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Summary 

Mannitol has been extensively explored in dry powder inhalation (DPI), namely i) as an alternative to lactose 
monohydrate in carrier-based formulations, being a non-reducing sugar alcohol, ii) for the treatment of cystic 
fibrosis as an airway hydrating agent and iii) for bronchial provocation testing. Moreover, mannitol holds great 
potential for engineering DPI composite particle formulations by spray drying (SD), since it is highly crystalline 
after the process, ensuring enhanced physical stability.  

Although it is known that mannitol particle properties can be manipulated by adjusting SD parameters, few works 
can be found in the literature, especially on the field of respirable composite DPI formulations. For this reason, the 
current study reports the impact of SD parameters on mannitol particle size, morphology and solid state 
properties, aiming at optimal aerodynamic performance, using a design of experiments (DoE) approach. The best 
performing system was co-spray dried with nanoparticles of a model active pharmaceutical ingredient (API).  

The aerodynamic performance of the mannitol particles were significantly impacted by the drying temperature, 
since particle morphology changed substantially within the explored range, due to differences in crystallization 
kinetics. The feed solution concentration, contrarily to expectation, was not a very significant parameter and the 
best performing system considered an intermediate temperature/feed concentration. Moreover, inclusion of the 
nanoparticles did not change significantly the deposition profile, regardless of the API relative concentration.  

The illustrated development strategy allows a priori optimization of complex crystallizing composite particles, while 
balancing performance with process throughput. The resulting particles should be particularly suitable for dose-
ranging studies, given its negligible dependence on the API load. 

Introduction 

DPI formulation development combines powder technology with device design to ensure efficient dispersion of the 
active ingredient as a respirable aerosol. Typically, the formulation considers interactive mixtures with coarser 
carrier particles to improve the flow and dispersion properties of micronized API with an aerodynamic diameter of 

1 to 5 m, which would otherwise be too cohesive to form an aerosol. The challenges associated with DPI carrier-
based formulations include achieving good delivery efficiency, while ensuring homogeneity and stability of the 
formulation 

[1]
. To overcome these constrains, several particle engineering technologies have been developed, 

such as spray drying, for preparing respirable composite particles of API and excipients with well-defined size, 
morphology and surface topography, for the benefit of the powder aerosolization behaviour and dispersability 

[1]
.  

There are only few excipients approved or with inhalation precedence. Mannitol is an approved substance for 
pulmonary delivery that has been used in DPI as: (i) substitute to lactose monohydrate in carrier-based 
formulations when a non-reducing sugar is required, with the advantage of enabling a sweeter aftertaste that can 
be used to monitor dose intake by the patient; (ii) enhancing mucus hydration and clearance in patients with cystic 
fibrosis (CF) or non-CF related bronchiectasis; and (iii) also for bronchial provocation testing to assist asthma 
diagnosis 

[2-4]
.  

For the development of alternative composite particles, mannitol holds great potential as a matrix for incorporating 
several APIs, since i) it is a non-reducing sugar alcohol suitable for interacting with proteins or small molecules 
containing primary amines and ii) it crystallizes during conventional spray drying, ensuring enhanced physical 
stability. There are reports on the manipulation of mannitol particle properties by spray drying for application as 
coarse carriers 

[5,6]
. On the other hand, there are only few publications on developing respirable spray dried 

mannitol particles with incorporation of API
[2,7]

. Glover et al. has shown that differences in aerodynamic diameter 

of ~1 m between respirable mannitol powders had significant impact on the lung deposition in humans. 
However, an integrated analysis of size and morphology contribution on determining aerosol behavior of mannitol 
particles, correlated with spray drying process input parameters, is still missing.  

Since mannitol crystallized upon spray drying, particle formation mechanisms become inherently more complex 
than in typical isolation of amorphous materials, requiring the integration of knowledge in droplet formation, drying 
and crystallization kinetics. Herein, a systematic study of the impact of spray drying parameters on mannitol 
particle size, morphology, surface and solid state properties, following a design of experiments (DoE) approach, is 
presented. The best performing system was co-spray dried with model API nanoparticles, at different relative 
proportions of API. The in vitro aerodynamic performance was assessed by a Fast Screening Impactor (FSI). 
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Experimental methods 

Aqueous solutions of mannitol were spray dried at different feed concentration (C_feed) between 2.5 and 10% 
w/w and outlet temperature (T_out) between 60 and 100 ºC, as detailed in Table 1, using a Büchi model B-290 
unit. The inlet temperature (T_in) of the drying gas was adjusted to obtain the target T_out. The powders were 
analysed by X-ray powder diffraction (XRPD), differential scanning calorimetry (DSC), scanning electron 
microscopy (SEM) and particle size distribution (PSD) by laser diffraction (Sympatec). The SD products were 

sieved through a 600 m mesh, ensuring a temperature <30 ºC and a relative humidity between 30 to 50% prior 
to capsule filling. The aerodynamic performance of the powders was assessed in terms of emitted mass (n=5) 
using a dose uniformity apparatus (DUSA); each capsule (HPMC size 3) was filled with 10 mg of powder and 
actuated with a Plastiape Monodose inhaler Model 7 (40L/min at 4 kPa pressure drop). Afterwards, the in vitro 
deposition profile was determined with a gravimetric FSI (n=3), using 1 capsule per replicate. The fine particle 

fraction (FPF) was calculated as the fine particle mass with an aerodynamic particle size below 5 m over the 
emitted mass from the capsule. 

Composite particles of mannitol and nanoparticles of an insoluble model API (manufactured within the scope of a 
previous work) were generated via SD following the parameters that yielded the best aerodynamic performance 
(highest FPF). The particles were composed by 1:99% and 10:90% w/w of API:mannitol and, in agreement with 
the above described procedure, were analyzed by FSI (n=3).  

Results and Discussion 

The main SD operating parameters and analytical results for the preparation of mannitol respirable particles are 
summarized in Table 1 (the experimental design is outlined in Figure 1). 

Table 1 – Main SD operating parameters and analytical results. 

Batch nr. 1 2 3 4 5 

C_feed, % w/w 2.5 2.5 5.0 10.0 10.0 

T_in, ºC 94 152 125 96 151 

T_out, ºC 60 100 80 60 100 

Yield, % w/w 93 76 94 91 78 

Main analytical results 

Tmelting by DSC, ºC 165 165 165 164 164 

PSD
(a)

: X50 and span 1.2; 1.8 2.7; 2.2 1.8; 1.9 2.2; 1.9 3.8; 2.2 

(a) Particle size expressed by X50 (volumetric distribution median) and span (width = (X90-X10)/X50). 

 
The SD process went smoothly under the explored operating ranges, leading to yields above 80% w/w. The yield 
was slightly higher for spray drying at lower temperatures. The SEM micrographs in Figure 1 illustrate the array of 
different particle morphologies that can be obtained by manipulating the SD conditions of aqueous mannitol 
solutions. In general, the particle size increased with C_feed (at constant temperature), as shown by laser 
diffraction. In addition, the PSD span deteriorated for the systems prepared at a T_out of 100 ºC, which is in 
agreement with the SEM analysis where a large change in mannitol particles morphology with temperature was 
observed. The powders were characterized as well-defined spheres between 60-80 ºC and irregular rough 
particles when prepared at the highest T_out of 100 ºC. This observation concurred with previous SD reports on 
mannitol, in which it was reported that fast evaporation / supersaturation of the spray droplets at high 
temperatures potentially leads to a highly concentrated viscous fluid, from which large mannitol crystals are 
formed, yielding particles with a rough surface 

[6-7]
.  

All powders were found to be crystalline as expected. Mannitol exists in three polymorphic forms, , , , being  
the most stable form. The DSC data showed a single endothermic event with onset at around 164 – 165 ºC 

(melting temperature; Tmelting), which suggest the presence of  and/or  polymorphs, since these are 
indistinguishable by DSC 

[8]
. The XRPD diffractograms in Figure 2 showed that all powders were a mixture of both 

polymorphs, considering the  and  specific peaks, while the starting raw material (SRM) was in  form
[8]

. 

However, batch number 3 presented only traces of . The relative proportion of  to  forms increased as follows: 

batch nr. 3 < 4 < 1 < 5 < 2. The generation of a  form with increased drying temperature could be expected given 
the faster drying/crystallization and higher energy input. The results followed this trend with the exception of batch 
nr 3; however, Maas et al. 

[6]
 reported that at around 120 ºC, close to the T_in of batch nr. 3, the nucleation rate of 

mannitol in aqueous solution is lower than at 60 ºC, which could support a slower crystallization of mannitol and 

an increased content in  polymorph form. Regardless, further studies would be required to better assess the 
drying / crystallization kinetics at different temperatures and the impact of different polymorphs on powder 
properties, aerodynamic performance and stability. 
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Figure 1 – DoE for mannitol spray drying and resulting SEM micrographs at 3,000x magnification.  

 
Figure 2 – XRPD analysis of SD batches nr 1 to 5 and SRM, with highlighted 2 specific of  and  forms. 

 

All SD mannitol powders were sieved and filled into capsules for aerodynamic performance assessment with a 
Plastiape device. The gravimetric emitted mass and FSI analysis for the mannitol particles are summarized in 
Figure 3A. Respirable mannitol particles with good emitted mass and FPF were obtained for certain SD conditions 
without the need of any additional excipients or processing. In regards to the emitted mass, there was an 
apparent increase from batch 1 to 4, which was probably due to the increase in particle size that may have 
favoured flow properties. For FPF, a statistical model could not be derived from the DoE, most likely due to the 
absence of linear responses towards the input parameters. Indeed, although the particle size increased with 
C_feed, FPF did not vary significantly with that input parameter, but responded to T_out, correlating well with the 
corresponding change in morphology. As shown in Figure 4, T_out was the major descriptor of FPF through an 
apparent non-linear correlation. The best performing system within the explored ranges was batch number 3. 
Hence, the same operating conditions of batch 3 were followed to prepare mannitol composite particles 
containing nanoparticles of a model API at 1 and 10% w/w relative composition (1:99 and 10:90% w/w 
mannitol:API ratios). These composite particles were characterized by FSI, as shown in Figure 3B, returning a 
FPF similar to that of batch nr. 3; therefore, aerodynamic performance was not impacted by the API load, within 
the explored ranges (< 10% w/w of active substance).  
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Figure 3 – (A) Mannitol particles: emitted mass by DUSA apparatus (n=5) and fine particle fraction by FSI (n=3); and (B) 
model API:mannitol composite particles at an API concentration of 1 and 10%: fine particle fraction by FSI (n=3). 

Composite particles with a good aerodynamic performance can be prepared through a SD process with high 
solids throughput, as long as particle formation / mannitol crystallization occurs under moderate temperature.  

 
Figure 4 – FPF of all mannitol particles as a function of SD T_out. 

Conclusions 

Mannitol can be successfully employed as a matrix for the preparation of respirable composite particles for DPI 
formulations, with good aerodynamic performance through SD processes with good throughputs. However, 
crystallizing mannitol powders responded dramatically to process conditions and a thorough knowledge of spray 
drying, and drying / crystallization kinetics is required for successful scale-up. DoE can be a useful tool to 
expedite SD process development and scale-up. Finally, initial SD process development can be conducted 
without API if these particles are intended for relatively potent (i.e. low-dosage) API. These formulations can 
potentially expedite dose-ranging studies as their highly tuneable performance was found not to be impacted by 
the relative API load. 
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