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Summary 

Several studies have demonstrated that the pulmonary delivery of small nucleic acids could be used in the 
management of various lung diseases and infections. Most formulations used in those studies are liquid aerosol 
which are not desirable for macromolecules like nucleic acids and proteins that are prone to hydrolysis and 
enzymatic degradation. A stable solid formulation of nucleic acid for inhalation is in demand. This study focused 
on formulating small nucleic acids (herring sperm DNA, with size below 50 base pairs) into inhalable dry powders 
by spray drying using mannitol and L-leucine as the excipients. Formulations of different compositions were 
prepared and their in vitro aerodynamic performances were evaluated using the Next Generation Impactor. The 
addition of L-leucine, as a dispersion enhancer, increased the fine particle fraction (FPF) by about 50% compared 
to those without L-leucine. At 0.75% w/w of DNA, powders with excipients of mannitol: L-leucine at 8:2 or 5:5 
achieved a FPF of 62%. When the amount of DNA was increased to 2% w/w, formulation with mannitol: L-leucine 
equalled 8:2 gave the highest FPF at 58%.  

Introduction 

Using small therapeutic nucleic acids for the management of diseases has become a popular direction for future 
medicine development. They can act on targets that are not accessible by traditional small molecules 

[1]
. Several 

clinical studies, noticeable the use of small interfering RNA (siRNA) for the treatment of respiratory syncytial virus 
(RSV) infections 

[2]
, as well as other in vivo studies involving the delivery of siRNA to the lungs 

[3]
, have 

successfully demonstrated the therapeutic potential of these nucleic acids. On the contrary, the development of 
inhalable nucleic acids formulations, particularly in dry powder forms, is lacking. Among the few techniques that 
could be exploited to prepare nucleic acid dry powders 

[4]
, spray drying stands out as it offers versatility that allows 

formulation scientists to design and engineer particles with properties that fit particular purposes, and its 
possibility to scale up to industrial manufacture.  

In the current study, we aimed to design and evaluate spray dried powders of small nucleic acids using mannitol 
and L-leucine as bulking agent and dispersion enhancer, respectively. It has been shown in previous studies that 
the addition of amino acids such as leucine or arginine could substantially improve the aerosolization performance 
of spray dried powders 

[5, 6]
. Herring sperm DNA (HSDNA; with size <50 base pairs) was chosen as a model 

nucleic acid as its size is comparable to other therapeutic nucleic acids such as siRNA and microRNA (miRNA), 
and the ease of supply. We anticipated that the result of this study would provide valuable insights regarding the 
direction and limitations in developing inhalable formulations for small nucleic acids. 

Experimental Methods and Materials 

Aqueous solutions of mannitol (Pearlitol 160C; Roquette, Lestrem, France) and L-leucine (J&K Chemical Ltd; 
Shanghai, China) was prepared. Crude HSDNA (Sigma; Poole, UK) was purified by ethanol precipitation before 
use. The concentration and the purity of the purified HSDNA solution were determined using an UV spectrometer. 
HSDNA solution with satisfactory purity would give a ratio of absorbance at 260nm and 280 nm of around 1.8. 
Solutions containing mannitol, L-leucine and purified HSDNA were prepared according to the formulations as 
shown in Table 1. These solutions were spray dried with a laboratory scale Büchi B-290 spray dryer (Büchi 
Labortechnik AG, Postfach, Switzerland) configured as closed loop and operated in suction mode. Other 
operating parameters were summarized in Table 2. Powders prepared were stored in glass vials inside a 
desiccator at room temperature until further analysis. 
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Formulation Mannitol: L-leucine (w/w) 
Percentage by mass 

Mannitol L-leucine HSDNA 

M10L0 Mannitol only 100 0 0 

M8L2 8:2 80 20 0 

M5L5 5:5 50 50 0 

0.75%-M10L0 Mannitol only 99.25 0 0.75 

0.75%-M8L2 8:2 79.4 19.85 0.75 

0.75%-M5L5 5:5 49.6 49.6 0.75 

2%-M10L0 Mannitol only 98 0 2 

2%-M8L2 8:2 78.4 19.6 2 

2%-M5L5 5:5 49 49 2 
Table 1 – Compositions of different spray dried formulations containing mannitol, L-leucine and HSDNA 

Parameters 
Inlet 

temperature 
Feed rate 

Feed 
volume 

Feed 
concentration 

Atomization Aspiration 

Values 80°C 1.4 ml/min 25 ml 1.5% w/v 742 L/h 35 m
3
/h 

Table 2 – Operating parameters of the spray dryer for producing HSDNA dry powders 

The in vitro aerodynamic performance of the powders were evaluated using the Next Generation Impactor (NGI) 
in accordance to the protocol as stated in the British Pharmacopoeia 2016 (Apparatus E). A Breezhaler

®
 (Novartis 

Pharmaceuticals (HK), Hong Kong) was selected as the model inhaler for its capsule-based design and low 
resistance. The resultant flow rate corresponding to a 4kPa pressure drop was 100 L/min. For each formulation 
an average of 8mg of powders were loaded into size 3 hydroxypropyl methylcellulose (HPMC) capsules 
(Capsugel, West Ryde, NSW, Australia). The trays of every impactor stage were coated with a thin layer of silicon 
grease (Slipicone; DC Products, Waverley, VIC, Australia) prior to dispersion to reduce particle bounce. To 
quantify the amount of powder deposited on each stage after dispersion, 4 ml of water was used to rinse and 
dissolve the collected powders. Each measurement used one capsule and the measurements were carried out in 
triplicate for each formulation. 

An HPLC system with a refractive index detector installed (Agilent Technologies; California, US) was used to 
quantify the amount of mannitol in each stage with ultrapure water as the mobile phase. The Agilent Hi-Plex Ca 
column (7.7 × 300mm, 8µm) was used. Recovered dose was calculated by the sum of mannitol quantified from all 
stages by the HPLC. Fine particle fraction (FPF) was defined as the fraction of powders with aerodynamic 
diameter under 5µm, with respect to the recovered dose. Surface morphology and surface atomic analysis of 
selected formulations were observed by scanning electron microscopy (SEM) (Hitachi S-4800 FEG Scanning 
Electron Microscope; Hitachi, Tokyo, Japan) and analyzed by x-ray photoelectron spectroscopy, respectively. 

Results and Discussions 

Mannitol was used as the bulking agent since it is biocompatible and has shown crystallinity upon spray drying 
conferring stability. L-leucine has been widely used to improve the dispersibility of particles and their aerodynamic 
properties. In the current spray drying conditions, the outlet temperature, which referred to the maximum 
temperature experienced by the particles, was 50°C. The production yield was satisfactory, ranging from 58.5% to 
75.9%. 

The FPF of all formulations was shown in Figure 1. Powders without DNA were included for comparison. Among 
formulations without L-leucine (with mannitol only, or mannitol with DNA), the FPF remained similar at about 38% 
when the mass percentage of DNA increased from null to 2%. When L-leucine was added to the formulation, a 
substantial increase in FPF of about 50% was seen at 0.75% DNA, from 37% to 62% for both 0.75%-M8L2 and 
0.75%-M5L5, and the improvement persisted when DNA composition was further increased to 2%. Interestingly, 
M8L2 demonstrated a poorer FPF than M10L0, suggesting a potential interaction between HSDNA and L-leucine 
may exist during the course of spray drying, which require further investigation. The optimal amount of L-leucine 
is also remained to be determined. 
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Figure 1 – Fine particle fraction expressed as percentage relative to the recovered dose 

The surface morphology of powders after the addition of L-leucine was studied using SEM. Figure 2 shows the 
morphology of formulations M10L0, M8L2 and M5L5. Spray dried mannitol gave a spherical particle with a 
smooth surface. With L-leucine incorporated into the formulation, the particle changed. Particles of M5L5 
formulation showed corrugated surface and irregular shape. These features could reduce inter-particle 
interactions and promote deagglomeration. It has been suggested that L-leucine, being more hydrophobic and 
less soluble in water than mannitol, would preferentially stay at the surface of the particle during spray drying, 
possibly forming an outer shell that encapsulates the particles 

[7]
. Surface atomic analysis was thus carried out 

using X-ray photoelectric spectrometry. The surface atomic concentration of mannitol, L-leucine and M5L5 was 
determined, as shown in Table 3. Concentration of nitrogen atoms could be used to estimate the amount of L-
leucine on the surface. The measured surface concentration of carbon, oxygen and nitrogen atoms resembled 
that of the L-leucine, suggesting a surface enrichment of L-leucine. 

 

Figure 2 – SEM images of M10L0, M8L2 and M5L5 at 10K and 20K magnification. Scale bar represents 5µm and 2µm at 
10K and 20K magnification, respectively 
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HSDNA was selected as a model of small nucleic acids for the purpose of formulation engineering. It is a mixture 
of nucleic acids of different sizes under 50 base pairs. As a result, structure integrity of HSDNA after spray drying 
would be difficult to evaluate. Nonetheless, when nucleic acids with well-defined characteristics such as siRNA or 
miRNA are formulated, the structural integrity after spray drying should be investigated by means of gel 
retardation assay or liquid chromatography. 

Percentage mass concentration 
of surface atoms 

Measured values Theoretical values 

Carbon Nitrogen Oxygen Carbon Nitrogen Oxygen 

Mannitol 57.2 0.0 52.8 42.9 0 57.1 

L-leucine 64.0 11.8 24.3 61.0 11.9 27.1 

M5L5 62.0 10.3 27.7 55.6 5.9 38.5 

Table 3 – Surface analysis of M5L5 using X-ray photoelectron spectroscopy 

Conclusions 

Dry powder formulations of small nucleic acids were prepared by spray drying, with mannitol and L-leucine used 
as bulking agent and dispersion enhancer respectively. The incorporation of L-leucine in the formulation could 
enhance the aerodynamic performance. These results were promising and served to offer a possibility to bridge 
investigational therapies into real clinical practice. Further studies involving small nucleic acids with therapeutic 
potential in suitable animal model will be carried out. 
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