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Summary 

Several studies have shown that the amount of fine lactose particles in dry powder inhaler (DPI) formulations is a key 
performance indicator of DPI drug product performance

[1-4]
. The use of micronised lactose is however limited because 

of thermodynamic and chemical instability issues as a result of process-induced structural disorder upon 
micronisation. This disorder is present at the materials’ surface in the form of thermodynamically unstable amorphous 
regions which undergo relaxation post micronisation. 

Investigations in relaxation of micronised lactose via conditioning at 20°C/70%RH at various time points are presented 
in this study. Physico-chemical changes were observed using cohesive-adhesive balance, isothermal perfusion 
calorimetry and particle size distribution measurements. The d10, d50, d90 and volume mean distribution (VMD) 
measurements increased with conditioning time. Perfusion calorimetry suggested a decrease in surface disorder 
through enthalpy of recrystallisation measurements decreasing with conditioning time. Force microscopy shows 
decreasing interfacial tensions between specific particles upon conditioning and agglomeration behavioural 
tendencies both in and out of formulation. 

Furthermore, in-vitro aerodynamic performance studies of specific formulations were studied using a next generation 
impactor. The conditioning of lactose fines affected the aerodynamic particle size distribution and mass mean 
aerodynamic diameter (MMAD) of the drug. Relationships between lactose conditioning time and specific 
aerodynamic diameters of a nominal drug were seen. Specifically, the relationship between VMD and MMAD shows 
how drug adheres to lactose to directly influence formulation performance. This relationship clearly shows that fines 
play a key role in shaping formulation structure thus enhancing performance of orally inhaled drug products. 

Introduction 

It has been well established that modification of dry powder inhaler (DPI) formulations through the addition of lactose 
fines greatly increases DPI performance

[1-4]
. In principle, the addition of fine excipient particles in a ternary DPI 

formulation promotes the aerosolisation of the formulation and increases liberation of drug from the lactose carrier by 
way of redistributing the drug from the carrier particle onto the lactose fines

[1]
. The leading hypotheses for the effect of 

fines in formulation are either through inactivation of high energy sites on the surface of coarse lactose particles or 
forming drug-fines agglomerates known as fine particle multiplets

[1]
. Studies have shown that the amount of fines in a 

formulation that possess an aerodynamic diameter less than 4.5µm
[4,5]

 is a key performance indicator of the drug 
product. The source of these lactose fines may either be intrinsic upon sieving or milling of the coarse lactose or by 
extrinsic addition of either milled or micronised lactose fines to coarse lactose. 

The micronisation process involves high energy particle size reduction which introduces disorder on the material’s 
surface in the form of thermodynamically unstable dislocations and amorphous regions. Relaxation processes 
occurring post micronisation may impact the physico-chemical properties of the material, which may impact drug 
product aerosolisation and dispersion performance

[5]
. Dissipation of the mechanically stored energy can be achieved 

by conditioning the hydrophilic lactose through exposure to elevated conditions of temperature and relative humidity 
(%RH). Studies have shown that conditioning micronised particles may decrease the materials’ surface free energy to 
aid the stabilisation process

[6]
. The aim of this study is to investigate the physico-chemical characteristics of 

micronised and conditioned micronised α-lactose monohydrate and how the inclusion of such materials may influence 
the aerodynamic particle size distribution of model carrier based DPIs. 

Materials &Methods 

Conditioning of Micronised Lactose 

Micronised Lactose (DFE Pharma, Borculo, The Netherlands) was used in this study. Approximately 1kg of material 
with a powder bed thickness of 1cm was conditioned in a Climate-Zone system (CTS Europe, Portsmouth, UK) with 
the temperature and humidity controlled at 20°C/70%RH. Conditioned material samples were taken at different time-
points for further investigations. 



Physico-chemical Analysis & Formulation Preparation 

The morphology of micronised lactose material was assessed using scanning electron microscopy (SEM, Jeol, 
Japan). Particle size analysis was performed using a HELOS/BF laser diffraction sensor. The powder sample was fed 
via an ASPIROS micro dosing unit into a RODOS dry dispersing unit (all from Sympatec GmbH, Clausthal-Zellerfield, 
Germany). The dispersing pressure was set at 3 bar, the vacuum applied was 20 mbar, and the feed velocity was 
20mms

-1
. Approximately 20mg of sample was used for each analysis. All analyses were carried out in triplicate and 

the mean and standard deviation calculated. 

The cohesive-adhesive balance (CAB) ratio (ratio between cohesive and adhesive forces) of both micronised lactose 
and conditioned micronised lactose with respect to fluticasone propionate were determined using five colloidal probes 
each of micronised lactose, as described in detail elsewhere

[2,7,8]
. In this way, when the CAB ratio to be>1, the 

cohesive forces present in the lactose fines show to be greater than its adhesive tendencies to the fluticasone. 
Likewise, when the CAB ratio is <1, the adhesive tendencies of the material towards the fluticasone dominate. 

In addition, the degree of disorder present on the lactose surface was determined using an isothermal perfusion 
calorimeter (TAM 2277, Järfälla, Sweden) whereby the samples were exposed to cycles of 0% and 90% RH. 

Formulations were manufactured by sieving coarse Lactohale
®
 100 (LH100, DFE Pharma, Borculo, The Netherlands) 

through a 700µm aperture sieve to break any coarse agglomerates. A pre-defined amount of micronised lactose 
dependant on the formulation made was added through the same sieve. The remaining amount of coarse fraction was 
added to complete the initial stage of a 100g pre-blend. This was mixed for 120 seconds at 800 rpm in a high shear 
mixer with an impeller speed of 2.7 m/s. The pre-blend was separated and allowed to rest for an hour. Micronised 
fluticasone propionate (FP, Batch No: FTC-001/10, Sterling, Perugia, Italy) (0.40g) was weighed out to give 100µg of 
drug per 25mg capsule. The pre-blend was sieved into the mixer, the drug was then added through the same sieve, 
and the remaining pre-blend mix was added giving a 100g final blend. This was mixed at 800rpm for 10 minutes after 
which batch formulation uniformity studies were carried out. Each powder formulation (25.0 ± 1.0mg) was hand-filled 
into size 3 hydroxypropylmethylcellulose (HPMC) capsules (Quali-V, Madrid, Spain) and was stored at 25°C/44%RH 
prior to in-vitro aerodynamic performance studies of each formulation. 

Upon formulation, content uniformity measurements were carried out shown in Table 2 (% mass balance) where ten 
points from a powder within a pan were chosen, specifically, four from the top and bottom of each blend, and two from 
the middle of the bulk formulation. Fluticasone content was determined via a HPLC method and expressed as a 
percentage relative standard deviation. The in-vitro performance of the formulations was assessed using the Next 
Generation Impactor (NGI) equipped with pre-separator (Copley Scientific, Nottingham, UK). Five capsules were 
aerosolised using the Plastiape Monodose Model-8 (Plastiape, Milan, Italy) at 90 L/min for 2.7 seconds duration. 
Upon testing the NGI was dismantled and drug content at each stage of the NGI was assayed by HPLC. 

Results & Discussion 

Physico-chemical data of micronised and conditioned lactose at various time points are summarised in Table 1. 

Table 1: Characteristics of physico-chemical properties of specific materials 

Measurement FP (drug) As-Received (AR) T=24h T=48h T=72h T= 168h 

D10 (µm) 1.20 1.09 1.42 1.88 1.90 1.86 

D50 (µm) 2.00 6.03 6.47 7.61 7.76 7.82 

D90 (µm) 5.71 13.57 14.17 18.50 18.72 20.26 

VMD (µm) - 6.86 7.33 9.52 9.57 10.00 

ΔHRECRYST (J) 4.89 21.04 0.72 0.28 <LOQ <LOQ 

 

The d10, d50, d90 and volume mean diameter (VMD) of micronised lactose increase upon conditioning, as suggested 
by SEM analysis in Figure 1. Representative scanning electron micrographs in Figure 1 show agglomeration of the 
lactose upon conditioning (Figure 1B). The enthalpy of re-crystallisation (ΔHRECRYST) decreases sharply after just 24 
hours of conditioning, and even further after 48 hours, which indicates that the process-induced structural disorder 
has dissipated post 24 hour conditioning. The cohesive-adhesive balance (CAB) measurements of the unconditioned 
and the 48 hour conditioned material are shown in Figure 2. These data indicate that micronised lactose undergoes a 
significant change in its interfacial chemistry at the lactose surface upon conditioning. 



The CAB plots in Figure 2 suggest that the unconditioned micronised lactose has an adhesive interaction with FP 
however upon conditioning a significant shift in the force balance implies a dominantly cohesive system. The shift in 
both physical and chemical properties of the conditioned lactose may directly influence formulation structure and in 
turn product performance. 

 

 

 

 

Figure 1: Representative SEM of micronised and conditioned lactose at 20°C/70%RH. (A) As-received lactose 
material (B) Material conditioned for 48 hours (C) Close up of an agglomerate 

 

Figure 2: CAB plot of as-received and 48 hour conditioned micronised lactose particles with respect to FP 

Table 2: In-vitro performance of formulations; %RSD, Relative standard deviation in uniformity (<5%); %MB, Mass 

balance (>75%); ISM, Impactor-sized mass; GSD, Geometric standard deviation; FPM, Fine particle mass 

Sample % Fines % RSD % MB ISM µg ± SD MMAD µm ± SD GSD µm ± SD FPM µg ± SD 

As 

Received 

2.5 4.8 86 18.59 ± 0.73 2.73 ± 0.10 2.09 ± 0.08 15.04 ± 0.66 

5 3.5 89 25.75 ± 0.83 2.97 ± 0.05 1.96 ± 1.02 20.91 ± 0.83 

10 2.6 85 32.13 ± 0.40 3.18 ± 0.01 1.87 ± 0.02 26.18 ± 0.46 

48 hour 

Conditioned 

2.5 3.2 90 15.26 ± 1.81 3.06 ± 0.19 2.09 ± 0.05 12.91 ± 1.21 

5 3.7 93 21.95 ± 1.76 3.21 ± 0.07 1.98 ± 0.01 18.47 ± 1.39 

10 4.7 92 28.25 ± 3.19 3.43 ± 0.07 1.89 ± 0.01 23.84 ± 2.46 

168 hour 

Conditioned 

2.5 4.7 104 25.61 ± 4.25 3.10 ± 0.07 2.08 ± 0.08 21.63 ± 3.38 

5 5.0 96 26.32 ± 1.79 3.11 ± 0.07 1.99 ± 0.02 21.9 ± 1.56 

10 6.1 109 34.39 ± 2.43 3.47 ± 0.10 1.96 ± 0.05 29.83 ± 2.24 

 

The in-vitro performance indicators of the as-received, the 48 hour and the 168 hour conditioned lactose material are 
tabulated in Table 2. As previously reported

[1-4]
, these data show that the addition of 2.5, 5.0 and 10.0% of either as-

received or conditioned fines increase ISM and FPM values. In addition, the inclusion of greater amount of fines 
increases the mass mean aerodynamic diameter (MMAD) of formulations, which suggests the lactose fines and drug 
particles are likely to be agglomerating together (Figure 3). 

A B C 



The MMAD significantly increases (p<0.05) with increasing levels of fines content as well as with conditioning 
duration. The MMAD of formulations containing conditioned fines was significantly greater (p<0.05) than the as-
received micronised fines. The general trend which shows an increase in the MMAD of the drug with conditioning time 
of the lactose may be most likely due to agglomeration behaviours of the lactose upon conditioning, which affects its 
behaviour in the formulation as established through CAB and TAM measurements. 

 

Figure 3: Increasing fines content with conditioning; (*) 
denotes significance (p<0.05) from AR 

 

Figure 4: Correlation between VMD and MMAD 

 

Formulations with 10% w/w as-received or conditioned fines suggested a correlation between the VMD of the different 
lactose fines and MMAD of drug in these DPI formulations (Figure 4). These data support the hypothesis that the drug 
particles adhere to the lactose fines and the aerodynamic particle size distribution (APSD) of the drug directly relates 
to the particle size of the lactose fines. Conditioning lactose fines gives an increase in the material’s particle size, 
which is shown to correspond to larger MMAD values of the drug, upon inclusion of these conditioned fines into the 
formulation. These data highlight that fines play a decisive role in defining the APSD of the drug in DPI formulations. 

Conclusions 

Conditioning lactose fines affects both its physico-chemical and surface interfacial properties with respect to the drug. 
Conditioning steps corresponds with an increase in the materials particle size and has larger MMAD values. These 
findings suggest a correlation between the particle size of the microfine lactose and MMAD of the formulations 
indicating that FP is interacting with the microfine lactose. Moreover, these data suggest that the particle size of the 
microfine lactose play an important role in defining the APSD of dry powder inhaler products. 
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