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Summary 

Isothermal calorimetry is a suitable technique to investigate fluorochemical mediated phase transformations that 
mimic propellant systems in metered dose inhalers. The early stages of beclomethasone diproprionate (BDP) 
clathrate formation with using a surrogate propellant (decafluoropentane-HPFP) was measured with isothermal 
calorimetry.  Particles were taken from the isothermal system (TAM) and subject to traditional thermoanalysis to 
support the clathrate formation hypothesis.  Differential scanning calorimetry (DSC) thermograms elicited a 
decreased onset temperature for crystallisation for each consecutive cycle of perfusion. Thermogravimetric 
analysis (TGA) analysis demonstrated the embedding of the HPFP moiety within the BDP framework through 
mass loss proportional to the time spent under elution with HPFP.  Fourier Transform Infrared Spectroscopy 
(FTIR) shows a gradual change in the molecular vibrations as a function of perfusion time with HPFP, yet 
confirms the bulk of the particles to be characteristic of BDP. This work thus establishes isothermal calorimetry as 
a useful diagnostic tool in predicting stability in hydrofluoroalkane (HFA) formulations. 

Introduction 

The metered dose inhaler is currently the most popular form of drug delivery and is a potential delivery vehicle for 
new compounds targeting the lung 

1
.  The challenge in formulating products for metered dose inhalers lies in the 

unique chemistry of the hydrofluoroalkane vehicle and its interaction with the active drug.  Currently a wealth of 
empirical knowledge is available with regards to drug behaviour in propellant environments; studies have utilised 
techniques such as atomic force microscopy to evaluate surface adhesion forces between drugs within a 
propellant environment 

2
, in situ laser diffraction to study crystal growth 

3
, Raman spectroscopy methods to 

investigate protein folding in HFA 
4
 and in vitro impaction experiments to assess performance of metered dose 

inhaler (MDI) formulations
 5

.  Computational modelling has also provided further insight towards the solvation 
properties of hydrofluoroalkane propellants (HFA 134a and HFA 227), with findings suggesting that the polarity of 
the solvate and strong intermolecular electrostatic forces determine solvate affinity for individual HFA molecules 
6
.  Although these previous HFA studies have provided much insight into the interactions of active pharmaceutical 

ingredients (APIs) in this medium, a thermodynamic approach can provide additional data on the behavioural 
properties of the particles in real time. 

The purpose of this work was to use the isothermal calorimeter to investigate physiochemical changes in APIs 
after exposure to model propellant. Spray dried samples of beclomethasone dipropionate (BDP) were exposed to 
controlled volumes of model propellant to determine the nature of the BDP surface – gaseous propellant 
interactions.  The model propellant chosen, 2H,3H-decafluoropentane (HPFP) is proposed to mimic the apolar 
physiochemical properties of hydrofluoroalkane gas 

2
.  The crystallisation process in an MDI is considered to 

propagate generally from the supersaturation of the solvent on the drug-surface interface, followed by nucleation 
and possible Oswald ripening.  Thus the controlled elution of HPFP below saturation point is set up specifically to 
study the polymorphic behaviour of the drug prior to solvate saturation, and ideally the molecular interactions 
between gaseous propellant vapour and drug.   This study aims to elucidate the crystallisation mechanisms of 
BDP in a propellant environment, and secondly to highlight the prospect of using isothermal calorimetry to study 
complex drug-propellant interactions. 

Methods and Materials 

Particle production 

BDP was chosen as a model drug for this study.  An ethanolic BDP solution (5% w/v) was spray-dried using a 
Buchi B-290 and inert loop.  The follow parameters were used: inlet temperature 60°C, outlet temperature 43°C, 
feed rate 10% (2.5 mL min

-1
), 100% aspiration (40 m

3
.h

-1
) and an atomizing pressure of 742 kPa. 

Particle Characterisation 

The geometric size distribution of the spray dried BDP was measured by placing approximately 5 mg of drug into 
a Scirocco 2000 dry feeder (Malvern Instruments, UK) and dispersing the particles at 4-bar pressure. Samples 
were measured in triplicate at an obscuration between 3% and 10% and refractive index of 1.564. 



 

The molecular structure of spray dried and raw particles were characterised by X-ray powder diffraction (Rigaku 
Miniflex, TX, USA).  The anode X-ray tube was operated at 40 kV and 15 mA.  XRPD was performed at a scan 
range of 3–50°2θ, step size of 0.04° and count time of 1.2 s.  Samples were rotated during the scan.  

Drug-Propellant interactions Studies 

The thermodynamic effects of drug surface contact with the gaseous phase of the model propellant were studied 
using a 2277 Thermal Activity Monitor (TAM-Thermometric AB, Järfälla, Sweden) at 25°C. Spray dried BDP (20 ± 
0.01 mg) was weighed directly into the stainless steel calorimetric ampoule. The ampoule was then attached to 
the gas perfusion accessory, the reservoirs of which had been filled with HPFP (0.9 mL). Mass flow controllers 
were used to mix quantitatively two gas streams flowing from different sources; one dry and one saturated with 
HPFP. The relative vapour pressure (RVP) in the sample ampoule was altered in discrete steps (0% for 6 h, then 
90% for 3 h and finally 0% for 7 h). The advantage of this approach is that the flowing gas can be dry during the 
loading and equilibration phases as this ensures both that the water content of the sample at the start of each 
experiment is the same and that no data are lost prior to commencement of data capture. As HPFP was 
considerably more volatile than traditional solvents, HPFP reservoirs were freshly refilled and the RVP program 
repeated to assess any irreversible changes to the particles. Data were recorded every 10 s using the dedicated 
software package. 

Whilst the TAM data provides useful information regarding the real-time interaction of fluorinated molecules with 
BDP, conventional thermal and spectroscopy techniques are required to confirm changes in the physical state.  
Samples were removed from the calorimetric vessel at specific time intervals during the above perfusion in the 
TAM (1 hour, 3 hours, 6 hours) and analysed using thermogravimetric analysis (TGA, Pyris 6, Perkin-Elmer Ltd) 
to identify any solvate complex formed from perfusion experiments. TGA was operated from room temperature to 
300 °C at a rate of 3 °C min

−1
. Nitrogen (20 mL min

−1
) was used as a purge gas.  

The same samples were analysed with differential scanning calorimetry (DSC Q2000, TA Instruments, Delaware, 
USA).  Approximately 4 mg of sample was weighed into non-hermetic T-zero Aluminium pans. All experiments 
were subject to a heating rate of 10 °C min

−1
. The cell constant and enthalpy calibrations were performed with 

indium (Certified Reference Material LGC2601, Batch E1, LGC, London, Tm = 156.61oC, ∆Hf = 28.70 J/g) in 
accordance with the manufacturer’s instructions.  Runs were timed to ensure an approximate half an hour lag 
between taking the sample out of the calorimeter and into the TGA.   

The samples were also subject to FT-IR spectroscopy to assess any change in the BDP molecular state after 
elution with propellant vapour.  Samples of BDP were recorded with a PerkinElmer Spectrum 100 FTIR 
spectrometer in the wavenumber range of 650-4000 cm

-1
 with a resolution of 4 cm

-1
 at ambient conditions.  

 
Results and Discussion 

Size distribution data confirms that spray dried BDP particles were manufactured to a monomodal size 
distribution, with the average d0.1, d0.5 and d0.9 equalling 0.46 µm, 0.84 µm and 1.61 µm (Figure 1A), respectively.  
These particles lie within a size range suitable for inhalation.  The average span is 1.4, which indicates a narrow 
distribution.  A general XRPD halo is observed for spray dried BDP, which confirms the particles to be 
amorphous (Figure 1B.)  A comparison raw material XRPD is also provided in the figure.  

 

Figure 1. Size distribution of BDP particles as a function of % frequency (A); and XRPD of raw and spray dried 
BDP (B) 

Exposure of BDP to HPFP produced a power-time thermogram for several rounds of perfusion (Figure 2A).  The 
first round of HPFP perfusion produced an initial exotherm, which peaked at 2102 µW, and when integrated 
yielded an exotherm of 2011.94 mJ.  This first exotherm, which occurred over the three hour period of elution with 
HPFP, comprises several processes occurring simultaneously: wetting of the ampoule surface, wetting of the 
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particle surface and possible crystallisation of particles.  This was followed by an endotherm, of net heat output of 
-421.10 mJ, which can be attributed to the drying of HPFP from the surface of the ampoule and the sample.  
Subsequent rounds of perfusion were performed and compared with the exotherm of the first run to assess if an 
irreversible crystallisation process had occurred; indeed the net exothermic heat output comprised of 48% and 
41% for the 2

nd
 and 3

rd
 cycles, respectively.  This is suggestive of an immediate crystallisation process occurring 

from the first round and slowing throughout the 2
nd

 and 3
rd

 periods.   

 

Figure 2.  The wetting and drying response of BDP perfused with three cycles of HPFP vapour (A), and 
corresponding DSC data (B).  

Subsequently, the thermal responses of the initial spray-dried BDP and TAM samples after exposure to HPFP 
were studied using DSC.  Data are presented in Figure 2B.  DSC analysis shows a decreased onset temperature 
for crystallisation for each consecutive cycle, which suggests that partial crystallisation and therefore a seed or 
surface nucleation has occurred in the first cycle.  Spray dried BDP exhibited a crystallisation exotherm at 133.4 
°C, followed by a melting endotherm at 211.89 °C, when heated at a rate of 10 °C min

−1 
(Figure 2B).  This finding 

is in agreement with previous studies 
7
. In comparison, spray dried BDP that had been exposed to HPFP vapour 

exhibited a crystallization exotherm at 123.16 °C, followed by a melting endotherm at 212.02 °C.  The shift in the 
temperature at which crystallization occurs and the decrease in the heat of fusion from 46.48 Jg

-1
 to 31.82 Jg

-1
 

infers that HPFP vapour crystallises BDP, although somewhat partially.  A further shift in onset temperature is 
observed in the final perfusion sample, with an onset melt occurring at 105.26 °C.  Hot stage microscopy (data 
not shown) indicates a solvate crystalline subpopulation is present within the sample at this point, and that the 
sample undergoes two separate melts.   

 

Figure 3.  TGA of samples of spray dried BDP, which has been collected from the isothermal calorimetry 
 
TGA data showed a loss in mass of around 1%, 7% and 16% for BDP perfused for 0, 60 and 180 min 
respectively around 100-110 °C, which corresponds to the exotherm seen in the DSC signal (Figure 3).  This 
finding is in agreement with calorimetry data, which suggests ongoing crystallisation occurs as a function of time 
perfused with HPFP.  The mass loss can be interpreted to be due to the conversion of a hydrated or clathrate 
form to a stable monohydrate form after 100 °C, although additional heat-cool-heat DSC data is needed to make 
this assertion.  The mass loss at approximately 100°C is also in agreement with a previous study by Bouhroum et 
al., although the solvent vapour is a different chemical moiety 

8
.  These findings agree with the theory that BDP 

crystallization involves the formation of a drug-solvate or a clathrate structure in a saturated environment, 
whereby gas or solvent moieties are trapped within a drug crystal framework, or chemically bonded to the drug 
crystal network.  
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Figure 4.  FTIR spectra of spray dried BDP and spray dried BDP after 60, 120 and 180 min of perfusion with 
HPFP in the isothermal calorimeter. 

The FTIR spectrum of spray dried BDP is in agreement with literature, with major identifying bands occurring at 
1730 cm

-1
 and 1754 cm

-1
, which correspond to conjugated C=O stretch and C=O stretch for ester groups 

9 

(Figure 4).  A change in the OH vibrational band corresponding to 3474 cm
-1

 appears to sharpen after exposure 
to HPFP.  In accordance with this the separation of peaks 1751 cm

-1
 and 1712 cm

-1 
indicate a change in carbon 

bond coupling after HPFP perfusion.  However the infrared region between 800 – 1500 cm
-1

 remains largely 
consistent between samples, with only peaks 1173 cm

-1
 and 1188 cm

-1 
splitting gradually.  FTIR spectra thus 

highlights the bulk of the particles remains largely BDP, with only a fraction of the particles incorporating HPFP 
into the BDP matrix.  

Conclusions 

The early stages of BDP clathrate formation were investigated using a surrogate propellant coupled with 
isothermal calorimetry.  This data indicate that isothermal calorimetry has the potential to be used as a diagnostic 
tool for predicting stability of APIs in hydrofluoroalkane formulation, but further work is required to support this 
concept.  More detailed kinetics of the non-aqueous solution mediated transformation from amorphous to 
crystalline BDP will be achieved in further studies using real HFA as perfused propellant in the TAM and in 
ongoing synchrotron XRD studies, using approaches recently reported for analogous aqueous solution-mediated 
transformation 

10
. 
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