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Summary:  

Controlled agglomeration of nanoparticles to micron- sized clusters has been proposed as an approach to deliver 

nanoparticles to the lungs combining enhanced pulmonary deposition and bioavailability of the drug. 

Indomethacin nanoparticle agglomerates stabilised with different surfactants and embedded in a matrix former, 

suitable for administration by dry powder inhalers (DPIs), were prepared and characterised. Indomethacin 

nanosuspensions (~ 250 nm) were prepared using wet bead milling in the presence of various stabilisers 

(Pluronics F127, F68 and TPGS 1000) and were further spray dried after the addition of mannitol and L- leucine. 

Scanning electron microscopy images revealed the composite structure of the dry powders to be spherical 

assemblies of indomethacin nanocrystals embedded in mannitol and L-leucine. The nanoparticle agglomerates 

appear to be highly crystalline (γ- form of indomethacin) and exhibited enhanced dissolution profiles (> 90% of 

the drug released in 5 mins) compared to raw indomethacin (< 20 % released in 10 mins). According to 

aerodynamic assessment using the Next Generation Impactor (NGI), the fine particle fraction for the different 

formulation was 49- 62% and the mass median aerodynamic distribution < 3.45 μm. Preparation of nanoparticle 

agglomerates by coupling wet bead milling and spray drying can be used as industrially feasible formulation- 

based approach to deliver nanoparticles of poorly soluble drugs to the lungs.  

 

Introduction:  

Several of pulmonary administered drugs exhibit poor aqueous solubility (corticosteroids, antifungals, 

oligopeptides and opioids) affecting their absorption and retention in the lung tissue and subsequently their 

therapeutic efficacy and safety (side effects) and dosing 
1
. Moreover, the classical formulation approach of 

micronisation of a drug for particle size reduction and delivery to the lungs, is notorious for generating amorphous 

domains on particle surface that can adversely influence the in vitro and in vivo performance of the inhalation 

formulation 
2
.  

 

Nanoparticles are one of the formulation approaches that can be used in order to overcome the problem of poor 

solubility. The administration of nanoparticles (NPs) to the lungs using DPIs appears problematic due to their 

small particle size resulting in their exhalation and poor powder flowability 
3
. However, if nanocrystals can be 

produced and then associated to make microparticular aggregates  there are advantages in avoiding the 

uncontrolled micronisation to make microparticles, which will usually be partially amorphous, and subject to 

variability in physical properties. 

 

Nanocrystals (also referred to as nanosuspensions as they are prepared in liquid media) are submicron colloidal 

dispersions of crystalline nanosized drug, stabilized by surfactants, polymers or a combination of both 
4
. Spray 

drying has been used as a post- processing tool for the solidification of nanosuspensions and their stabilisation in 

the solid state 
5
. Spray drying is a manufacturing technique of particular interest for respiratory drug delivery as 

particle characteristics (size, flowability, redispersibility, moisture content) can be controlled by formulation and 

process parameters. Micron- sized assemblies of nanoparticles (nanoparticle agglomerates) suitable for 

pulmonary delivery have been produced by spray drying liquid feedstock containing nanoparticles. Assembling of 

NPs to micro- sized clusters with required aerodynamic diameter has been proposed as an approach to 

“harmonize the advantages of nanoparticles with the aerodynamics of small microparticles so as to achieve 

improved bioavailability and aerosolisation behaviour of the drugs” 
6 7

. 

 

The aim of this study was the development of dry powder aerosols for delivering nanoparticles, by coupling wet 

bead milling and spray drying. Nanoparticle agglomerates (NAs) of a model poorly soluble drug (indomethacin, 

IND) with tailored properties for pulmonary delivery, were prepared and characterised. 

 

Materials and Methods: 

Nanosuspensions of IND were prepared using wet bead milling (Pulverisette 7 Premium, Fritsch Co., Germany). 

Two types of poly(oxyethylene)- poly(oxypropylene)- poly(oxyethelyne), ABA copolymers with different B:A 



 

 

 

segment ratio and total molecular weight [Pluronics F127 (0.33, 12600 g mol
-1

) and F68 (0.19, 8400 g mol
-1

)] and 

D- alpha tocopheryl polyethylene glycol 1000 (TPGS), were used in a concentration of 10% w/w with respect to 

the drug amount. The nanosuspensions were spray dried (Mini B290, Labortechnik Ab, Switzerland) after the 

addition of matrix formers (mannitol and L- leucine, 50% and 6.7% w/wIND respectively), under the following 

conditions, inlet temperature: 130 ± 3 
o
 C, outlet temperature: 42 ± 2 

ο 
C, aspirator rate: 35 m

2
 h

-1
, N2 flow rate: 

0.5 L s
-1

 and feed rate: 5 ml min
-1

.  

Nanosuspensions were characterised using photon correlation spectroscopy (Nano ZS, Malvern, UK). 

Microparticles of nanoparticle agglomerates were sized by use of laser diffraction, the morphology was studied by 

use of scanning electron microscopy (SEM), and the degree of crystallinity was assessed by use of X- ray 

powder diffraction (XRPD). The redispersibility and in vitro dissolution profiles (USP apparatus type II, phosphate 

buffer BP, pH: 6.8) were also studied. The in vitro aerosol performance was tested by use of the multistage Next 

Generation Impactor (NGI).  

Results and Discussion:  

After wet bead milling (180 mins), a fine and monodisperse nanosuspension of indomethacin was obtained for all 

the types of stabilisers used (z-average size ~ 250 nm). The type of stabiliser was found to influence the rate of 

particle size reduction but not the minimum size of nanocrystals. TPGS was found to achieve the fastest size 

reduction followed by Pluronics F68 and F127 respectively (Fig.1) 

 

 

Figure 1 z- average size plot for indomethacin nanosuspensions as a function of the duration of wet milling 

measured by photon correlation spectroscopy. 

SEM images revealed the composite structure of the spray dried nanosuspensions after the addition of matrix 

formers. They consist of nanocrystal assemblies embedded in a matrix of mannitol and L- leucine, forming 

microparticles with suitable geometric particle sizes for pulmonary drug delivery (Fig.2). The primary 

nanoparticles were generally 200-400 nm in diameter which is in agreement with the data of photon correlation 

spectroscopy of the liquid nanosuspensions. 

 

Figure 2 SEM images of indomethacin nanoparticle agglomerates containing matrix formers (50.000 x 

magnifications). The volume median diameter (D(v,0.5)) and span values, determined by laser diffraction are 
given for each formulation. Span= [D(v,0.9)-D(v,0.1)]/D(v,0.5).  



 

 

 

The obtained nanoparticle agglomerates appear to be highly crystalline indicating that the crystalline state of the 

drug was not affected neither by wet milling nor by spray drying. The crystallinity of nanoparticle agglomerates is 

beneficial for their long- term stability. Pluronic F68, F127 and TPGS are all suitable as stabilisers for the 

production of indomethacin nanoparticle agglomerates as they did not alter the crystalline state (γ- form) of 

indomethacin (Fig. 3). 

 
Figure 3 XRD patterns of indomethacin, nanoparticle agglomerates of indomethacin with matrix formers and 

spray dried mannitol and L- leucine 

The formulations of nanoparticle agglomerates containing Pluronics and TPGS exhibited enhanced dissolution 

profiles compared to the raw drug. All the formulations of nanoparticle agglomerates containing matrix formers 

released >90% of IND in the first 5 mins compared to the raw drug that released <20% in the first 10 mins (Fig.4). 

The increased dissolution performance of the nanoparticle agglomerates can be attributed to the solubilising 

effect of the stabilisers, the increased surface area of nanoparticles and the presence of mannitol, which as a 

hydrophilic matrix, acts as a dissolution enhancer.  

 
Figure 4 Dissolution profiles of raw indomethacin and nanoparticle agglomerates containing matrix formers 

(mean + SD, n=3) 

The % IND deposition in the various stages of NGI is shown in Fig.5. The fine particle fraction (% FPF) and mass 

median aerodynamic diameter (MMAD) are 61.9 ± 1.6 %, 3.45 ± 0.1 μm for the nanoparticle agglomerates 

stabilised with F68, 57.0 ± 2.2 %, 3.44 ± 0.1 μm for the formulation with TPGS and 48.9 ± 4.2%, 3.40 ± 0.1  for 

the formulation with F127.  



 

 

 

 
Figure 5 Drug deposition profiles of nanoparticle agglomerates containing matrix formers in the Next Generation 

Impactor at 60 L min-1 via the Cyclohaler ® (mean + SD, n=3) 

Conclusions:  

Production of nanosuspensions by wet bead milling and further solidification to nanoparticle agglomerates by 

spray drying can be used as a platform for delivering nanoparticles to the lungs. It can be used as a universal 

approach for the production of respirable particles of hydrophobic drugs. The nanoparticle agglomerates 

embedded in matrix formers combine the advantages of high aerolisation efficiency and increased dissolution. 

The high crystallinity makes them preferable to micronized microparticles which suffer from amorphous content 

and variable performance. 
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