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Summary: 

This study aims to prepare inhalable theophylline particles by formulating the drug with mannitol. The effect of 
mannitol as a co-milling agent on the micromeritic, solid state properties and aerosolisation performance of the 
engineered particles was investigated. Theophylline suspensions were produced by wet bead milling in 
isopropanol alone and in the presence of mannitol and were further solidified by spray drying. The spray dried 
suspension of theophylline consisted of elongated particles of a mean particle size of 4.64 ± 0.87 μm. The spray 
dried suspension of theophylline and mannitol consisted of submicron theophylline particles embedded in a 
porous mannitol framework, with a mean particle size of 2.18 ± 0.30 μm. In both formulations, the drug retained 
the crystalline state of the raw drug (theophylline anhydrous form I). Inclusion of mannitol during the wet bead 
milling step of theophylline resulted in formulations which after spray drying exhibited a two-fold increase in the 
fine particle fraction compared to the spray dried theophylline suspensions without mannitol. The enhanced 
aerosolisation performance of the spray dried suspensions of theophylline containing mannitol can be attributed to 
their smaller size, spherical morphology and increased specific surface area that can be used as an indicator of 
their porosity. Overall, simultaneous wet milling of a drug in the presence of mannitol in an organic solvent 
followed by spray drying may be an applicable formulation approach for enhancing the aerosolisation 
performance of (moderately) water-soluble drugs.  

 

Introduction: 

The classical formulation approach of micronisation (e.g. ball or air jet milling) for particle size reduction and 
delivery of a drug to the lungs is known to generate amorphous domains on the drug particle surface that can 
adversely influence the in vitro and in vivo performance of the final formulation

1
.  

Preparation of submicron drug suspensions by a size reduction technique (e.g. wet bead milling, high pressure 
homogenisation, antisolvent precipitation) followed by solidification using spray drying has been used as a 
platform for the preparation of inhalable microcomposities with enhanced aerosolisation efficiency

2,3
. These 

microcomposites consist of submicron particles agglomerated together in micron-sized clusters with sizes suitable 
for pulmonary drug delivery (1-5 μm) and they have an advantage in that the wet milling of a suspension does not 
yield amorphous API in the way that micronisation does. 

The majority of such reported applications  (nanos-in-micros particle engineering approach) focuses on poorly 
water-soluble drug and thus the size reduction step can take place in aqueous media where the drug is dispersed 
but not dissolved. However, some of the drugs used for the treatment of respiratory diseases are moderately or 
very soluble in water (e.g. salbutamol sulfate and terbutaline sulfate). Therefore, the size reduction step cannot 
take place in aqueous media and an appropriate organic solvent must be used.  

In an attempt to cover a broader spectrum of drug solubility for the preparation of inhalable microcomposites, 
theophylline was selected as a model drug. Theophylline is a xanthine bronchodilator that has been used for the 
treatment of airway diseases more than 80 years, but due to its narrow therapeutic index it is administered as oral 
sustained-release preparations

4
. Theophylline, a moderately water-soluble drug

5
, is prone to crystal 

transformation during processing in aqueous environment, since it exists in four polymorphic forms (I-IV) and a 
hydrate which is the stable form in water

6
. Moreover, due to the elongated (needle-like) shape of its crystals 

theophylline can be considered as a model compound for crystals which are difficult to process but increasingly 
common to encounter during early development phases

7
. Additionaly, production of theophylline co-crystals

8
 and 

theophylline nanosized rods agglomerates
9
 have been reported as formulations for dry powder inhalers.  

The aim of this study was to produce inhalable particles of theophylline, by coupling wet bead milling in organic 
solvent followed by spray drying of the milled suspension. The produced particles were characterised for their 
micromeritic, solid state and aerosolisation properties. Finally, the effect of mannitol addition during the wet milling 
of theophylline on the micromeritic properties and on the aerosolisation performance of the obtained 
microcomposites is also elucitated. 

Materials and Methods:  

Materials: Theophylline anhydrous purchased from LKT Laboratories, Inc., USA and Mannitol (Pearlitol
®
160C) 

kindly provided by RoquettePharma, France, were used. Analytical reagent grade isopropanol purchased from 
Fischer Scientific, UK, was the wet milling medium. 
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Wet bead milling: Suspensions of theophylline and mannitol crystals in isopropanol were prepared using a 
planetary mill (Pulverisette 5, Fritsch Co., Germany). Isopropanol was selected as the medium of choice based on 
the low solubility of theophylline (2.81 ± 0.18 mg/mL) and mannitol (sparingly soluble, 1 in 100)

10
 in this solvent at 

25 
o 

C. Two theophylline-to-mannitol mass ratios were investigated, namely 100:0 and 25:75, while the 
concentration of solids in both suspensions was 5% w/v. Then, the suspensions were spray dried using a Niro 
Spray Dryer (SD Micro 

TM
, Gea Process Engineering, Denmark) with nitrogen as the drying gas, under the 

following conditions: inlet temperature 80 ± 3 
o 

C, atomiser gas flow 2.5 kg h
-1

, chamber inlet flow 25 kg h
-1

, nozzle 
pressure 1.5 bar, bag filter air pressure: 2.1 bar and 20% output temperature control resulting in an outlet 
temperature 60 ± 5 

o 
C.  

Characterisation: The produced spray dried powders and the starting materials were sized by laser diffraction 
(Sympatec GmbH, Germany). Their morphology was studied by scanning electron microscopy (SEM) and the 
SEM images were further analysed using the ImageJ analysis software (http://imagej.nih.gov/ij/) in order to 
determine the number-based aspect ratio of the particles. The major and minor axis (primary and secondary axis 
of the best fitting ellipse) of a minimum of 300 particles for each spray dried powder and for the starting materials 
was measured and the aspect ratio was calculated as the ratio of the minor to the major axis. The degree of 
crystallinity was assessed by X-ray powder diffraction (XRPD) and the specific surface area using a BET surface 
area and pore analyser (Quantachrome Nova 4200e, Quantachrome Ltd, UK) with nitrogen as the adsorbate. In 
vitro aerosolisation performance of the spray dried suspensions from an Aerolizer

®
 inhaler device was assessed 

by a next generation cascade impactor (NGI, Copley Scientific, UK), at a volumetric flow rate of 60 L min
-1

, 
actuated for 4 s intervals. The fine particle fraction (FPF %) was calculated as the ratio of the drug mass 
deposition on stages 3-8 of the impactor body (corresponding to an aerodynamic diameter < 4.46 μm) over the 
emitted dose. 

Results and Discussion: 

SEM images of starting materials and spray dried powders of microcomposites containing theophylline only (SD 
susp. THEO) and theophylline with mannitol 25:75 weight ratio (SD susp. THEO_MAN) are given in Fig.1.  

According to the micromeritic properties (Table 1), SD susp. THEO formulation exhibited a mean particle size of 
4.64 ± 0.87 μm, and its particles, although elongated, needle-like crystals, as the raw theophylline material (Fig.1a 
and c), showed a higher aspect ratio 0.41 ± 0.14, comparatively to the theophylline raw material (0.33 ± 0.18). 
The increase in the aspect ratio of the milled particles in the SD susp. THEO formulation indicates that 
theophylline crystals are more susceptible to breakage along their short axis

7
. The micro-composites of SD susp. 

THEO_MAN formulation consists of submicron theophylline and mannitol crystals assembled together with a 

mean particle size of 2.18 ± 0.30 μm (Fig. 1d and Table 1). Therefore, addition of mannitol during wet milling in 
isopropanol facilitated the size reduction of theophylline crystals and their agglomeration in spherical and porous 
microcomposites.  

 

Figure 1 SEM images of: (a) theophylline anhydrous as received, (b) mannitol, (c) SD susp. THEO 
and (d) SD susp. THEO_MAN formulations.  

http://imagej.nih.gov/ij/


Drug Delivery to the Lungs 26, 2015 - M. Malamatari et al. 

Table 1 Median diameter (d10, d50, d90) measured by laser diffraction, aspect ratio calculated with the 
ImageJ software, together with the specific surface area (SSA) measured by BET surface area and 
pore size analyser for the spray dried microcomposites and the raw materials used.  

Formulation 

 

Laser diffraction (4bar) 

 

Image 
analysis  

BET 

d10 (μm) d50 (μm) d90 (μm) 
Aspect 
Ratio 

SSA (m
2
 g

-1
) 

SD susp. THEO 1.17 ± 0.31 

 

4.64 ± 0.87 

 

13.80 ± 4.61 

 

0.41 ± 0.14 7.91 ± 0.27 

SD susp. 
THEO_MAN 

0.61 ± 0.08 

 

2.18 ± 0.30 

 

5.11 ± 1.22 

 

0.71 ± 0.12 11.57 ± 0.52 

THEO anhydrous 29.90 ± 7.76 124.12 ± 18.33 352.27 ± 54.75 0.33 ± 0.18 1.91 ± 0.11 

Mannitol 12.23 ± 0.34 68.07 ± 1.36 208.13 ± 3.96 0.58 ± 0.21 2.21 ± 0.14 

 

Regarding the solid state characterisation of the obtained microcomposites, they appear to be highly crystalline 
with theophylline to retain its anhydrous form I

6
 and mannitol its β-form. Reduction in the intensities of their XRPD 

peaks, compared to the raw materials (Fig. 2), can be attributed to the smaller (fine/ sub-micron) crystal size. 
Therefore, no polymorphic change or solvate formation during wet milling or spray drying occurred which is 
beneficial for their long-term physical stability.  

 

 

Figure 2 XRPD of theophylline anhydrous, mannitol, SD susp. THEO and SD susp. THEO_MAN 
formulations. 

The % deposition of theophylline in the various stages of NGI, is shown in Fig. 3 for the selected inhalable 
formulations. The SD susp. THEO formulation exhibited a fine particle fraction (FPF %) of 26.05 ± 7.11 % and a 
mass median aerodynamic diameter (MMAD) of 4.5 ± 1.1 μm, while the FPF % of SD susp THEO_MAN 
formulation was remarkably higher, 56.78 ± 3.54 %, and the MMAD smaller, 2.9 ± 0.1 μm. The enhanced 
aerosolisation performance of the spray dried suspensions of theophylline and mannitol can be attributed to their 
smaller particle size, more spherical shape and higher specific surface area that can be used as an indicator of 
their porosity.  
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Figure 3 Drug deposition profiles of inhalable formulations: spray dried suspension of theophylline 
alone (SD susp. THEO) and spray dried suspension of theophylline-mannitol 25:75 (SD susp. 
THEO_MAN), tested by using the NGI, at 60 L min

-1
, via the Aerolizer

®
 (mean + SD, n=3).  

Conclusions: 

Inhalable particles of theophylline in the absence and presence of mannitol were prepared by combining wet 
milling in isopropanol and spray drying. In both cases, the difficult to process needle-like crystals of theophylline 
managed to be reduced in size. The particles of both formulations exhibited sizes suitable for pulmonary delivery 
and were found to be in the same crystalline state as the starting material(s). However, simultaneous wet milling 
of theophylline and mannitol resulted in microcomposite particles in which submicron theophylline crystals were 
embedded in a porous mannitol framework. The enhanced aerosolisation efficiency of the latter formulation can 
be attributed to the smaller size, spherical shape and porous nature of the microcomposites. Wet milling of drugs 
in organic solvents in the presence of mannitol, followed by spray drying, can be used as a formulation approach 
for the production of respirable particles of water-soluble drugs. Maintenance of the crystalline state makes this 
approach preferable to micronisation by dry milling techniques, which is associated with limitations as drug 
amorphisation and performance variability.  

References: 

 

1.  Chow AHL, Tong HHY, Chattopadhyay P, Shekunov BY: Particle engineering for pulmonary drug 
delivery. Pharm. Res. 2007;24(3):411-437. 

2.  Yamasaki K, Kwok PCL, Fukushige K, Prud’homme RK, Chan H-K: Enhanced dissolution of inhalable 
cyclosporine nano-matrix particles with mannitol as matrix former. Int. J. Pharm. 2011;420(1):34-42. 

3.  Malamatari M, Bloxham M, Somavarapu S, Buckton G: Conversion of nanosuspensions to dry powders 
by spray drying: a platform for the preparation of inhalation particles. In: DDL25.; 2014:291-294. 

4.  Barnes PJ: Theophylline: new perspectives for an old drug. Am. J. Respir. Crit. Care Med. 
2003;167(6):813-8. 

5.  Yalkowsky SH, He Y: Handbook of Aqueous Solubility. CRC Press; 2003. 

6.  Phadnis N., Suryanarayanan R: Polymorphism in anhydrous theophylline- implications on the dissolution 
of theophylline tablets. J. Pharm. Sci. 1997;86:1256-1263. 

7.  Ho R, Naderi M, Heng JYY, Williams DR, Thielmann F, Bouza P, Keith AR, Thiele G, Burnett DJ: Effect of 
milling on particle shape and surface energy heterogeneity of needle-Shaped crystals. Pharm. Res. 
2012;29(10):2806-2816. 

8.  Alhalaweh A, Kaialy W, Buckton G, Gill H, Nokhodchi A, Velaga S.: Theophylline Cocrystals Prepared by 
Spray Drying: Physicochemical Properties and Aerolisolization Performance. AAPS PharmSci Tech. 
2013;14(1):265-276. 

9.  Salem H, Abdelrahim M, Eid KA, Sharaf M: Nanosized rods agglomerates as a new approach for 
formulation of a dry powder inhaler. Int. J. Nanomedicine 2011;6:311-320. 

10.  Rowe R, Sheskey P, Cook W, Fenton M: Handbook of Pharmaceutical Excipients. 7th ed. London: 
Pharmaceutical Press; 2012.  

 


