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Summary 

Mannitol is one of the excipients widely used in the pharmaceutical industry and approved for pulmonary administration. 
Recent studies have indicated that polymorphism of carrier particles is one of the possible important factors affecting 
the performance of DPI formulations. Therefore, for the development of carrier particles for DPI formulation, controlling 
the polymorph of a carrier particle is considered an important issue. Previously, we developed a manufacturing method 
for producing a metastable α-mannitol by co-spray-drying mannitol aqueous solution combined with polyethylene glycol 
(PEG). The aim of this study was to evaluate the aerosolization performance and physical stability of co-spray-dried 
mannitol (co-SDM) with PEG as a carrier particle candidate in a DPI formulation. As results of stability studies of co-
SDMs with PEG confirmed, the α-mannitol was stabilized during storage when an adequate amount of PEG was 
added. The molecular weight of PEG little affected the physical stability of mannitol as long as an adequate amount of 
PEG was added. It was considered to be important to reduce the mobility of mannitol molecules by adding PEG to the 
co-SDM to stabilize the α-mannitol in the co-SDM. As results of in vitro deposition studies further confirmed, as carrier 
particles, co-SDM particles with 5% PEG 4000 showed the superior aerosolization performance to that of commercial 
β-mannitol. The polymorph of carrier mannitol particles may be shown to be one of the factors that will increase the 
aerosolization performance. Co-SDM particles have shown to be the promising candidate as a carrier particle for DPI 
formulation. 

Introduction 

Mannitol is one of the excipients widely used in the pharmaceutical industry and approved for pulmonary administration
 

[1]
. It has been reported that mannitol has a high potential as a useful excipient for dry powder inhalation (DPI) 

formulation
 [2, 3]

. Mannitol has different features compared to lactose; it is a non-reducing sugar which has no risk of a 
Maillard reaction with proteins or peptides and is not likely to become unstable amorphous

 [4]
. These features provide 

formulators with good reasons to choose mannitol as a carrier particle instead of lactose for their inhalation products. 

The quality of DPI formulation, such as aerosolization performance, depends on the physical properties of not only the 
drug substance but also the carrier particle. For a preferable aerosolization performance, the characteristics of carrier 
particles must be well controlled in terms of size, shape, surface roughness, surface energy, etc. Recent studies 
reported that a different aerodynamic particle size distribution has been observed with the change of the polymorph

 [5]
 , 

and particles of different aerodynamic diameters had varying ratios of the α-mannitol and β-mannitol present
 [6]

. These 
findings have revealed that the polymorph of the carrier particle is one of the probable important factors influencing the 
performance of the DPI formulation. Therefore, controlling the polymorph of the carrier particle is considered important 
for the development of a preferable carrier particle for DPI formulation.  

Spray-drying is widely used to produce powdered materials for inhalation
 [1,7]

, and is already used in the particle design 
of mannitol as a carrier particle for DPI formulation

 [8]
. It has been reported that mainly β-mannitol is obtained by spray 

drying from its aqueous solution, and spray drying process parameters have little influence on the polymorph of 
mannitol

 [9,10]
. In other words, it is difficult to control the polymorph of mannitol by spray drying. Especially, 

manufacturing α-mannitol by the spray drying method is a challenging issue because α-mannitol is known to be less 
stable than β-mannitol. In our previous research, we found that α-mannitol could be obtained by co-spray-drying with 
polyethylene glycol (PEG)

 [11]
. The polymorph of co-spray-dried mannitol (co-SDM) with PEG was also found to be 

dependent on the PEG ratio to mannitol, the molecular weight of PEG, and process parameters related to the drying 
efficiency

 [12]
. Therefore, we focused on this co-spray drying with PEG as the method for preparation of carrier particles 

for DPI formulation. The aim of this study was to evaluate the aerosolization performance of co-SDM with PEG as a 
carrier particle candidate in a DPI formulation. 

For applying these co-SDMs as the carrier particle for DPI formulation, it is desirable that the physical stability of co-
SDM as α-mannitol is ensured. Therefore the effect of PEG on the physical stability of co-SDMs was evaluated and its 
formula was optimized from the view point of the PEG ratio to mannitol and the species of PEG, before performance 
evaluation. 
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Materials and Methods 

Mannitol (β-mannitol) was purchased from Merck Co., Ltd. PEG 400 and PEG 4000 were purchased from Wako Pure 
Chemicals Industries, Ltd. PEG 20000 was purchased from NOF Corporation. Salbutamol Sulphate (SS), which was 
used as the model drug for the in-vitro deposition studies, was purchased from Tokyo Chemical Industry Co., Ltd. 

Commercial mannitol was used as the reference β-mannitol. The reference α-mannitol was prepared by the following 
method: Mannitol was dissolved into 70% ethanol until becoming a clear solution. The solution was slowly cooled down 
to room temperature and then further cooled in a refrigerator for approximately 12 h. The received crystals were filtered 
and dried under a vacuum condition. Co-SDMs were manufactured by spray drying with an aqueous system. Mannitol 
was dissolved into distilled water containing different amounts of each PEG with different molecular weights (2.5, 5 and 
10% to mannitol weight). The mannitol concentration in the solutions for spray drying was 5% (w/w). The mannitol 
solutions were spray-dried using a spray dryer, GS-31 (Yamato Scientific Co., Ltd.). All spray-drying processes were 
performed under the following conditions: drying air flow, 0.6 m

3
/min; liquid feed rate, 1.5 g/min; inlet temperature, 

150°C. The powder blends of SS and each mannitol for in vitro deposition study were prepared by the following 
method: SS was milled by Turbo Counter Jet Mill TJ 60 (Turbo Kogyo Co., Ltd.). The volume mean diameter (VMD) of 
micronized SS was 2.23 μm. Co-SDM with 5% PEG 4000 and commercial mannitol (β-mannitol) were sieved by 100 
mesh screen so that their particle size was uniform. The VMDs of commercial mannitol and Co-SDM with 5% PEG 
4000 after sieving were 66.1 μm and 37.1 μm, respectively. Each sieved mannitol powder was blended with micronized 
SS at a constant ratio of mannitol to SS, 67.5:1 (w/w), respectively. This blending was performed using a Turbula mixer 
T2F (Willy A. Bachofen AG Maschinenfabrik) at a constant speed of 96 rpm for 15 min. After blending, each formulation 
was manually filled into HPMC capsules (size 3) with 34.25 ± 1.50 mg formulation powder.  

The stability study of co-SDMs with PEG was conducted at 40C/75%RH. The polymorphs of all specimens were 
identified with powder X-ray diffraction (PXRD) analysis at the start of the study and after stored for 4 weeks and for 2 
months. The PXRD patterns were obtained by powder X-ray diffractometer Empyrean system (Spectris Co., Ltd., 

Panalytical B.V.) over the range of 5–40 of 2- with a CuK X-ray source at 45 kV and 40 mA. 

The deposition profiles of all formulations were assessed using a Handihaler (Boehringer Ingelheim GmbH) and 
Andersen Cascade Impactor (Copley Scientific Ltd.). Ten capsules were aerosolized in a 28.3 L/min of air flow 
condition for the deposition experiment of each formulation. Fine particle dose (FPD) was calculated as the sum of SS 
mass collected below stage 2, whose cut off value of aerodynamic particle size is 4.7μm. Fine particle fraction (FPF) 
was calculated as the percentage of FPD compared to the sum of SS used on a test. 

Results and Discussions 

We previously reported that a faster drying rate in the spray drying process is preferable for obtaining α-mannitol 
selectively

 [12]
. For preparation of α-mannitol selectively, each sample was prepared according to the above settings 

(see Materials and Methods). PXRD patterns of each co-SDM were confirmed to be the same pattern as that of the 
reference α-mannitol (Figure 1). 

Including PEG in the co-SDM was expected to have two opposite effects on the stability of the α-mannitol. One is the 
acceleration of crystal transition through the water-adsorption from increasing hygroscopicity originating from PEG. The 
other one is the suppression of crystal transition by reducing the molecular mobility of mannitol by dispersing PEG

 [11,12]
. 

PXRD patterns of co-SDMs with 5% PEG stored at 40C/75%RH had no diffraction peak originating from β-mannitol 
(Figure 1). Co-SDM including a higher ratio of PEG to the mannitol was found to be physically stable, even though 
increasing PEG promotes a higher hygroscopicity. In these results, reducing the molecular mobility of mannitol by 
dispersing PEG molecules was considered to have more effect on its physical stability than the increased 
hygroscopicity. It may be important to reduce the mobility of mannitol molecules by adding PEG to the co-SDM to 
stabilize the α-mannitol in the co-SDM. The effect of difference in the molecular weights of PEG on the physical 
stabilities of co-SDMs was also evaluated. Because physical properties of PEGs, such as hygroscopicity, molecular 
length and viscosity, were known to be different depending on its molecular weight

 [13]
. However, there were no 

differences in the PXRD patterns of each co-SDM prepared with different molecular weights (Figure 1). The molecular 
weight of PEG little affected the physical stability of mannitol as long as an adequate amount of PEG was added. 

 

For the evaluation of the aerosolization performance of co-SDM as a carrier particle of DPI formulation, in vitro 
deposition studies were conducted. The carriers of formulation used commercial D-mannnitol as a reference β-mannitol 
and co-SDM with 5% PEG 4000 as a representative α-mannitol co-SDM. As shown in Figure 2, the formulation with co-
SDM was found to have a better aerosolization performance than that of the formulation prepared with commercial β-
mannitol. The FPFs of the formulation with co-SDM with 5% PEG 4000 and with commercial mannitol were 14.3% and 
6.2%, respectively. These results show that a co-SDM can be a promising candidate as a carrier particle for DPI 
formulation. Additional experiments and discussion will be necessary to clarify why co-SDM showed a higher FPF. 
However, the difference in the polymorph of the carrier particles was considered to be one of the reasons. There are 
several examples to support the superiority of α-mannitol’s aerosolization performance

 [5,6]
. It was reported that the α-

mannitol has a characteristic needle shape with a high aspect ratio and a high surface energy 
[14]

.  

  



Drug Delivery to the Lungs 26, 2015 - Mitsuhide Tanimoto et al. 

 

These properties may result in preferable detachment of drug particles from carrier particles. At the same time, PEG 
itself could have a potential impact on the aerosolization performance of co-SDMs with PEG used as carrier particles. It 
has been reported that PEG influenced particle size distribution and surface roughness of lactose/PEG particles, and 
the FPF of model drug mixed with lactose/PEG particles was higher than that of using commercial lactose

 [15]
. The 

relationship between polymorph and morphological properties, such as particle size, density, shape, and the effect of 
each characteristic on the aerosolization performance will be clarified in our future work. 

 

 

 

 

Figure 1- Powder X-ray diffraction patterns of co-spray-dried mannitol containing 5% PEG to mannitol weight 

stored at 40C /75%RH. 

 

Open arrows show specific peaks of the -mannitol. The molecular weights of PEG were PEG 400 (A), PEG 4000 (B) 
and PEG 20000 (C). 

 

Figure 2- Deposition pattern of salbutamol sulphate on all fractions (A) and on each stage and filter (B) (error 
bars denote S.D., n=3)  

C: Capsule, MA: Mouthpiece Adapter, IP: Induction Port, PS: Preseparator, S: Stage. 
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Conclusions 

As results of stability studies of co-SDMs with PEG confirmed, the α-mannitol was stabilized during storage when an 
adequate amount of PEG was added. Moreover, as results of in vitro deposition studies additionally confirmed, co-SDM 
particles with 5% PEG 4000 showed the superior aerosolization performance to that of commercial β-mannitol as 
carrier particles. The polymorph of carrier mannitol particles may be shown to be one of the factors that will increase the 
aerosolization performance. Co-SDM particles have shown to be the promising candidate as a carrier particle for DPI 
formulation. 
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