measured on heating, so that any 

excess peak would then be purely due to thermal history effects (TA Instruments, 

1996a; Royall et al., 1998). The curves obtained during the second heat of the 

microspheres also showed small peaks. These were larger than those seen on 

cooling and so can not be purely assigned to the timescale discrepancy between the 

total and reversing heat flows.

4.4.2.2.4 Phase and HSM results

The phase curves were similar in shape to those seen for the polymers as received. 

Figure 4.30. For the high molecular weight d,l-PLA a small peak was seen during 

the glass transition and there was a change in baseline position before and after the 

peak. As the amount of low molecular weight polymer in the blend increased the 

change in baseline during the peak became less pronounced and a drift in the 

baseline at the high temperature end of the first heat was seen. The data measured 

during the cool and second heat were then superimposed at the new level. This 

phase change was similar to that seen in the low molecular weight sample, when 

analysed as received, and which had been assigned to the effect of the sample 

softening. To confirm that this was again the cause, the 100:0, 50:50 and 0:100 

blends were observed using hot stage microscopy.

The microspheres could be seen clearly using both differential interference contrast 

(DIC) and polarising microscopy. Plates 4.13 to 4.18. The appearance of the 

microspheres in the polarising microscopy photographs indicates that the polymer is 

optically anisotropic and so exhibits biréfringent behaviour (Robinson and Bradbury, 

1992). Anisotropy in polymers is usually associated with alignment of the polymer
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chains. For these samples, this may be a consequence of the manufacturing process 

used for the formation of the microspheres.

On heating the 100:0 sample, there was no observable change until approximately 

80°C at which temperature it could be seen that the cover slip was pressing down on 

the top of the spheres, indicating that the polymer was starting to soften. At this 

temperature the images of the spheres taken using the polarising filters started to 

become more diffuse. Thus, the softening process did not begin until temperatures 

higher than those used in the MTDSC experiments which is consistent with the 

reproducible phase curves produced on heating and cooling. As the temperature was 

increased further, the spheres continued to flatten so that by 96°C they had begun to 

press together and by 110°C they had merged into larger liquid blobs. Once in this 

liquid form, only the edges of the sample could be seen in both DIC and polarising 

photographs. The disappearance of the microsphere images from in the polarising 

photographs during heating is also indicative of the samples becoming liquid as 

liquids are optically isotropic and so do not exhibit biréfringent behaviour (Robinson 

and Bradbury, 1992).

The 50:50 sample showed similar results but the softening was seen to begin at 

64.5°C and the spheres had merged together by 85°C, Plates 4.15 and 4.16. When 

the 0:100 microspheres were heated the first softening was observed at 45°C and the 

spheres began to join together by 55°C, Plates 4.17 and 4.18. These results all 

supported the suggestion that the change in phase is related to the flattening and 

merging together of the spheres on heating. These softening temperatures will have 

important implications for processing the microspheres because although the 

addition of low molecular weight polymer may be a useful method of lowering the 

glass transition and so controlling release properties, there may also be undesirable 

alterations to the processing properties of the microspheres.
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Figure 4.30 Phase measured during the heat, cool and reheat through the glass 

transition o f  each blend o f  Mw microspheres.
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P la te  4 .13 (a) D IC  a n d  (b) p o la risin g  m icroscopy ph otograph s o f  100:0 b len d

m icrospheres a t 35°C.
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P la te  4 .14  (a) D IC  a n d  (b) p o la r is in g  m icroscopy ph o tograph s o f  100:0 b lend

m icrospheres a t 80°C.
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4.5 CONCLUSIONS

In each experiment it was found that the glass transition could be identified easily 

from the heat capacity signal. Although for this sample the glass transition on 

heating could be also be seen in the total heat flow signal, the MTDSC data were 

advantageous in several cases. During the analysis of the film, the heat capacity 

signal clearly showed the glass transition while the total heat flow was difficult to 

interpret because of the presence of two peaks in the data.

When the 99,800 and 5,100 Mw polymers were analysed as received, the glass 

transition region could be identified from both the total heat flow and heat capacity 

signals. However, the heat capacity was found to exhibit a more defined transition 

on cooling and also had the benefit that the endothermie peak was not present. 

However, although up until now the MTDSC technique has been seen to improve 

identification of transitions, it was also found that the heat capacity signal has the 

potential to be misinterpreted. It was found for the 5,100 Mw sample that two step 

changes were seen in the heat capacity signal. While the first step was assigned to 

the glass transition, the cause of the second was not immediately obvious. However, 

investigation of the sample by hot stage microscopy showed that this heat capacity 

change corresponded to a change in the shape of the sample. The phase signal also 

showed a step change over this temperature region which was though to be caused 

by the change in sample contact with pan. This behaviour was seen for the 5,100 

Mw sample when analysed both as received and in microsphere form.

The results for the analysis of the microspheres supported the findings of Bodmeier 

et al. (1989) that addition of low molecular weight PLA plasticised the glass 

transition of the blend. The MTDSC analysis was found to be particularly useful 

during the cooling segment of the experiments as, in some cases, the glass transition 

could be clearly seen in the heat capacity signal when it could not be seen in the total 

heat flow.

The non-reversing signal was found to contain peaks during the cooling segment but 

this could be explained by consideration of the way in which the MTDSC signals are
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obtained. This illustrates that although MTDSC can bring many benefits, it is also a 

complex method which bring extra difficulty to interpretation of the results.
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CHAPTER 5: CHARACTERISATION OF 
PROGESTERONE-LOADED dJ-PLA MICROSPHERES

5.1 INTRODUCTION

So far in this study, the MTDSC technique has been assessed by investigating the 

practical details which need to be considered when performing experiments (such as 

modulation parameters) and by determining the type of data that can be obtained for 

simple systems. The results presented in the previous chapters have supported the 

claim that MTDSC is especially useful for the analysis of glass transition behaviour 

and so it was decided to use the technique to characterise a more complex 

amorphous pharmaceutical system. Progesterone was selected as a model drug as it 

can be incorporated into d,l-PLA microspheres and can also be converted to an 

amorphous form.

The particular aims of the study were to investigate the way in which the addition of 

progesterone to the polymer would influence the glass transition of the blend and to 

determine if MTDSC could reveal any extra information about the system that was 

not obtainable by conventional DSC. The MTDSC analysis was also used to 

investigate the physical form of the progesterone in the polymer. The hot stage 

microscopy investigation of the polymers, in Chapter 4, had proved useful in the 

interpretation of the phase and heat capacity signals and so it was decided to again 

apply this technique to the characterisation of the drug-loaded microspheres.

5.2 CHARACTERISATION OF PROGESTERONE

5.2.1 Experimental details

Progesterone was analysed in the form received from the supplier using 

conventional DSC at a heating rate of l°C/min and was also analysed after quench 

cooling with the aim of producing an amorphous form of the drug. In the first 

quenching method employed, the sample pans were heated in the DSC to a 

temperature above the melting point of progesterone and then removed quickly and
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placed on a metal block at room temperature. In the second method, the pans were 

dropped into a small container of liquid nitrogen after removal from the DSC cell. 

After evaporation of the liquid nitrogen, the pans were dried by holding them in a 

flow of nitrogen gas until all the condensation had been removed. The quenched 

samples were analysed either by conventional DSC at a rate of 10°C/min or by 

MTDSC using the same modulation parameters as used for the analysis of the 

microspheres in Chapter ^ (ql, p40, AO.5). For all the experiments, hermetic (PE) 

pans were used and these were matched in mass to within ±0.02mg. Temperature 

calibration was performed using n-octadecane, cyclohexane, indium and tin as 

before. Enthalpy and heat capacity calibration were performed using the one point 

method as in Chapter 4,

5.2.2 Results and discussion

The conventional DSC analysis of progesterone run as received showed an 

endotherm with a onset temperature of 129.5 ± 0.2°C and enthalpy of 83.5 ± l.lJ/g 

(n=4). Figure 5.1. This temperature corresponds well with the melting range of 127 

to 131°C given in the Merck Index for the melting temperature of the a-form of 

progesterone (The Merck Index, 1996) and is also close to the melting temperature 

of 131°C measured by Kuhnert-Brandstatter (1971). The measured enthalpy was 

close to the value of 80J/g (using the conversion leal = 4.1868J (Kaye and 

Laby,1995)) given by Theeuwes et al. (1974) for the melting of a-progesterone.

The quenched samples exhibited very different traces on heating. Figure 5.2 shows 

an example of the total heat flow and heat capacity from the MTDSC analysis of a 

sample quenched by placing on a metal block at room temperature. The total heat 

flow showed a small endothermie feature between 5 and 10°C which could be 

identified as a glass transition by the step increase in the heat capacity over the same 

temperature range. The presence of such a transition confirms that the fast 

quenching process has prevented crystallisation on cooling from the melt and that 

the progesterone sample has been trapped into an at least partially amorphous state. 

The onset temperature of the glass transition, as measured from the heat capacity 

signal, was 7.1 ± 0.5°C (n=4) which is close to the value of 6°C given for
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progesterone in a review of glassy pharmaceuticals by Kerc and Srcic (1995). A

glass transition temperature of 12°C has been measured for quenched cooled 

progesterone by Delahaye et al. (1996). Although this value is slightly higher, the 

thermal trace shown in the paper for this result suggested that this temperature was 

the inflection or midpoint rather than the onset value and also a faster heating rate 

(10°C/min) had been used.

Heating the quench cooled progesterone above the glass transition temperature 

caused the sample to recrystallise. This resulted in the observation of an exotherm 

in the total heat flow signal, concurrent with a decrease in the heat capacity signal, 

as seen for the spray dried lactose sample. Further heating revealed two melting 

transitions in the total heat flow at temperatures relating to the P and a-forms of the 

drug. However, although repeat analyses of samples quenched using this method all 

showed a glass transition and recrystallisation exotherm, the melting peaks were not 

reproducible. One sample exhibited only the a-form while another showed only the 

p-form. One sample also showed small exothermic and endothermie peaks at 

temperatures respectively higher and lower than expected for the two main 

polymorphs. The temperatures and enthalpies for the various recrystallisation and 

melting transitions that were observed during four equivalent experiments are 

summarised in Table 5.1. It was noticed in each case that the total melt enthalpy 

was significantly larger than that for the recrystallisation exotherm. This would 

indicate that the sample was not completely amorphous after quenching but retained 

some crystallinity.

Table 5.1 Onset temperatures and enthalpies, AH, (in italics) measured by MTDSC 

for four progesterone samples quenched from the melt by placing on a metal block 

at room temperature.

Recrystallisation Melt
ftm Onset (°C) Onset (°C) Onset (°C) Onset (°C) Onset (°C)

number
1 A\.A(57.2) - YIM  (41.1) 129.2 (41.3)
2 38.8 - - 129.3
3 39.7 (56.4) - 122.0 (77.^ -

4 21.9(55.2) 55.\ (0.7) 103.0 (0.8) \22.0(76.1) -
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Figure 5.1 Conventional DSC analysis o f  progesterone as received (ql).
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Figure 5.2 Total heat flow and heat capacity measured during analysis o f  a 

progesterone sample quenched by placing on a metal block at room temperature.
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It was thought possible that the irreproducibility seen in the melting response could 

be due to some difference produced in the sample during quenching. For example, 

an inconsistent cooling rate may produce differences in the crystals formed. To test 

this assumption, new samples were analysed after being quenched in liquid nitrogen 

as this would produce a very fast (and hopefully consistent) cooling rate. After 

heating to 140°C, each sample was removed from the cell and dropped in the 

nitrogen as quickly as possible to try to standardise the quenching profile.

Figure x 3  shows an example o f the total heat flow and heat capacity measured for a 

progesterone sample quenched using the above method. The MTDSC analysis again 

makes the glass transition easily identifiable by revealing the step in the heat 

capacity signal. In this analysis, the sample showed an endotherm at 108 °C which 

was immediately followed by an exotherm and then a second endotherm at 121 °C. 

Repeat analyses using this quenching method showed similar irreproducibility to 

that seen for the sample quenched on the metal block. This suggested that either the 

method o f quenching may not be the cause o f the irreproducibility o f the melting 

profile or that both quenching methods were less standardised than anticipated.

0.2

Heat flow

I
X

- 0.1

Heat capacity

- 0.2
120-20 0 20 40 60 80 100 140

1
§■o
2

Temperature (°C)

figure 5.3 Total heat flow  and heat capacity measured for a progesterone sample 

quenched by dropping the sample pan in liquid nitrogen.
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Another possible source of changes in the crystal structure could be the amount of 

time for which the sample was isothermed above the melt temperature. It is possible 

that if the sample does not completely melt then some small nucléation sites may 

remain which could consequently influence the crystallisation process on heating. 

To test this hypothesis, more progesterone samples were quench cooled using the 

liquid nitrogen method after isotherming at 140°C for various time intervals between 

0 and 10 minutes. The samples were then analysed by conventional DSC at a rate of 

10°C/min. It was decided to use conventional DSC because MTDSC did not appear 

to be providing any extra information about the sample during the melting region 

and conventional DSC gave the opportunity to use a faster heating rate so 

facilitating more efficient sample throughput.

Figure 5.4 shows the resulting heat flow signals produced. It is seen that there were 

variations in both the size, shape and temperature of the measured recrystallisation 

exotherm as well as differences in the melting temperatures. Although there was no 

consistency in the polymorphs formed, there was a very slight trend of the a-form 

being present in more of the runs made after the shortest isotherms. This would be 

consistent with the view that the presence of small a-form crystals facilitate the 

crystallisation of this form on cooling. However, the apparent irreproducibility of 

the polymorphs formed on crystallisation makes this hypothesis difficult to confirm.

It was also noted in the last run that a polymorph was formed with a melting 

endotherm of 109°C. This was significantly lower than that expected for either the 

a- or p-forms of progesterone and indicates that it is possible for other polymorphs 

to exist. Closer examination of all the results on an enlarged scale revealed that 

several other small endotherms could be observed below 120°C. Figure 5.5 shows 

the data from Figure 5.4 for the temperature region above the recrystallisation 

endotherm and below the melting peak of the P-form. A number of small 

endotherms of varying size and temperature could be seen. Measurement of the 

peak temperatures revealed that the endotherms were mainly seen over the ranges 

99-100°C and 107-109°C with occasional peaks at 105°C and 110°C.
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Figure 5.4 Heat flow measured for progesterone samples which had been held 

isothermally above the melt for the time (in minutes) shown next to each curve and 

then quenched in liquid nitrogen.
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Figure 5.5 Close up o f the data from Figure 5.4 showing small endothermie 

features.
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Thermomicroscopy studies have previously revealed the existence of progesterone 

crystals with lower melting temperatures than those of the main a  and p-forms 

(Brandstatter-Kuhnert and Kofler, 1959; Cameroni et at, 1973). Brandstatter- 

Kuhnert and Kofler (1959) detected progesterone polymorphs at temperatures of 

100, 106, 111, 123 and 131°C. Cameroni et al. (1973) found polymorphs at 99-100, 

105-106 and 109-110°C as well as the a  and p-forms. The lower temperature forms 

were more rarely seen and none of the forms could be detected by DSC. It is 

possible that the improvements made to DSC instrument design in the intervening 

years between 1973 and 1998 have allowed the detection of these small transitions. 

The transitions recorded by DSC in the present study are consistent with these 

earlier findings and although continued investigation of the quenched progesterone 

sample would be interesting, such work lies outside of the main aim of this study, as 

it would not develop understanding of the use or benefits of the MTDSC technique. 

Therefore, it was decided not to continue with the investigation of quench cooled 

progesterone.

As it was planned to use the progesterone as a model drug in the manufacture of 

PLA microspheres, it was decided to determine how the microsphere manufacturing 

process would influence the progesterone polymorphs produced. Therefore, the 

manufacturing method was repeated using only the drug and no polymer. MTDSC 

analysis of the resulting sample showed that the majority of the progesterone had 

crystallised in the a-form as evidenced by an endotherm with a peak temperature of

129.7 ± 0.6°C (n=3). Figure 5.6. However, another endotherm was also seen in the 

heat flow trace. This transition had a peak temperature of 109.0 ± 0.3°C which was 

similar to one of the endotherms seen in the data for progesterone quenched by 

dipping in liquid nitrogen. It was not apparent why the solvent evaporation process 

should result in the presence of this transition.
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Figure 5.6 Total heat flow  measured fo r  progesterone prepared using the solvent 

evaporation method.

5.3 MICROSPHERES MADE FROM d,l-PLA (Mw 99,800) AND 

PROGESTERONE

5.3.1 Experimental details

The d,l-PLA of molecular weight 99,800 was used to manufacture progesterone- 

loaded microspheres using the solvent evaporation method employed in Chapter 4. 

The microspheres are referred to in terms o f the theoretical %w/w loading o f the 

drug (i.e. 0, 10, 20, 30 and 50%). The MTDSC experimental details such as 

modulation parameters, calibration methods and pan type were the same as those 

used in Chapter 4 to analyses the drug free microspheres. Small sample masses o f  

between 1.880 and 3.968mg were used to prevent thermal lags developing in the 

sample. All the temperature, enthalpy and heat capacity values presented are the 

average o f three experiments unless otherwise stated. Each sample was only heated 

once rather than employing the heat/cool/reheat programme used for the drug free 

microspheres because it was anticipated that irreversible changes could take place on
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heating. The TGA analyses were performed at 10°C/min using open pans. The UV 

spectroscopy, HSM, SEM and PXRD methods are as detailed in Chapter 2.

5.3.2 Results and discussion

5.3.2.1 Characterisation by TGA, particle size analysis and UV spectroscopy

Table 5.2 details the yield, drug content, particle size and the mass loss on heating 

measured for each sample. The yield of microspheres was calculated as the mass of 

microspheres after sieving divided by the mass of raw materials and was found to be 

over 77% in each case. The drug loadings were found to be close to the theoretical 

values indicating that the manufacturing process had successfully prevented the 

formation of free drug crystals. In some cases the loading was slightly larger than 

the expected value. This finding could be explained by assuming that the small 

amount of raw material lost during the manufacturing process was mainly polymer. 

Particle size analysis showed that most microspheres were in the size range of 100 to 

ISOpm and that there was no trend in particle size with drug loading. 

Thermogravimetric measurements on heating produced mass losses of 0.6% or less.

Table 5.2 Results o f analysing dJ-PLA (99,800 Mw) microsphere samples for drug 

content, yield, particle size and TGA mass loss.

Progesterone
loading
(%w/w)

Drug
content

(%w/wy

Yield
(%)

Particle size 
(pm)^

Span TGA 
mass 

loss (%y
0 - 80.8 114.5 ±3.0 0.53 ± 0.02 0.6 ±0.1
10 11.0 ±0.2 77.4 111.1 ±1.6 0.53 ± 0.04 0.5 ±0.1
20 19.6 ±0.5 84.2 111.5±2.3 0.50 ±0.01 0.4 ±0.1
30 30.1 ±0.2 89.0 126.2 ± 1.4 0.50 ± 0.08 0.4 ±0.1
50 51.3 ±0.5 83.6 104.1 ±2.6 0.53 ± 0.08 0.4 ±0.1

temperature to 120°C (n=6)
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5.3.2.2 MTDSC total, reversing and non-reversing heat flow results

Figures 5.7, 5.8 and 5.9 show the total, reversing and non-reversing heat flow data 

measured for each of the samples. The curves have been separated on the y-axis in 

each figure to aid presentation. The drug free microspheres showed an endotherm in 

the total heat flow with an onset of 46.2 ± 0.5°C. The reversing heat flow signal 

reveals the change in heat capacity at the glass transition by showing a step change 

with an onset of 48.3 ± 0.3°C. On deconvolution of the data, the endotherm seen in 

the total heat flow is confined to the non-reversing heat flow as seen before. As the 

drug loading was increased to 10 and 20%, the onset of the glass transition measured 

in the reversing heat flow decreased to 42.3 ± 1.1°C and 38.5 ± 1.3°C respectively. 

The absence of any melting peak in the total heat flow signals for the 10 and 20% 

drug-loaded microspheres indicates that no progesterone crystals were detected 

within the microspheres by this method.
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Figure 5.7 Total heat flow  measured fo r  d,l-PlA (Mw 99,800) microspheres with 

progesterone contents o f  0 to 50%..
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Figure 5.8 Reversing heat flow  measured fo r  dJ-PlA (Mw 99,800) microspheres 

with progesterone contents o f  0 to 50%..
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Figure 5.9 Non-reversing heat flow  measured fo r  d,l-PlA (Mw 99,800) microspheres 

with progesterone contents o f  0 to 50%..
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The glass transition behaviour of the microspheres can be used to investigate the 

miscibility of the drug with the polymer. When a drug and polymer are both 

initially dissolved in a solvent during the preparation method, there are several 

possible outcomes for the resulting physical form of the drug in the polymer. For 

example, the drug may crystallise within the polymer matrix. Alternatively, if the 

drug and polymer are miscible, the drug may dissolve into the polymer. In this case, 

the drug and polymer molecules develop strong interactions and plasticisation of the 

polymer may result (Dubemet, 1995). The system will then exhibit only one glass 

transition at a temperature intermediate to that exhibited by each component alone. 

This type of interaction can be discussed in terms of the formation of a solid 

solution. Although the expression ‘solid solution’ has been used in several papers 

during the discussion of d,l-PLA microspheres (Benoît et al., 1984; Dubemet, 1995) 

usage of this term does not appear entirely appropriate as it usually refers to a 

molecular distribution of a solute in a solid, crystallinQ solvent. In the case of 

progesterone dissolved in d,l-PLA, which is amorphous, the term ‘glass solution’ 

would be preferable i.e. a molecularly dispersed solute in a solid, amorphous solute 

(Chiou and Riegelman, 1971).

Finally, even if the drug is not miscible with the polymer, it may still become 

trapped as a molecular dispersion. As the solvent evaporates the dmg-polymer mix 

becomes very viscous and may prevent the dmg from crystallising. In this case, the 

drug is not dissolved in the polymer but physically trapped forming a metastable 

molecular dispersion. The interactions between the drug and polymer molecules are 

weak and so plasticisation does not take place (Dubemet, 1995). Therefore, the 

glass transition temperature of the polymer component should be unaffected. This 

type of system may exhibit less stability than a solid solution or glass solution as the 

dmg will tend to crystallise if the final viscosity of the microspheres allows 

diffusion of the dmg molecules. Solid dispersions of pharmaceutical dmgs in inert 

carriers, such as eutectic mixtures, solid solutions and glass solutions, have been 

extensively studied as such systems can exhibit improved dmg dissolution 

characteristics compared to the dmg alone and the pharmaceutical applications of 

such systems have been reviewed by Chiou and Riegelman (1971).
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It has been suggested by Benoît et al. (1986) that progesterone has little mutual 

miscibility with d,l-PLA and that the drug is trapped in the polymer as a metastable 

molecular dispersion due to the nature of the evaporation process (Benoît and Thies, 

1996). The interpretation of Benoît et al. (1986) was based on the evidence that 

23%w/w progesterone-loaded microspheres contained crystalline progesterone after 

heat treatment at 110°C. It was not possible to use the glass transition temperature 

to determine the miscibility of the drug and polymer because the microspheres 

contained between 1.8 and 4.7% residual solvent. The solvent would be expected to 

plasticise the polymer and so would interfere with the determination of any 

plasticisation effect due to the drug. A study of progesterone-loaded PLGA 

microspheres has also been taken to indicate little miscibility between the drug and 

polymer because it was not possible to correlate changes in the measured Tg with 

progesterone loading (Rosilio et al., 1991). However, DSC analysis of these 

microspheres exhibited endotherms due to volatilisation of residual solvent which 

could again invalidate such conclusions.

For the 0, 10 and 20% progesterone-loaded microspheres analysed in this study, 

only one glass transition temperature was observed, with increasing drug content 

resulting in a lower transition temperature. The addition of 10% progesterone 

lowered the glass transition onset temperature by 6°C and 20% progesterone 

lowered the Tg by almost 10°C. The amount of residual solvent in the microspheres 

was low, in fact the lowest mass loss on heating was observed for the sample which 

showed the greatest plasticisation. The microspheres had been analysed after similar 

storage times to minimise ageing effects on the glass transition. Therefore, the 

changes in Tg can be assumed to be caused by the presence of the progesterone. 

This would be indicative of the formation of a glass solution, with the drug 

plasticising the polymer component. A molecular dispersion of this type would be 

expected to be stable on heating and the total heat flow signals for the 10 and 20% 

samples did not show any further transition which would support this assumption.

The distinction in molecular dispersion types between a glass solution and 

metastable molecular dispersion is important when characterising a pharmaceutical 

formulation as a drug in a metastable state may exhibit low stability over a long time
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period. This could lead to problems maintaining the 2-3 years shelf life required for 

most pharmaceutical products. Also, any processing of the sample that included 

heating above the glass transition temperature may allow the drug to crystallise. 

This may then cause changes to many important sample properties such as release 

rate, powder flow characteristics and compaction properties. It is also important to 

determine if a glass solution is formed because if the drug plasticises the glass 

transition temperature so that it is reduced below room temperature this could affect 

the release kinetics from the microspheres. Castelli et al. (1996) have shown that the 

rate and extent of release of an anti-inflammatory agent from d,l-PLA microspheres 

was increased at temperatures above the glass transition temperature of the polymer.

When the progesterone loading in the microspheres was increased to 30%, a very 

different heat flow response was seen. The glass transition onset, measured from the 

reversing heat flow, was 40.1 ± 0.1 °C which was several degrees centigrade higher 

than that measured for the 20% sample indicating that the extra drug had not further 

plasticised the polymer. As the sample was heated, an exothermic peak was 

observed in the total heat flow with an onset at 70.4 ± 0.1 °C and an enthalpy of

18.07 ± 0.03J/g. This peak is not seen in the reversing signal but was present in the 

non-reversing heat flow as would be expected for a process that is not reversible 

over the time scale of the modulation. The presence of this exotherm would suggest 

that there is a limit to the miscibility of progesterone with d,l-PLA, which is 

exceeded at a loading of 30%. The excess drug does not further plasticise the 

polymer but appears to be present in a different form which crystallises on heating. 

Similar behaviour has been reported by Rosilio et al. (1991) who observed 

exothermic peaks in DSC analysis of 23 and 35% progesterone-loaded PLGA 

microspheres. It was postulated that such transitions occur when the progesterone is 

present as a metastable molecular dispersion.

In this study, further heating of the 30% sample resulted in the detection of two 

endothermie transitions in the total heat flow signal. The first was a broad transition 

which began soon after the crystallisation exotherm and had a peak temperature of 

112.0 ± 0.6°C and an enthalpy of 12.6 ± 0.5J/g. The second endotherm had a peak 

temperature of 123.9 ± 0.1 °C and an enthalpy of 7.7 ± 0.2J/g. The peak
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temperatures have been used to characterise the endotherms because the gradual 

onset of melting, particularly as seen in the first melt, can make determination of the 

onset temperatures difficult. The combined enthalpies of the two melting 

endotherms was 20.3J/g which was only a few J/g larger than that of the 

crystallisation peak. Although this may suggest that the melting was mainly due to 

crystals formed during the exothermic transition, it is not conclusive as it is possible 

that further crystallisation may have taken place simultaneously with the melting 

processes. The total heat flow does not differentiate between these exothermic and 

endothermie heat flows and only the net heat flow would be recorded.

It is not clear why melting should take place over two temperature ranges. The first 

endotherm is significantly lower in temperature than that expected for the P-form of 

progesterone, which melts at 121°C (The Merck index, 1996). It is perhaps possible 

that some interaction between the crystals and polymer is causing this effect. The 

second endotherm was slightly lower in temperature than the pure a-form. This 

could be due to the presence of the polymer as an impurity in the crystals or to the 

influence of the less stable drug which is molten by this temperature. It was known 

from the microscopy investigation discussed in Chapter 4 that the polymer was in 

liquid-like form at high temperatures. This could influence the melting process and 

it is also possible that the progesterone may dissolve into the polymer. After 

deconvolution of the heat flow, the melting peaks were mainly seen in the non

reversing heat flow although a small component was seen in the reversing signal. 

As explained in Chapter 1 the interpretation of melting peaks is open to debate and 

so an understanding of the deconvoluted MTDSC response in this temperature 

region has not been pursued.

At a loading of 50% progesterone, the glass transition onset in the reversing heat 

flow was measured at 45.7 ± 0.9°C which indicated that less plasticisation had 

occurred. There was no evidence of exothermic heat flow on heating the sample. 

The total heat flow signal showed an endotherm with a peak temperature of 127.9 ± 

0.4°C and an enthalpy of 40.5 ± 1.5J/g. This enthalpy value was consistent with the 

assumption that all the progesterone in the microspheres was in the crystalline a- 

form and that little of the drug was present as a molecular dispersion within the
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polymer. The endotherm was seen to exhibit a gradual onset with some melting 

beginning up to 30°C lower than the peak temperature. It is possible that as the 

microspheres form during the solvent evaporation process, the increasing viscosity 

o f the polymer phase hinders the formation o f perfect crystals. This may results in 

the development o f less stable crystals with lower melting temperatures. As 

discussed above, it is also possible that the progesterone dissolves into the polymer.

The overall trend in the glass transition temperature with the drug loading can be 

seen in Figure 5.10 which shows the total heat flow and reversing heat flow onset 

temperatures measured for each drug loading. The limited number o f data points 

made it difficult to determine to exact relationship so it was decided to continue the 

investigation using a larger selection o f drug loadings. Unfortunately, there was 

insufficient PLA of this molecular weight left to make more microspheres and so a 

complete new batch o f microspheres had to be manufactured. The results for these 

samples are discussed later in this chapter.
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Figure 5.10 Relationship o f  the Tg onset temperature (measured from  the total heat 

flow  (THF) and reversing heat flow  (RHF)) on drug loading.
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5.3.2.3 MTDSC phase and hot stage microscopy results

Figure 5.11 shows the phase lag signals recorded during each of the experiments 

shown in Figures 5 .7, 5.8 and 5.9. Small peaks were seen during the glass transition 

as in previous investigations of d,l-PLA. The behaviour above the glass transition 

was found to change as the progesterone content increased. The curves for 

progesterone loadings of 20% or below showed a step increase in phase between 70 

and 100°C. The previous microscopy investigation of the drug free microspheres 

had shown a similar effect and this had been related to the softening of the polymer. 

In order to further establish this link, and also to determine how the physical form of 

the polymer may influence the state of the progesterone, the microspheres with 

progesterone contents of 20, 30 and 50% were analysed using DIG and polarising 

hot stage microscopy. The temperatures of the photographs used to illustrate the 

changes seen in the microscopy investigation have been annotated on the phase 

signals shown in Figure 5.11. The change in the microscope set up required to 

alternate between the two modes of operation was performed quickly between 

photographs. Therefore, although only one temperature (to the nearest °C) is used 

for each pair of images, they were actually taken a few tenths of a degree centigrade 

apart.
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The photographs for the 20% sample are shown in Plates 5.1 to 5.4. At 35°C the 

sample had a similar appearance to that seen for the drug free microspheres in 

Chapter 4. The microspheres were again found to soften on heating with the first 

evidence being seen at 72°C when contact with the top cover slip was observed. It 

was also noted that as the spheres softened, brighter areas became apparent in the 

polarising photographs. By 90.0°C, the spherical structure of the spheres had been 

lost and these bright areas appeared to correspond to crystal-like particles in the DIC 

photographs. These particles remained visible on further heating until 

approximately 120°C when they rapidly disappeared. This behaviour suggested the 

presence of progesterone crystals. The few bright particles that remained could still 

be seen even at 137°C which indicated that they were due to contamination either on 

the microscope slide or in the sample rather than being due to the higher melting a- 

polymorph.

These findings would suggest that some of the progesterone in the 20% loaded 

microspheres can crystallise out from the polymer matrix once the polymer has 

softened sufficiently. Although the plasticisation of the glass transition temperature 

seen in the MTDSC results indicates the formation of a stable glass solution, it 

appears that the system does not remain entirely stable on heating. This 

crystallisation process was not observed in the MTDSC data which would indicate 

that the heat flow involved was too small to be detected. As there was no problem 

detecting the heat flow due to the recrystallisation and subsequent melting of 

progesterone in the 30% sample this would suggest that only a small proportion of 

the progesterone in the 20% is crystallising.

The microscopy investigation of the 30% sample showed a series of changes on 

heating. Plates 5.5 to 5.10. At 35°C the spheres had a duller appearance in the DIC 

photographs than the 20% microspheres. The polarising microscopy images did not 

show the ring effect seen in the 0 and 20% samples, instead most spheres were 

evenly bright. As the sample was heated the spheres became brighter and more 

colourful in the DIC images. By 68°C, the polarising image was showing two 

effects; the spheres were generally becoming less visible but specific regions were 

becoming brighter. These regions increased in brightness and joined together until



Chapter 5: Characterisation o f  progesterone.../ 207

by 74.5°C they had almost covered the spheres. The DIC images showed these 

areas as dark patches. The temperature range over which these changes took place 

corresponded with the temperature of the exothermic peak seen in the MTDSC 

results and would be consistent with the interpretation of this peak as being due to 

crystallisation. It is also interesting to note that the crystallisation temperature of the 

amorphous progesterone in the 30% sample coincided with onset of the step in 

phase seen for the sample with lower drug contents. This would suggest that it is 

not until the polymer is soft enough to flow that the progesterone can nucleate and 

crystallise.

The 30% progesterone microspheres maintained their shape on heating throughout 

the temperature range over which the 20% spheres had coalesced and did not begin 

to join together until 100°C. It is possible that the formation of the crystals had 

either made the spheres more viscous or caused the formation of a surface layer that 

prevented the liquid polymer coalescing. As the spheres eventually merged and 

flowed together at 108°C, it became possible to discern individual small crystals. 

The appearance under the microscope suggested that it was the onset of crystal 

melting that allowed the liquid polymer to begin to flow across the microscope slide 

although this was not confirmed.

As melting proceeded (115°C), some larger crystals appeared with crystal free gaps 

developing around them. It was difficult to ascertain if the larger crystals were 

already in the sample and were being revealed by the melting of the smaller crystals 

or if they were being formed by the molten progesterone from the small crystals 

recrystallising onto nearby crystals of higher stability and so increasing their size. 

The impression formed on watching the events through the microscope was that the 

second process was taking place. The MTDSC results had not shown any 

exothermic heat flow during the melting region, as would accompany crystallisation, 

but this does not mean that no exothermic activity was present as the DSC 

instrument only records the net heat flow. Indeed, this could provide an alternative 

explanation for the two stage melting process seen in the total heat flow. Instead of 

being due to two distinct melting transitions, it is possible that the heat flow 

represents a broad melting region superimposed with a narrower region of 

exothermic activity. If the exothermic heat flow is less than the endothermie heat
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flow, the summation will result in a small net endothermie heat flow as seen 

between two peaks as in the signal for the 30% sample. By 120°C only the larger 

crystals were left and these were seen to melt between 123 and 125.5°C. It was 

noted that there was an increase in the level of the phase signal before and after the 

melting region, which could be explained by the flow of the sample as for the 

previously discussed microspheres.

Photographs of the 50% loaded microspheres are shown in Plates 5.11 to 5.14. The 

microspheres appeared dark in the DIC images and bright in the polarised images 

when viewed at 35°C so that their appearance was similar to that seen for the 30% 

sample after the recrystallisation process. This would be consistent with a 

hypothesis that the 50% sample contained progesterone crystals at 35°C. On heating 

the sample, no changes were seen until 108°C when it became possible to see a disk 

shape on the top of the spheres possibly caused by the pressure of the cover slip. 

This would indicate the onset of softening and coincides with the onset of melting 

seen in the MTDSC results. By 115°C the spheres had begun to join together and 

between 122 and 125°C the sample became liquid very quickly and spread over the 

microscope slide. Crystals could be seen being carried along as the liquid flowed 

and were then observed to disappear quickly between 126.5 and 127°C. The speed 

of melting can be appreciated by noting in the difference in crystal numbers in 

Plates 5.14a and b, which were taken a few tenths of a degree centigrade apart. By 

127°C all the crystals had disappeared.

In all these studies the correlation in temperature between the processes observed in 

the microscopy images and the corresponding heat flow data found to be 

excellent. The hot stage microscope confirmed the interpretation of the MTDSC 

data and also brought new insight into the processes taking place. In particular, it 

showed that some progesterone crystallisation took place on heating the 20% sample 

when this had not been indicated by the MTDSC results.
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P la te  5.1 (a) D IC  (b) p o la r isin g  m icroscopy ph o tograph s o f  20%  p rogesteron e-

lo a d ed  dd-PLA (Mw 99,800) m icrospheres a t 35°C.
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P la te  5 .2 (a) D IC  (b) p o la r is in g  m icroscopy ph o tograph s o f  20%  p rogesteron e-

lo a d ed  dJ-PLA  (M w 99,800) m icrospheres a t 72°C.
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P la te  5.3 (a) D IC  (b) p o la r is in g  m icroscopy ph o tograph s o f  20%  progesteron e-

lo a d ed  d f-P L A  (M w 99,800) n iicrospheres a t 90°C.
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P la te  5 .4  P o larisin g  m icroscopy ph otograph s o f  20%  p ro g estero n e-lo a d ed  d,l-PLA

(M w 99,800) m icrospheres a t (a) 110°C  (b) 122°C.
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P la te  5 .5  (a) D IC  (b) p o la risin g  m icroscopy ph o tograph s o f  30%  p rogesteron e-

lo a d ed  d f-P L A  (M w 99,800) m icrospheres a t  35°C.
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P la te  5 .6  (a) D IC  (b) p o la r is in g  m icroscopy ph o tograph s o f  30%  p rogesteron e-

lo a d ed  d f-P L A  (M w 99,800) m icrospheres a t 68°C.



Chapter 5: Characterisation o f  progesterone.../ 215

P la te  5 .7  (a) D IC  (b) p o la r isin g  m icroscopy ph otograph s o f  30%  progesteron e-

lo a d ed  d,l-PLA  (M w 99,800) m icrospheres a t 74.5°C.
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P la te  5 .8  (a) D IC  (b) p o la r isin g  m icroscopy ph o tograph s o f  30%  p rogesteron e-

lo a d ed  d f-P L A  (Mw 99,800) m icrospheres a t 108°C.
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P la te  5 .9 (a) D IC  (b) p o la r isin g  m icroscopy ph otograph s o f  30%  p rogesteron e-

lo a d ed  dd-PLA  (Mw 99,800) m icrospheres a t 115°C.
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P la te  5 .10 (a) D IC  (b) p o la r is in g  m icroscopy ph o tograph s o f  30%  progesteron e-

lo a d ed  d f-P L A  (Mw 99,800) m icrospheres a t 120°C.
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P la te  5.11 (a) D IC  (b) p o la r is in g  m icroscopy ph o tograph s o f  50%  p rogesteron e-

lo a d ed  dJ-FLA (M w 99,800) m icrospheres a t 35°C.
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P la te  5 .12 (a) D IC  (b) p o la r isin g  m icroscopy ph o tograph s o f  50%  progesteron e-

lo a d ed  dJ-PLA (M w 99,800) m icrospheres a t 115°C.
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P la te  5.13 (a) D IC  (b) p o la r is in g  m icroscopy ph o tograph s o f  50%  progesterone-

lo a d ed  d f-P L A  (Mw 99,800) m icrospheres a t 122°C.
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P la te 5 .14 (a) D IC  (b) p o la r is in g  m icroscopy ph o tograph s o f  50%  progesterone-

lo a d ed  dJ-PLA (M w 99,800) m icrospheres a t 126°C.
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5.3.2.4 SEM results

Analysis by SEM confirmed that all the samples had formed spheres. Plates 5.15 to

5.19. Examination of the spheres at higher magnifications revealed that the 0%, 

10% and 20% samples had smooth surfaces, as illustrated by the 20% sample, Plate

5.20. However, the 30% and 50% microspheres showed rough surfaces at high 

magnifications. Plates 5.21 and 5.22.

The 30% sample revealed a pitted surface. It was also not possible to tell from the 

SEM results if this was just a surface effect or extended throughout the microsphere. 

The reason for the formation of the pitted surface seen on the 30% microspheres is 

not entirely clear at present although it has been suggested by Tice and Gilley (1985) 

and Jalil and Nixon (1990b) that pitting may be related to the rate of solvent removal 

from the microspheres during preparation. If the rate of solvent evaporation is fast, 

the solvent may boil out from the microsphere droplets in the emulsion and cause 

such surface defects. However, this is usually associated with the removal of 

solvent under vacuum. Another explanation which was considered was that the pits 

had initially contained progesterone crystals which had been lost during the washing 

stage of the microspheres. However, the progesterone content measured by UV 

spectroscopy for these microspheres was close to the theoretical values which would 

not support this explanation. The 50% sample showed overlapping scales on the 

surface which could be related to the presence of crystalline progesterone. Again, it 

is not possible to tell if this is just a surface effect although further analysis by SEM 

after freeze fracture of the sample could resolve this issue.

A number of other studies have reported changing microsphere morphologies with 

increasing drug loading. An investigation of progesterone loaded poly(d,l-lactide- 

co-glycolide) microspheres by Rosilio et al. (1991) found similar morphologies to 

those seen in this study. At low loadings the spheres were smooth. At 28 and 35% 

progesterone content the surfaces appeared dimpled, while at 50% progesterone the 

surface was covered with a crystal-like texture. Surface crystals have also been 

reported for high progesterone loadings (68.3%) in studies on d,l-PLA microspheres 

(Benita et al-, 1984; Benoît et al-, 1984). A pitted, honeycomb-like surface with
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surface crystals has been reported for high loadings of quinidine in d,l-PLA 

microspheres prepared at pH 12 (Bodmeier and McGinity, 1987).

It is possible to speculate on a number of factors which may influence the physical 

form of the progesterone in the polymer matrix and the way that this form changes 

with drug loading Most obviously, the amount of drug in relation to polymer will 

effect the ability of the drug to crystallise. At low loadings, the drug may be spread 

too scarcely throughout the polymer for crystals to nucleate and form. Conversely, 

at high loadings, regions rich in drug may more easily be established as the 

microspheres solidify so leading to crystallisation of the drug.

Another factor that can be considered is that changing the ratio of the polymer and 

drug will influence the viscosity of the microsphere droplets during the evaporation 

of the solvent. In the microsphere preparation method the total weight of polymer 

and drug was kept constant and it can be assumed that the initial viscosity of the 

progesterone / d,l-PLA / dichloromethane solution changed as the ratio of drug and 

polymer changed. It has been shown by Spenlehauer et al. (1988) that altering the 

viscosity of the starting mixture can change the distribution of cisplatin crystals in 

PLGA microspheres. Low starting viscosities resulted in a concentration of crystals 

in the outer layer of the microspheres. It is possible that changing the viscosity of 

the starting solution also influenced the resulting morphology in the present study.

P la te  5 .15 SE M  m icrograph fo r  0%  p ro g estero n e-lo a d ed  dJ-FLA (Mw 99,800)

m icrospheres (the sca le bar is 200pm ).
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Plate 5.16 SEM  micrograph fo r  10% progesterone-loaded d,l-PLA (Mw 99,800) 

microspheres (the scale bar is 200pm).

P la te  5 .17  SE M  m icrograph fo r  20%  p ro g estero n e-lo a d ed  d,l-PLA (Mw 99,800)

m icrospheres (the sca le bar is 200pm ).



C hapters: Characterisation o f  progesterone.../ 226

Plate 5.18 SEM  micrograph fo r  30% progesterone-loaded dJ-PLA (Mw 99,800) 

microspheres (the scale bar is 200pm).

P la te 5 .19 SEM  m icrograph  fo r  50%  p ro g estero n e-lo a d ed  d,l-PLA (Mw 99,800)

m icrospheres (the sca le bar is 200pm ).
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P la te  5.20 SE M  m icrographs a t tw o m agnifications f o r  20%  p ro g estero n e-lo a d ed

df-P L A  (Mw 99,800) m icrospheres.
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P la te  5.21 SE M  m icrographs a t tw o m agnifications fo r  30%  p ro g estero n e-lo a d ed

d,l-PLA (Mw 99,800) m icrospheres.
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P la te  5 .22 SE M  m icrographs a t tw o m agnifications fo r  50%  prog estero n e-lo a d ed

dJ-PLA (M w 99,800) m icrospheres.
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5.3.2.5 Powder X-ray diffraction results

Powder X-ray diffraction of the 50% sample showed a diffraction pattern similar to 

that seen for the pure crystalline drug (Figures 5.12 and 5.13) which agreed with the 

interpretation made from the MTDSC data that progesterone crystals were present. 

The 20 and 30% samples showed no Bragg diffraction but only a broad diffuse peak 

in the diffraction profile indicating the absence of any significant crystallinity, 

Figures 5.14 and 5.15. This was consistent with the results of the MTDSC analyses 

which had indicated that at loadings of 30% or less the progesterone was not present 

in a crystalline form.

1000
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2 9  (degrees)
Jam shed Anwar. 100% progesterone. V .H ill.

Figure 5.12 X-ray diffraction pattern for pure progesterone.
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Figure 5.13 X-ray diffraction pattern for 50% progesterone-loaded dJ-PLA (Mw 

99,800) microspheres.
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Figure 5.14 X-ray diffraction pattern for 20% progesterone-loaded d,l-PLA (Mw 

99,800) microspheres.
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Figure 5.15 X-ray diffraction pattern for 30% progesterone-loaded d,l-PLA (Mw 

99,800) microspheres.

5,4 MICROSPHERES MADE FROM d,l-PLA (Mw 103,000) AND 

PROGESTERONE

5.4.1 Experimental details

The 103,000 Mw d,l-PLA polymer was used to make a new set of microspheres with 

more drug loading percentages over the lower loading range. The theoretical 

loadings were 0, 5 (x2), 10, 15, 20, 25, 28, 30, 35 and 50%w/w. All the 

experimental and calibration methods used to analysis these microspheres were the 

same as those used in the previous section. For the MTDSC analyses, the sample 

masses varied between 1.409 and 3.599mg and all temperature, enthalpy and heat 

capacity values presented are the average of three experiments unless otherwise 

stated.
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5.4.2 Results and discussion

5.4.2.1 Characterisation by TGA, particle size analysis and UV spectroscopy

Table 5.3 details the yield, drug content, particle size and the mass loss on heating 

for each sample. The yield of microspheres was found to be over 70% in each case. 

The drug loadings were again found to be close to the theoretical values except for 

the first 5% batch which showed a 10.9% loading. It was thought unlikely that this 

was due to loss of the polymer during manufacture because the yield was high for 

this sample. It is most probable that there was an error in weighing the raw 

materials. When a second batch was made the actual loading was found to be closer 

to the theoretical loading. Particle size analysis showed that most microspheres 

were in the size range of 100 to 130pm and that there was no trend in particle size 

with drug loading. Thermogravimetric measurements on heating produced mass 

losses of less than 1% for all the sample except the repeat batch of the 5% 

progesterone sample which showed a loss of 1.29%.

Table 5.3 Results o f analysing d,l-PLA (103,000 Mw) microsphere samples for drug 

content, yield, particle size and TGA mass loss.

Progesterone
loading

Drug
content

Yield Particle size Span TGA mass 
loss

(w/w %) (w/w % f (%) (pm)*’ (%y
0 - 73.4 113.2±2.1 0.56 ± 0.09 0.87 ±0.04

5 (repeat) 6.1 ±0.1 76.0 124.6 ±5.4 0.79 ± 0.33 1.29 ±0.13
5 10.9 ±0.2 86.8 104.1 ±1.3 0.57 ±0.07 0.65 ±0.01
10 10.4 ±0.5 70.0 100.8 ± 1.7 0.60 ± 0.05 0.68 ± 0.06
15 15.7 ±0.3 78.0 97.4 ± 1.0 0.52 ± 0.04 0.66 ±0.13
20 20.5 ±0.1 76.2 98.2 ± 1.3 0.56 ± 0.06 0.48 ±0.13
25 23.5 ±0.4 80.6 101.4±0.8 0.60 ± 0.05 0.49 ± 0.08
28 27.4 ± 0.6 74.2 107.7 ±2.5 0.53 ± 0.02 0.83 ± 0.07
30 30.0 ±0.4 74.6 108.1 ± 1.0 0.54 ±0.04 0.42 ± 0.03
35 34.3 ± 0.3 79.2 105.0 ±2.7 0.57 ±0.08 0.88 ±0.06
50 49.6 ± 1.4 88.6 117.1 ±4.1 0.75 ± 0.07

/ _____ C % f ________________

0.51 ±0.14

temperature to 120°C (n=3)
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5.4.2.2 SEM analysis

The SEM micrographs for the 0% to 20% progesterone loaded microspheres showed 

the formation of good spheres with smooth surfaces (not reproduced). Plates 5.23 to 

5.27 show the 25% to 50% microspheres at various magnifications. At a 

progesterone loading of 25% the surface was still smooth. However, at 28 and 30% 

small pits were seen on the surface. These pits became more defined for the 35% 

sample and appeared to have particles inside them. There is also evidence of 

crystals stuck to the outside of the spheres. At the highest loading, 50%, the surface 

of the spheres were rough with some spheres continuing to show pits with embedded 

matter whilst others showed what appeared to be embedded crystals. There was less 

evidence of the formation of crystals outside of the spheres as had been seen in the 

35% sample. Overall, the microspheres made with blends of the 103,000 Mw d,l- 

PLA and progesterone showed similar trends to those made with the 99,800 Mw 

polymer. Although it is possible that the molecular weight of the polymer could 

influence the morphology of the microspheres, the difference between the two 

molecular weights discussed here may not be large enough to cause any significant 

differences.
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P late 5.23 SE M  m icrographs o f  25%  p ro g estero n e-lo a d ed  d,l-PLA (103,000 M w)

m icrospheres (various m agnifications).
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P la te  5 .24 SE M  m icrographs o f  28%  p ro g estero n e-lo a d ed  d f-P L A  (103,000 M w)

m icrospheres (various m agnifications).
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P la te  5.25 SE M  m icrographs o f  30%  p ro g estero n e-lo a d ed  dJ-PLA (103,000 M w)

m icrospheres (various m agnifications).



Chapter 5: Characterisation o f  progesterone.. /  238

! »

i

6

» .

P la te  5 .26  SE M  m icrographs o f  35%  p ro g es tero n e-lo a d ed  d f-P L A  (103,000 M w)

m icrospheres (various m agnifications).
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P la te  5 .27  SEM  m icrographs o f  50%  p ro g es tero n e-lo a d ed  dJ-PLA  (103,000 M w)

m icrospheres (various iriagnifications).
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5.4.2.3 MTDSC total, reversing, non-reversing heat flow and phase results

All the MTDSC experiments detailed in this section were performed six weeks after 

manufacture to minimise differences due to ageing of the samples. Figures 5.16,

5.17, 5.18 and 5.19 show overlays of the total heat flow, reversing heat flow, non

reversing heat flow and phase signals for the microspheres with various 

progesterone loadings. To avoid confusion all the batches will be referred to in the 

next section in terms of the drug loading determined from UV spectroscopy. The 

curves have been separated on the y-axis to aid presentation.

The general trends seen in the MTDSC results were similar to those seen for the 

99,800 Mw samples, and can be used to develop the conclusions that have been 

already drawn. The drug free microspheres showed a glass transition with an onset 

in the total heat flow at 47.9 ± 1.0°C and in the reversing heat flow at 49.1 ± 0.4°C. A  

These temperatures are not significantly higher than the values for the 99,800 Mw 

microspheres. This would indicate that these molecular weights are in the high 

molecular weight region at which the glass transition reaches a limiting value.

As in the previous set of results, the addition of small amounts of progesterone was 

found to plasticise the polymer, causing a decrease in the glass transition 

temperature. This behaviour can be seen in the temperatures measured from the 

total and reversing heat flow signals. Figure 5.20. The data for the 6.1% sample 

gave slightly lower onset and inflection values but also showed greater standard 

deviations. It was noted that this sample had shown a slightly higher mass loss on 

heating in the TGA data. This could indicate the presence of some residual solvent 

which would be expected to lower the glass transition temperature relative to the 

other samples.



Chapter 5: Characterisation o f  progesterone.../ 241

0%

6.1%

10.4%

10.9%
-0.1 15.7%

20.5%

23.5%
ÛÛ

I  -0.2 -
a

27.4%

30.0%%
£

34.3%

49.6%

-0.4
20 40 60 80 100 120 140-20 0

Temperature (°C)

Figure 5.16 Total heat flow measured for d,l-PLA (103,000 Mw) microspheres with 

% progesterone contents as indicated.
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Figure 5.17 Reversing heat flow measured for dJ-FLA (103,000 Mw) microspheres 

with % progesterone contents as indicated.
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F igure 5 .18  N on -reversin g  h ea t f lo w  m ea su red  f o r  dJ-F LA  (103 ,000  M w )

m icrospheres w ith  % p ro g es te ro n e  con ten ts a s  indicated.
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F igure 5 .19  P h a se  m ea su red  f o r  dJ-PL A  (1 03 ,000  M w ) m icrosph eres w ith  %

p ro g es te ro n e  conten ts as indicated.
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Figure 5.20 Glass transition temperatures measured from  the total heat flow  CFHF) 

and heat capacity (Cp) fo r  df-PLA (103,000 Mw) microspheres made with various 

progesterone loadings.

330

320  -

310  -

300-
H

Data: Data2_B 
Model: GT 
Chi''2 = 1.9342 
T1 322.22 ±0
12  280.2 ±0
k 1.04939

290  -

±0.13148280  -

0.6 0.80.0 0.2 0.4 1.0
Weight fraction of progesterone

Figure 5.21 Plot showing a f i t  o f  the Gordon-Taylor equation to the glass transition 

onset temperature measured from  the heat capacity signal.



Chapter 5: Characterisation o fprogesteron e .../246

The glass transition onset temperatures measured from the heat capacity signal were 

fitted using the Gordon-Taylor equation {Figure 5.21). As in the previous chapter, 

the temperatures for the two pure components were fixed. The Tg value used for the 

pure progesterone was that measured earlier for the quenched sample (7.1°C). The 

data points for the 23.5 to 49.6% progesterone-loaded samples were omitted from 

the plot because the MTDSC and SEM characterisation had suggested that more 

than one physical form of progesterone was present at these drug contents. The 

analysis produced a value for the constant k of 1.05 ± 0.13. It was not possible to 

compare this to a value calculated from the ratio of the ACp values of the pure 

components because of the difficulty of obtaining the ACp for 100% amorphous 

progesterone.

The samples with progesterone contents of 23.5 to 34.3% did not exhibit further 

plasticisation but showed an exothermic peak on heating, suggesting the presence of 

an initially amorphous form of progesterone. All these samples had shown a pitted 

surface in the SEM micrographs, except for the 23.5% sample whose surface did not 

have any discernible features. It was noted that the exothermic peak decreased in 

temperature as the drug loading increased. By 34.3% drug content the exotherm 

occurred soon after the glass transition. Each of these intermediate loadings 

exhibited a two stage endothermie process in the total heat flow data. The first peak 

began soon after the exotherm and had a peak temperature which varied between 

110°C and 114°C. The second endotherm had a peak temperature which increased 

with drug loading from 120.8 ± 0.3 for the 23.5% microspheres to 124.7 ± 0.5°C for 

the 34.3% loading. At the higher drug contents, the second endothermie peak after 

the exotherm was found to become closer in temperature to that expected for melting 

of the a-form of the drug. It seems likely that this endotherm results from melting 

of purer crystals, probably those mainly on the surface of the microsphere where 

there is less interaction with the polymer. The temperatures and enthalpies of the 

exotherms and endotherms measured in the total heat flow are detailed in Table 5.4.
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Table 5.4 Peak temperatures and enthalpies measured from the total heat flow 

signal for progesterone-loaded df-PLA (103,000 Mw) microspheres.

Exotherm ist melt 2nd melt
w/w Peak AH Peak AH Peak AH

% (*(:) (J/g) (*(:) (J/g) (*(:) (J/g)
23.5 90.4 ±0.1 9.5 ±0.8 110.1 ±0.6 3.5 ±0.3 120.8 ±0.3 6.2 ± 0.2
27.4 77.3 ± 0.5 16.4 ±0.2 114.0 ±0.7 13.7 ±0.7 124.6 ± 0.4 1.0±0.1
30.0 78.1 ±0.3 14.6 ±0.1 113.2 ±0.2 13.2 ±0.9 123.9 ±0.3 1.7±0.1
34.3 68.3 ±0.1 5.4 ±0.2 110.5 ±0.7 11.9±0.5 124.7 ±0.5 15.0 ±0.3
49.6 - - 112.7±0.5 3.7 ±0.2 128.7 ±0.1 27.8 ±0.2

The combined enthalpy for the two endotherms was found to be similar to the 

exothermic enthalpy for the 23.5 to 30% loadings which would be consistent with a 

small initial crystallinity. However, in the HSM investigation of the 99,800 + 30% 

progesterone-loaded microspheres it was indicated that there may have been a 

recrystallisation process taking place simultaneously with the melting. Therefore, it 

was not possible to draw conclusions from the relative sizes of the peaks. The 

exotherm for the 34.3% loading was much smaller in enthalpy than the total 

endothermie enthalpy which is consistent with the SEM observation that some of the 

progesterone was initially present as crystals. It was also noted that the 34.3% 

sample showed a two stage glass transition in each of the heat flow signals. The 

first onset was similar in temperature to that seen for the 30.0% loading, while the 

second part had a peak temperature close to that seen for the drug free microspheres. 

This finding has not been investigated further but could indicate the presence of 

separate phases within the microspheres.

At the highest loading tested, 49.6%, it was found that there was little, if any, 

plasticisation of the glass transition and that all the progesterone appeared to be 

present in the form of crystals. No exotherm was seen and the main melt occurred at 

a temperature close to that recorded for the 50% progesterone-loaded (99,800 Mw) 

d,l-PLA microspheres. A small endotherm was observed prior to the main melt 

which had not been seen in the equivalent 99,800 Mw sample and may indicate that 

although the morphology of the two samples was generally similar, it was not 

entirely identical.
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The phase signals also showed similar trends to those measured for the 99,800 Mw 

d,l-PLA microspheres with small peaks being observed during the glass transition 

and crystallisation regions. The phase signal was larger during the melting peaks 

indicating the presence of a kinetic component to the heat capacity. The step in the 

phase signal which has been associated with the change in shape of the microspheres 

occurred over the same temperature region as before. The overall similarity in the 

results with those produced for the 99,800 Mw polymer indicates that the small 

change in molecular weight between the two batches was not large enough to 

influence the physical properties of the resulting microspheres in any significant 

way.

5.4.2.4 Effect of heat treatment on microspheres

On the basis of the evidence of plasticisation seen in the previous section, it has been 

suggested that, for progesterone loadings of up to 20.5%, the progesterone is 

mutually miscible with the d,l-PLA. However, Benoît et al. (1986) proposed the 

alternate conclusion (that there was little mutual miscibility) after performing heat 

treatment of a sample to determine the effect on the progesterone. Microspheres 

made from d,l-PLA with 23% progesterone-loading were annealed at 110°C in 

vacuo for 22 hours, quench cooled it in liquid nitrogen and then stored at 22°C. It 

was found that after heat treatment the sample exhibited a peak at the melting 

temperature of progesterone, when there had been no peak prior to treatment. 

Similar experiments have been performed by Rosilio et al. (1991) on progesterone- 

loaded poly(d,l-lactide-co-glycolide) microspheres. These samples were heat treated 

at 80°C for 24 hours. After annealing, samples which had previously shown an 

exotherm on heating (i.e. 23 to 35% drug) exhibited no such transition. This 

indicated that the progesterone had crystallised during the annealing procedure. It 

was also noted that a 10% progesterone sample, which had previously not exhibited 

either crystallisation or melting peaks, showed a melting peak at 123°C after 

annealing. Both these studies were taken to indicate that the progesterone was 

present in a metastable form.
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In light of the contradictory conclusions drawn in the studies discussed above, it was 

decided to apply a similar heat treatment procedure to two of the samples under 

investigation in this thesis. The 15.7 and 20.5% progesterone samples were held 

isothermally at 80°C for 24 hours, then removed quickly from the DSC cell and 

quenched by placing on a metal block at room temperature. Each sample was 

analysed using the same modulation parameters as used for all previous microsphere 

experiments (ql, p40, A0.5). The isothermal temperature of 80°C was chosen as it 

was above the Tg of the polymer and below the melting temperature of 

progesterone. This temperature was also used by Rosilio et al. (1991). Neither of 

these samples had shown evidence of crystallisation or melting of progesterone in 

the previous MTDSC analysis.

Figures 5.22 and 5.23 show the total heat flow and heat capacity signals produced. 

The 15.7% sample exhibited a glass transition in the heat capacity signal with an 

onset of 42°C. Before heat treatment the Tg had been measured at 42.9 ± 0.5°C 

(n=3). The similarity in these two values would suggest that there is little difference 

in the amount of plasticisation after heat treatment and that most of the progesterone 

is still molecularly dispersed in the polymer. It was also noted that there was a small 

endothermie peak with a maximum at approximately 119°C and an enthalpy of 

1.7J/g. This peak could be consistent with melting of progesterone crystals formed 

during the heat treatment. However, it is difficult to assess what percentage of the 

progesterone content this endotherm represents. Although the temperature of the 

peak was close to that expected for the (3-fbrm, the peak was quite broad and is 

unlikely to be caused by the melting of pure crystals. In this case, it may not be 

appropriate to use the enthalpy of fusion measured for the pure drug to calculate the 

proportion of progesterone which has crystallised. However, the similarity of the 

glass transition temperatures before and after treatment would suggest that the 

change in plasticisation was small and that the amount of progesterone removed 

from the glass solution was small.

After heat treatment the 20.5% sample exhibited a Tg in the heat capacity signal 

with an onset temperature of 44.8°C. This was approximately 4°C higher than that 

measured before treatment and indicates that the amount of plasticisation has been
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reduced. This finding is supported by the endotherm recorded with a peak 

temperature of 111°C and an enthalpy of 15.4J/g. This peak is much larger than that 

seen for the 15.7% sample indicating that a much larger proportion of the 

progesterone has crystallised during treatment.

These results are in agreement with those of Benoît et al. (1986) and Rosilio et al. 

(1991) who concluded that this was evidence that the progesterone was intially 

present as a metastable molecular dispersion rather than a glass solution. However, 

the plasticisation effects seen in the MTDSC analysis of the microspheres has 

suggested that the progesterone is present in the form of a glass solution. One 

possible explanation for these conflicting conclusions could be due to the high 

temperature used for the heat treatment. As was discussed earlier, the hot stage 

microscopy investigation of the progesterone-loaded 99,800 Mw microsphere 

samples showed that there was a defined softening process over the temperature 

range of approximately 70 to 100°C. The samples softened to such an extent that 

the microspheres coalesced. Therefore, at the temperature of 80°C used during the 

heat treatment in these results, it is also likely that the system is in a very different 

physical form to that seen at the glass transition. Therefore, it is not surprising that 

the stability of the drug in the polymer is different to that expected at lower 

temperatures. In retrospect, although the experiments carried out here have allowed 

comparison with those of Benoît et al. (1986) and Rosilio et al. (1991), it would be 

more suitable to assess the stability of the molecular dispersion using a lower 

temperature, for example 60°C.
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Figure 5.22 Total heat flow and heat capacity measured fo r  15.7% progesterone- 

loaded d,l-PLA (103,000 Mw) microspheres after heat treatment at 80°C fo r  24 

hours (ql, p40, AO.5).
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Figure 5.23 Total heat flow  and heat capacity measured fo r  20.3% progesterone- 

loaded d,l-PLA (103,000 Mw) microspheres after heat treatment at 80°C fo r  24 

hours (ql, p40, AO.5).
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5.4.2.5 Comparison of conventional DSC and MTDSC data

It had been found during investigation of the spray dried lactose sample that narrow 

peaks could cause inaccurate MTDSC data due to having too few cycles through the 

transition. It was decided to check the accuracy of the data for the microsphere 

samples by comparing the MTDSC results to those obtained by conventional DSC 

experiments at the same underlying heating rate of l°C/min. It had been noted that 

the large amplitude used during the MTDSC experiments produced a temperature 

programme that included cooling as part of each cycle. Comparison of the 

conventional and MTDSC heat flow would also determine if this temperature 

programme had influenced the results obtained.

Figure 5.24 shows the modulated heat flow recorded for the 23.5 to 49.6% 

progesterone-loaded microspheres. It can be seen from the data that the experiments 

all resulted in plenty of modulation cycles through the peaks. Thus, the 

deconvolution process should produce data equivalent to conventional DSC runs at 

the same heating rate. As Table 5.5 shows, the measurements of peak temperature 

and area for the two types of experiment were very similar. This suggests that the 

deconvolution process has worked satisfactorily. In the lactose results there were 

less than 5 cycles during the transition when an effect on the deconvolution was 

noted. For these analyses there were generally at least twice this number. The 

similarity of the DSC and MTDSC data also confirms that the modulated 

temperature programme used has not compromised the data obtained and thus 

MTDSC total heat flow can be used to make quantitative measurements.
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Table 5.5 Peak temperatures and enthalpy measurements for DSC and MTDSC 

(shown in italic) analyses o f the samples which exhibited transitions above Tg.

Exotherm 1®̂ Endotherm 2“̂  Endotherm
% Peak AH Peak AH Peak AH

drug (°C) (J/g) r c ) (J/g) ("C) (J/g)
23.5 90.2 ± 0.3 7.4 ± 1.1 110.4 ±0.5 5.6 ±0.2 120.9 ±0.5 7.3 ±0.1

90.4 ±0.1 9.5 ±0.8 110.1 ±0.6 3.5 ± 0.3 120.8 ±0.3 6.2 ± 0.2
27.4 78.0 ± 0.4 16.8 ±0.5 114.7 ±0.3 14.2 ±0.6 125.5 ±0.5 1.0 ±0.3

77.3 ± 0.5 16.4 ±0.2 114.0 ±0.7 13.7±0.7 124.6 ±0.4 1.0 ±0.1
30.0 77.2 ± 0.2 14.6 ±0.7 113.0 ±0.2 13.1 ±0.6 123.3 ±0.5 1.7 ±0.1

78.1 ± 0.3 14.6 ±0.1 113.2 ± 0.2 13.2 ± 0.9 123.9 ±0.3 1.7 ±0.1
34.3 67.9 ± 0.6 5.2 ±0.2 109.8 ± 1.6 11.7±0.5 124.6 ± 0.2 13.2 ±0.1

68.3 ±0.1 5.4 ± 0.2 110.5 ±0.7 11.9 ±0.5 124.7 ±0.5 15.0 ±0.3
49.6 - - 112.3 ±0.9 3.2 ±0.1 128.4 ±0.1 27.7 ±0.2

- - 112.7 ±0.5 3.7 ±0.2 128.7 ±0.1 27.8 ± 0.2

5.5 IDENTIFICATION OF A LOW TEMPERATURE TRANSITION

During the analysis of the MTDSC data in the previous section a very small step 

change in the heat capacity signal over the temperature range 5 to 10°C was noted 

for some of the microsphere samples. It appeared to be seen only in the samples 

which also exhibited exothermic peaks. However, the step was difficult to 

distinguish from background noise due to its small size and so the results were 

inconclusive. In order to confirm the presence of this transition, several of the 

microsphere samples were reanalysed under different experimental conditions.

5.5.1 Experimental details

Each of the microspheres manufactured from the 103,000 Mw d,l-PLA was 

reanalysed except for the 10.4% sample as there was insufficient sample remaining. 

Firstly, experiments were performed using the same modulation parameters as had 

been used in the previous section but with larger sample masses of 6.215 to 

lO.OlTmg. Samples were either heated to 70°C and then cooled or heated to 30°C, 

cooled to -20°C and then reheated. The upper temperature limit of 70°C was 

chosen as this was just below the onset temperature of the exotherms that had 

previously been noted in the total heat flow for some samples. Further experiments
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were made on four of the samples using the modulation parameters of a heating rate 

of 2°C/min, a period of 60s and a temperature amplitude of 1°C. All the other 

experimental details were the same as in the previous section. The rationale for the 

above choices is explained during the following discussions.

5.5.2 Results and discussion

5.5.2.1 Measurements using larger sample masses

The investigation began by employing a larger sample mass as it was anticipated 

that this would increase the size of the signal and make it easier to differentiate the 

transition from background noise. Figure 5.25 shows the heat capacity measured 

over the temperature range -20 to 30°C for each of the samples. It is just possible to 

identify a small step change in the traces for the 23.5 to 34.3% samples over the 

range 3 to 10°C. Although various small dips and rises can be seen in each trace, 

the step in these signals appears slightly larger and also more consistent in 

temperature. The transition can be more easily observed by looking along the 

curves from the side of the plot. Three analyses were made for each of the 25.3 to 

34.3% samples and each showed this small deflection. Table 5.6 lists the values 

measured for the onset, inflection and endpoint temperatures. Similar values were 

measured for each drug loading but it was noted that the errors on the data were 

quite large. This was due to the very small size of the transition relative to the 

baseline noise which made accurate analysis difficult.

Table 5.6 The onset, inflection and endpoint temperatures measured from the heat 

capacity signal produced by MTDSC analysis o f d,lPLA (103,000) microsphere 

samples (n=3)

drug loading 
(%)

Tonset T inflection
r c )

Tend

23.5 2.2 ± 1.3 5.5 ± 1.1 8.2 ±0.9
27.4 2.8 ±2.2 5.5 ± 1.1 8.4 ± 1.6
30.0 2.8 ± 1.3 7.0 ±0.8 9.5 ±0.8
34.3 1.9± 1.0 5.6 ±0.9 7.8 ±0.8
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5.5.2.2 Measurement of the transition on cooling

The samples were also checked for the presence of the transition on cooling. When 

the samples were heated to 70°C and then cooled, it was found that the small 

transition could no longer be observed. Figure 5.26 shows examples of the heat 

capacity measured on heating and cooling for the 23.5, 27.4 and 34.3% samples. 

The results indicated that heating the sample through the glass transition of the 

polymer/drug matrix causes some interaction to take place so that the phase which 

produces the small transition is no longer present on cooling.

When the sample was heated only to 30°C, i.e. below the main glass transition, and 

then cooled and reheated, the transition was seen in all three segments of the 

experiment, as shown in the data for 23.5, 27.4 and 30.0% loaded microspheres. 

Figure 5.27. These two sets of experiments would suggest that the transition is due 

to a process such as a glass transition rather than an irrerversible process such as a 

change in sample contact with the pan, which has previously been shown to 

influence the heat capacity signal.
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Figure 5.26 Heat capacity measured for 23.5, 27.4 and 34.3% progesterone loaded 
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Figure 5.27 Heat capacity measured for 23.5, 27.4 and 30.0% progesterone-loaded 

microspheres on heating to 30°C, cooling to -20°C  and reheating to 30°C (ql, p40.
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5.5.2.3 Measurement using different modulation parameters

As it had still been quite difficult to observe the small transition in the previous data, 

it was decided to try to improve the identification of the transition by using a faster 

heating rate, larger period and larger amplitude. These changes are recommended 

for increasing the sensitivity and accuracy of the heat capacity data (TA Instruments, 

1996a) and have been shown to result in a more distinguishable glass transition (Bell 

and Touma, 1996). Therefore, samples were reanalysed using an underlying heating 

rate of 2°C/min, a period of 60s and a temperature amplitude of 1°C. A plot of a 

Lissajous figure for these experimental parameters showed that the sine wave 

oscillation was satisfactory (not shown). Two examples of the microsphere batches 

which had not exhibited the transition (0 and 15.4%) and two which did (27.4 and 

30.0%) were each reanalysed six times.

The total heat flow signal, which is equivalent to the conventional DSC response, 

did not reveal the presence of a transition over the temperature range -20 to 30°C 

for any of the four microsphere samples analysed. Figures 5.28 to 5.31. The heat 

capacity data for the 0 and 15.7% microspheres also did not show a transition. 

Figures 5.32 and 5.33. However, it was possible to detect a small step change in the 

heat capacity signals for the 27.4 and 30.0% progesterone loaded microspheres. 

Figures 5.34 and 5.35. The presence of a transition could be more easily 

determined by plotting the derivative heat capacity signal. Figure 5.36 to 5.39. This 

signal showed a peak over the 0 to 10°C temperature interval and made the 

difference in the traces for the 0, 15.4, 27.4 and 30.0% samples clear. The method 

of plotting the derivative heat capacity signal when determining small glass 

transitions has been advocated by Hourston et al. (1997b) who used this approach 

for the characterisation of interfacial layers in latex particles. When the derivative 

total heat flow signals were plotted (not shown) they did not reveal any peaks, even 

for the 27.4 and 30.0% samples. Therefore, it is the MTDSC method that allows 

detection of this transition rather than the approach of plotting the derivative signal.

The presence of what appears to be a glass transition at this temperature could be 

explained by noting the similarity in the temperature of the transition to the glass
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transition temperature of 7.1±0.5°C measured for the quench cooled progesterone 

sample discussed in Chapter 5, The recrystallisation behaviour found for the 

intermediate progesterone loadings in the earlier MTDSC analysis resulted in the 

conclusion that some of the progesterone was trapped in the microsphere in an 

amorphous form and the identification of this glass transition would support this 

hypothesis.



Chapter 5: Characterisation o f  p rogesteron e.../261

-0.02
0%

-0.03

-0.04

-0.05

-0.06
30200 10-10-20

Temperature (°C)

Figure 5.28 Total heat flow measured for 0% progesterone-loaded df-PLA (Mw 

103,000) microspheres (q2, p60, Al).
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Figure 5.30 Total heat flow measured for 27.4% progesterone-loaded df-PLA (Mw 
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Figure 5.32 Heat capacity measured for 0% progesterone-loaded dJ-PLA (Mw 

103,000) microspheres (q2, p60, Al).
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Figure 5.34 Heat capacity measured for 27.4% progesterone-loaded df-PLA (Mw 

103,000) microspheres (q2, p60, Al).

%

I

1.8
30.0%1.7

1.6

1.5

1.4

1.3

1.2

1.1

1
-20 -10 0 10 20 30

Temperature (°C)

F igure 5 .35  H ea t ca p a c ity  m ea su red  f o r  30 .0%  p ro g e s te ro n e - lo a d e d  d,l-P L A  (M w

103,000) m icrosph eres (q2, p 6 0 , A l) .



Chapter 5: Characterisation o f  progesterone... /  265

0.015
0%

"  0.01

S
0.005

I
■gÛ

20-20 -10 0 10 30

Temperature (°C)

Fugure 5.36 Derivative heat capacity measured fo r  0% progesterone-loaded d,l-PFA 
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5.6 CONCLUSIONS

It was found that quench cooling a progesterone sample produced an amorphous 

form which then exhibited a glass transition during heating. This transition had an 

onset temperature of 7.1 ± 0.5°C and could be easily identified by the step change in 

the heat capacity signal measured by MTDSC. The quenched samples exhibited 

various crystallisation and melting peaks on heating indicating the formation of a 

variety of polymorphs. However, these transitions were not found to be 

reproducible from experiment to experiment and although some consideration was 

given to the cause of this irreproducibility, no firm explanation could be determined.

The MTDSC investigation of progesterone-loaded microspheres produced a number 

of interesting results. It was found that, for low drug loadings, increasing the 

amount of drug in the microspheres lowered the glass transition temperature of the 

blend compared to that of the pure polymer. This plasticisation effect indicates that 

progesterone is miscible with d,l-PLA and it was concluded that the progesterone is 

present in the form of a glass solution. At intermediate loadings, no further 

plasticisation was seen and the thermal trace become more complex. MTDSC 

analysis indicated that crystallisation took place on heating the sample which 

suggested that an amorphous form of progesterone had been initially present. This 

assumption was confirmed by the identification of a glass transition over the 

temperature range appropriate for an amorphous progesterone sample. Therefore, at 

low drug loadings, all the progesterone is in solution but once the solubility of the 

drug in the polymer has been exceeded, glass transitions are observed for both 

components. This type of partially miscible behaviour has been observed for a 

variety of pharmaceutical systems including dextrose-acetaminophen and sorbitol- 

phenobarbital (Timko and Lordi, 1984). If the two components were completely 

miscible only one glass transition would be observed for all drug/polymer ratios.

It has been shown that MTDSC has the ability to reveal transitions that are not 

detected by conventional DSC. During the analysis of the 23.5 to 34.3% 

progesterone-loaded samples, it was not possible to observe the progesterone glass 

transition in the total heat flow because of baseline noise. However, the ability of
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MTDSC to make heat capacity measurements which are not effected by this noise 

allowed the small transition to be observed. It has also been shown that plotting the 

derivative heat capacity signal made the transition much easier to identify. The 

ability to detect and analyse a small glass transition is of great importance during the 

characterisation of such microspheres because the presence of an amorphous 

progesterone component could affect the stability of the system on storage. For 

example, it may be possible for the amorphous progesterone to crystallise on 

prolonged storage. Alternatively, the polymer matrix may inhibit the mobility of the 

progesterone to such an extent that crystallisation is almost impossible. In this case, 

it is the glass transition of the polymer that will influence the crystallisation of the 

progesterone rather than the glass transition temperature of the drug itself. Since the 

glass transition of the polymer is approximately 15°C above room temperature, it 

would then be expected that the amorphous drug regions would be relatively stable 

on storage at room temperature. Further analysis of these microsphere samples after 

storage could help determine their stability.

At high progesterone loadings (50%), the MTDSC analysis indicated the presence of 

crystalline progesterone. This interpretation of a changing progesterone morphology 

with drug loading was supported by the results from SEM and PXRD. At low 

loadings the microspheres had smooth surfaces and PXRD could not detect any 

significant crystallinity. As the amount of drug was increased and MTDSC showed 

complex thermal traces, the SEM analysis revealed surface features such as pitting 

and scales-like textures. It would appear appropriate to assume that these surface 

effects are a consequence of the changing physical form of the progesterone in the 

polymer.

The investigation of the microsphere samples by hot stage microscopy was found to 

be particularly useful in terms of clarifying the nature of the thermal processes 

taking place. The combination of DIC and polarising methods allowed the physical 

appearance of the spheres to be observed at the same time as monitoring the sample 

for changes in birefringence. The polarising method made it apparent when 

crystallisation and melting were taking place and these processes could be observed 

even when they had not been detected by MTDSC presumably because the heat flow
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involved was too small. As in Chapter 4, a change in the phase signal between 70 

and 100°C could be related to changes in the sample contact with the pan using the 

microscopy method.

Heat treatment of two of the progesterone-loaded microsphere samples was 

undertaken to make a preliminary assessment of the stability of the drug in the 

system. It was found that storage of the samples at 80°C for 24 hours resulted in 

some crystallisation of progesterone. Although this could be taken to indicate that 

the progesterone was initially present in a metastable form, the earlier evidence of 

plasticisation of the glass transition was taken as more conclusive proof of the 

formation of a glass solution, at least at low drug loadings. It was thought that the 

investigation may have been influenced by the softening of the sample at the 

temperature used for the heat treatment and that the stability at room temperature 

would be better investigated by performing storage experiments below this softening 

temperature.
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CHAPTER 6: CONCLUSIONS

The preliminary study on lactose revealed several benefits of the MTDSC method 

but also indicated some of the limitations of technique. During the analysis of the 

spray dried lactose crystallisation transition it was found that when there was only a 

small number of modulation cycles through the peak, the deconvoluted data could 

contain artefacts. This will present a particular problem for the investigation of 

narrow transitions as there is a lower limit to the modulation period that can be used 

successfully. Consequently, for narrow peaks it will not be possible to achieve 

enough modulations to avoid the possibility of artefacts in the data. This is 

especially disappointing when considering the use of MTDSC in the pharmaceutical 

industry because of the interest in pure drugs and polymorphism.

There is also the more fundamental problem of a lack of a sound interpretation of the 

reversing and non-reversing signals during melting. If the meaning of these signals 

was fully understood, it may make possible potential advances in interpreting the 

nature of transitions seen for polymorphic pharmaceutical samples. Once these 

limitations have been overcome, there is the possibility that a great deal of new 

information could be produced by MTDSC but until this time, such discussion is just 

speculation. Therefore, the potential of the technique can only be discussed in terms 

the benefits which have so far been established. The experiments undertaken in this 

thesis have shown that several advantages can be demonstrated for the analysis of 

glass transitions. Amorphous materials, both drugs and polymeric delivery systems, 

are becoming increasingly important in the pharmaceutical industry and so this is a 

significant development.

It has been suggested that MTDSC offers the potential to make more accurate heat 

capacity measurements compared to DSC experiments (Boiler et al., 1994; Varma 

Nair et al., 1994). However, the experiments performed in Chapter 3 would indicate 

that this ability is strongly dependent on good experimental design. It certainly can 

not be assumed that simply performing an MTDSC experiment will automatically 

result in accurate data. A number of experimental factors must be fully explored 

before the operator can be confident of choosing suitable parameters when the most
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accurate data are required. In particular, it has been shown that factors such as the 

purge gas, modulation period and sample mass may influence the accuracy of the 

measured heat capacity. It has also been determined that for highly accurate data 

over a large temperature range, a temperature dependent calibration procedure 

should be undertaken.

In this study the accuracy of the data was limited by the small sample masses that 

could be used. The total batch size of each microsphere sample was only 500mg 

and it was decided to perform all the experiments (MTDSC, TGA, particle size 

analysis, UV spectroscopy, SEM, etc.) from one batch to avoid the possibility of 

problems associated with interbatch variation. Therefore, this imposed a limit on the 

mass that could be used in each MTDSC experiment. In retrospect, a larger batch 

should have been manufactured so that MTDSC sample sizes of 10-15mg could 

have been used. This would have improved the accuracy of the heat capacity 

results, allowing greater interpretation of the data to be undertaken. For example, 

more characterisation using the size of the step change at the glass transition could 

have been carried out.

The analysis of the d,l-PLA polymer as received and in microsphere form has 

revealed a number of interesting points. The ability of the heat capacity 

measurement to reveal the step change at the glass transition separate from any 

associated endotherms has supported the claim that MTDSC is preferable to 

conventional DSC for the identification of glass transitions. It has also been shown 

that it is possible to observe glass transitions in the heat capacity cooling curves 

when no transitions could be seen in the total heat flow signal. However, the 

MTDSC analysis has also demonstrated that alterations in the sample shape and 

contact with the sample pan can cause changes in the heat capacity signal which 

could be misinterpreted as glass transition phenomena. Therefore, it is necessary to 

support the interpretation of the MTDSC signals with the results of further sample 

characterisation, in this case using hot stage microscopy.

The MTDSC technique was also found to be very useful in characterising the 

progesterone-loaded d,l-PLA microsphere system. The most exciting finding was
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the identification of a transition, thought to be the glass transition of amorphous 

progesterone, in the microsphere samples with intermediate drug contents. The 

ability of MTDSC to detect this small transition was enhanced by plotting the 

derivative heat capacity signal. As far as the author is aware, this transition has not 

previously been observed by DSC in a progesterone-loaded d,l-PLA system and so 

illustrates that MTDSC offers a significant advance over the non-modulated 

technique in the characterisation of this sample.

The phase signal was found to require further investigation. Phase correcting the 

heat capacity data during the glass transition did not reveal any useful information 

and it was found that there were problems identifying the instrumental component of 

the baseline in cases where there was a change in sample contact with the pan. Hot 

stage microscopy proved very useful for identifying these sample shape changes and 

also revealed crystallisation processes which were not seen in the MTDSC data.

In summary, this study has demonstrated a number of benefits of the MTDSC 

technique including,

• The change in heat capacity at the glass transition can be analysed separately 

from the associated endotherm.

• The glass transition can be identified when it is masked in the total heat flow by 

an endotherm due to solvent loss.

• Processes which hinder transition measurement in the total heat flow, such as 

baseline noise, do not affect the heat capacity signal which contributes to the 

ability of MTDSC to detect glass transitions.

• The derivative heat capacity signal can be used to aid in the detection of small 

glass transitions.

• The phase signal can be related to changes in sample shape and so may produce 

a method of detecting sample softening.

In conclusion, the MTDSC technique has been shown to have great potential for the 

characterisation of amorphous pharmaceutical materials but further investigation is 

needed to understand the response during melting and the meaning of the out-of- 

phase heat capacity peak. Development of the instrument so that a wider range of
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modulation parameters can be used would also be useful. In particular, the ability to 

use shorter periods would be preferable so that it would be possible to analysis 

narrow peaks without having to resort to time consuming quasi-isothermal methods.

In terms of future investigation of the samples discussed in this thesis, there are a 

number of possible paths. Investigation of the stability behaviour of the 

microspheres during storage would be useful as it may be possible to relate stability 

to the form of the progesterone in the polymer. For example, good stability could 

support the claim that the progesterone is present as a glass solution at low drug 

contents rather than a metastable molecular dispersion. Hot stage microscopy could 

be performed as part of a stability study to detect the formation of crystals. It would 

also be interesting to undertake SEM analysis after fteeze-ftacture of the 

microspheres. This would determine if the textures seen on the surfaces of the 

spheres extend throughout the samples and may give further insights into the 

formation of the various morphologies during microsphere manufacture.

The ability of MTDSC to detect small glass transitions also warrants further study. 

There has been speculation that small amorphous regions in some pharmaceutical 

systems can play an important part in product performance. Typically, these 

amorphous components are too small to detect using conventional DSC and it would 

be interesting to test MTDSC on such a system.
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