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A B S T R A C T   

Thermostable dry powder inhaler (DPI) formulations with high aerosol performance are attractive inhalable solid 
dosage forms for local treatment of inflammatory lung diseases. We recently demonstrated that lipidoid-polymer 
hybrid nanoparticles (LPNs) loaded with small interfering RNA (siRNA) directed against tumor necrosis factor 
alpha (TNF-α) mediate efficient intracellular siRNA delivery and reduce inflammation in vivo. Here, we show that 
mixtures of the stabilizing excipients trehalose (Tre) and dextran (Dex), in combination with the shell-forming 
dispersion enhancer leucine (Leu), stabilize TNF-α siRNA-loaded LPNs during spray drying into nano-
composite microparticles, and result in DPI formulations with high aerosol performance. At low Leu content (0 to 
10%, w/w), the DPI formulations were amorphous, and exhibited poor aerosol performance. When the Leu 
content was increased from 20 to 60% (w/w), the surface content of Leu increased from 39.2 to 68.1 mol%, and 
the flowability was significantly improved. Microscopy analysis suggest that the improved powder dispersibility 
is the result of a wrinkled surface morphology, which reduces the surface area available for interparticle in-
teractions. Increasing the Leu content further (to above 10%, w/w) did not influence the aerosol performance, 
and the aerosol yield was maximal at 30–40% Leu (w/w). Formulations containing 40% Leu and a Tre:Dex ratio 
of 10:90 (w/w) displayed a high fine particle fraction and aerosol properties suitable for inhalation. The chemical 
integrity of TNF-α siRNA was preserved in the solid state, and biodistribution studies in mice showed that 
pulmonary administration of DPI formulations with high aerosol performance resulted in homogenous deep lung 
deposition. Our results demonstrate that at optimal ratios, ternary excipient mixtures of Leu, Tre and Dex protect 
TNF-α siRNA-loaded LPNs during spray drying. Hence, this study shows that microparticles with an amorphous 
Tre/Dex matrix and a crystalline Leu shell efficiently stabilize the nanocomposite LPNs in the solid state, and 
ensure aerosol properties suitable for inhalation.   

1. Introduction 

Thermostable dry powder inhaler (DPI) formulations with high 
aerosol performance are particularly attractive solid dosage forms for 
local treatment of inflammatory lung diseases, e.g., chronic obstructive 
pulmonary disease (COPD) and asthma. With thermostable DPI formu-
lations, the requirement for refrigeration is eliminated, which facilitates 
the global distribution of drugs, especially in low-income countries, 
where the number of deaths caused by chronic pulmonary diseases is on 
the rise (WHO, 2020). In addition, pulmonary administration has 

become an increasingly attractive strategy for local and targeted de-
livery of drugs to the airways, because it: (i) allows direct delivery of the 
drug to the pharmacological target, and (ii) reduces systemic drug 
exposure and hence side effects (Shaffer, 2020). Inhalation therapy thus 
represents a cornerstone in the treatment of inflammatory lung diseases 
(Xu et al., 2021). 

A hallmark of inflammatory lung diseases is increased levels of in-
flammatory mediators (Barnes, 2013), and blocking one or several of 
these mediators is a frequently used strategy for the treatment of chronic 
inflammatory diseases. For example, in COPD patients, tumor necrosis 
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factor alpha (TNF-α) levels are upregulated, and inhibition of TNF-α has 
in many cases been shown to be an effective therapy for patients with 
inflammatory diseases (Rennard et al., 2007). Hence, inhibiting airway 
inflammation and hyper-responsiveness by silencing TNF-α expression 
with small interfering RNA (siRNA) is a viable approach (Choi et al., 
2017; Mei et al., 2020; Thanki et al., 2017). Recently, we designed an 
siRNA delivery technology based on lipidoid-polymer hybrid nano-
particles (LPNs) and demonstrated efficient intracellular delivery of 
TNF-α siRNA, both in vitro and in vivo (Jansen et al., 2019; Thanki et al., 
2017). 

Customizing the aerodynamic properties of DPI formulations is 
required for aerosol delivery to specific areas of the lungs. Common 
descriptors of the aerosol performance of DPI formulations are the fine 
particle fraction (FPF) and the median mass aerodynamic diameter 
(MMAD). Additional critical quality attributes (CQAs) of DPI formula-
tions are: (i) the surface morphology, (ii) solid-state properties, and (iii) 
the residual moisture content (Xu et al., 2021). Previously, we optimized 
parameters critical for the co-spray drying of TNF-α siRNA-loaded LPNs 
and the stabilizing excipient mannitol (Dormenval et al., 2019). How-
ever, despite the pronounced stabilizing effect of mannitol, which pro-
tected the siRNA-loaded LPNs during drying and in the solid state, the 
resulting DPI formulations displayed very poor dispersibility and low 
aerosol performance (unpublished data), which underlines the need for 
a dispersion enhancer. 

Hydrophobic amino acids, e.g., leucine (Leu), valine and tryptophan, 
are commonly employed to improve the aerosolization properties of DPI 
formulations for pulmonary administration (Li et al., 2016; Lu et al., 
2019). Leu is frequently used to produce wrinkled spray-dried particles 
with low surface energies, and it improves the aerosolization properties 
of inhalable microparticles by preventing particle agglomeration 
(Ordoubadi et al., 2021). However, a single excipient is rarely sufficient 
for: (i) preserving the bioactivity of complex biopharmaceuticals, e.g., 
siRNA and nanoparticles, during drying and in the solid state, and (ii) 
ensuring a high aerosol performance (Dormenval et al., 2019). Saccha-
rides and sugar-derived polyols are commonly used as cryo- and lyo-
protectors for biopharmaceuticals and nanoparticles. However, no 
studies have been conducted to systematically optimize the solid-state 
properties and aerosol performance of DPI formulations of nano-
particles, co-spray-dried with excipient mixtures of saccharide(s) and 
Leu. 

The purpose of this study was to investigate the design requirements 
for DPI formulations of TNF-α siRNA-loaded LPNs with high aerosol 
performance. The nanoparticles were co-spray-dried with the saccha-
rides trehalose (Tre) and dextran (Dex) as stabilizing excipients and Leu 
as dispersion enhancer applying previously optimized spray drying 
process parameters (Dormenval et al., 2019). We investigated in detail 
the effect of the Leu content (0 to 100%, w/w) on: (i) the dry powder 
yield, (ii) the MMAD, (iii) the residual moisture content, and (iv) the 
surface morphology. Additional solid-state analyses were conducted to 
investigate the crystallinity, molecular interactions, and the surface 
composition. The aerosol performance of the DPI formulations was 
characterized by using the PreciseInhale™ (PI) dispensing system (Selg 
et al., 2013) and the Next Generation Impactor (NGI), respectively. The 
chemical stability of the TNF-α siRNA and the lipid component of LPNs 
in the DPI formulations was measured by using high-performance liquid 
chromatography (HPLC). Finally, optical imaging was used to assess the 
biodistribution of the DPI formulations after pulmonary administration 
in mice (Bhide et al., 2018). 

2. Materials and methods 

2.1. Materials 

2′-O-Methyl-modified dicer substrate asymmetric siRNA duplexes 
directed against TNF-α (17928.3 g/mol) and negative control, fluo-
rescently labelled with Alexa Fluor® 750, were synthesized and kindly 

provided by GlaxoSmithKline (Stevenage, UK) as dried, purified and 
desalted duplexes (Table S1). Poly(lactic-co-glycolic acid) (PLGA, lac-
tide:glycolide molar ratio 75:25, MW: 20 kDa) was procured from Wako 
Pure Chemical Industries (Osaka, Japan). Lipidoid (L5N12) was synthe-
sized, purified, and characterized as previously reported (Thanki et al., 
2017). Trehalose dihydrate (Tre), L-leucine (Leu), and poly(vinyl 
alcohol) (PVA) 403 with an average molecular weight of 30–70 kDa 
(87–90% degree of hydrolysis) were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). Dextran (Dex, 6 kDa) was obtained from Alfa Aesar 
(Haverhill, MA, USA). Heparin and octyl β-D-glucopyranoside (OG) 
were procured from Biochrom (Berlin, Germany) and Sigma-Aldrich, 
respectively. Quant-iT™ RiboGreen® RNA Reagent and Tris–EDTA 
buffer (TE buffer, 10 mM Tris, 1 mM EDTA, pH 8.0) were acquired from 
Molecular Probes, Invitrogen (Paisley, UK). RNase-free diethyl pyro-
carbonate (DEPC)-treated Milli-Q water was used for all buffers and 
dilutions. 

2.2. Preparation of TNF-α siRNA-loaded LPNs and physicochemical 
characterization 

L5N12-based LPNs, loaded with either TNF-α siRNA or Alexa Fluor® 
750-labelled negative control siRNA, were prepared by using the double 
emulsion solvent evaporation method, essentially as reported previously 
(Thanki et al., 2019b). The L5N12 content relative to the total solid 
content (L5N12 and PLGA) was 15% (w/w), and the L5N12:TNF-α siRNA 
ratio was 15:1 (w/w), as previously optimized (Lokras et al., 2020). The 
physicochemical properties, i.e. z-average, polydispersity index (PDI), 
zeta potential, and siRNA encapsulation efficiency (EE), were deter-
mined as described (Thanki et al., 2019b). 

2.3. Co-spray drying of TNF-α siRNA-loaded LPNs and excipient(s) into 
nanocomposite microparticles 

Nanocomposite microparticles (DPI formulations) were prepared by 
co-spray drying LPNs dispersions and excipient(s) (Tre, Dex and Leu). 
Excipients and LPNs at 5% (w/w) loading and 25 mg/mL stock con-
centration were dispersed in DEPC-treated water in a total volume of 10 
mL and co-spray-dried by using a co-current Büchi B-290 spray dryer 
(Büchi Labortechnik, Flawil, Switzerland) equipped with a nozzle 
atomizer with an orifice diameter of 2.0 mm (Dormenval et al., 2019). 
Nitrogen was used as the atomizing gas. The spray dryer was operated at 
a feed rate of 1.53 mL/min, an atomizing airflow of 721 L/h, an aspi-
rator capacity of 90%, an inlet temperature of approximately 82 ◦C, and 
an outlet temperature of 50 ◦C (Dormenval et al., 2019). Dry powders 
were separated from the drying gas by centrifugal forces by using a high- 
performance cyclone (Büchi Labortechnik). All DPI formulations used in 
this study are based on siRNA-loaded LPNs, co-spray-dried by using 
different excipient mixtures. Below, all percentages in the DPI formu-
lations are presented as mass percentages relative to the total mass of 
excipients. 

2.4. Dry powder yield, aerodynamic particle size and morphology 

The dry powder yield was determined as the mass of DPI formulation 
collected after spray drying, relative to the initial total dry mass before 
spray drying, according to Eq. (1): 

Drypowderyield%=
Weight of powder collected after spray drying
Weight of total dry mass used for spray drying

×100%

(1) 

The aerodynamic particle size (MMAD) of the DPI formulations was 
determined by using an Aerodynamic Particle Sizer (APS) Spectrometer 
3321 (TSI, Shoreview, MN, USA) equipped with a Small-Scale Powder 
Disperser (TSI) to generate aerosols, as described previously (Jensen 
et al., 2012). The Aerosol Instrument Manager® Software, Release 
Version 8.1.0.0 (TSI) was used for data acquisition and analysis. 

Y. Xu et al.                                                                                                                                                                                                                                       
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Microparticle morphology was investigated by using scanning electron 
microscopy (SEM, TM3030, Hitachi High-Tech Europe, Krefeld, Ger-
many) at an accelerating voltage of 15 kV, a working distance of 5.8 mm, 
and an emission current of 53.5 A. Prior to imaging, the samples were 
coated under vacuum with gold in an argon atmosphere by using a 
Sputter Coater 108 auto (Cressington Scientific Instruments, Watford, 
UK). A low scanning speed was used to enhance the resolution, and 
images were acquired at ×4000 magnification. The samples were 
analyzed in triplicates. 

2.5. X-ray powder diffraction (XRPD) 

XRPD analysis of the DPI formulations was performed by using an 
X’Pert PRO X-ray diffractometer (PANalytical, Almelo, The 
Netherlands) applying Cu-Kα radiation (λ = 1.54187 Å) at an angular 
increment of 0.04/s, and a count time of 2 s. The acceleration voltage 
and current were 45 kV and 40 mA, respectively. Measurements were 
taken from 5◦ to 35◦ 2θ by using a step size of 0.02◦ 2θ. Data were 
collected and analyzed by using the software X’Pert HighScore Plus 
(PANalytical). The samples were analyzed in triplicates. 

2.6. Residual water content and thermal analysis 

The residual water content in the DPI formulations was determined 
by using a Discovery thermogravimetric analyzer (TGA Q50, TA In-
struments, New Castle, DE, USA). Approximately 10 mg sample was 
placed in a platinum pan, and data were collected between 30 and 
300 ◦C at a heating rate of 30 ◦C/min. Thermal analysis was performed 
by using a Discovery differential scanning calorimeter (TA Instruments). 
Approximately 5 mg of each DPI formulation was weighed into 
aluminum Tzero pans (TA Instruments), which were sealed with 
aluminum Tzero lids (TA Instruments). The samples were heated from 
− 20 ◦C to 160 ◦C at a heating rate of 2 ◦C/min with a modulation 
amplitude of 0.2120 ◦C and a period of 40 s. The Trios software (TA 
Instruments) was used to determine the glass transition temperature 
(Tg). 

2.7. Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) 
spectroscopy 

ATR-FTIR spectroscopy analyses were performed by using a Nicolet 
380 FTIR (Thermo Scientific, Madison, WI, USA) with an attenuated 
total reflection accessory (ATR, Smart iTR, Thermo Scientific). A wave 
number range from 800 to 4000 cm− 1 was used with 128 scans at 2 cm− 1 

resolution. Data were analyzed by using the OMNIC software version 
8.1.11 (Thermo Fisher Scientific, East Grinstead, UK). The samples were 
analyzed in triplicates. 

2.8. X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) was performed by using an 
XPS-Nexsa surface analysis system (Thermo Fisher Scientific) applying a 
400 μm X-ray spot size of monochromatized Al-Kα radiation, and charge 
compensation was employed to avoid charging of insulating powder 
samples. Survey spectra were acquired at a pass energy of 200 eV, a step 
size of 1 eV, scan numbers of 5, and a dwell time of 10 ms per step. High- 
resolution spectra were obtained at a pass energy of 50.0 eV, a step size 
of 0.1 eV, scan numbers of 20, and a dwell time of 50 ms per step. The 

elemental composition was determined from the collected survey 
spectra by using the Avantage software package (Thermo Fisher Scien-
tific). The samples were analyzed in triplicates. 

2.9. Aerosol performance measured by using the PreciseInhale® system 

The PreciseInhale® (PI) dispensing system (Inhalation Sciences, 
Huddinge, Sweden, Fig. S1), containing an active aerosol dosing system 
integrated into the exposure control program, was used to investigate 
the aerosol performance of the DPI formulations (Fioni et al., 2018). The 
PI system includes the data logging instrument CEL-712 Microdust Pro 
Real-time Dust Monitor (Casella, Bedford, UK), which displays real-time 
graphical dust levels. The PI system was used to generate the aerosols, as 
previously described (Selg et al., 2013). Briefly, DPI formulation was 
loaded into the powder loading chamber and vertically ejected by means 
of a short high-pressure air jet (generation pressure) through a nozzle 
into a cylindrical holding chamber (approximately 330 mL, Fig. S1). The 
dry powder aerosol was transferred by using an airflow from the holding 
chamber to filters placed on the exposure block. Subsequently, the filters 
were collected for gravimetric analysis. The rate of aerosol transfer is 
controlled by either superimposed over- and/or under-pressure created 
downstream by using a vacuum pump (superimposed airflow). During 
aerosol generation, approximately 1 mg DPI formulation was loaded 
onto the retractable powder chamber bottom, inserted into the PI sys-
tem, and secured. The aerosol exposure time was 90 s, and the flow rate 
was 400 mL/min. The PI settings, which provided the most optimal dry 
powder aerosols, were identified by using a quality-by-design approach 
(unpublished data). Briefly, an aerosol generation pressure of 135 bar 
and a main valve reset pressure of 65 bar were applied. A pre-exposure 
aerosol mixing period of 1 s and a pressure chamber volume displace-
ment of 4.5 mm were used. The purpose of the aerosol-generation pro-
cedure was to test the flowability of the DPI formulations, which was 
measured as the Casella maximum concentration (Cmax) (Selg et al., 
2013). The amount of aerosol likely to be deposited on the inhalation 
filter (Mcas) and the Cmax of each DPI formulation were measured five 
times by using the Casella Microdust Pro Monitor. The percentage of DPI 
formulation deposited on the end filter placed on the exposure block was 
measured as the aerosol yield according to Eq. (2).   

The aerodynamic particle size distribution (PSD) of the DPI formu-
lations was analyzed by cascade impaction analysis by using the PI 
system equipped with a 9-stage Marple Cascade Impactor (MSP Corpo-
ration, Shoreview, MN, USA) [4]. The Marple Cascade Impactor was 
attached to the exposure outlet of the PI system and operated at a flow 
rate of 2 L/min. The PI system was operated by using the settings 
described above. DPI formulations were captured by means of impaction 
on the cascade impactor stages, based on their sizes. A superimposed 
flow (exposure airflow) of 66 mL/min was applied to the pneumo-
tachograph, which commensurates with the superimposed flow needed 
to ensure that fresh aerosol is presented to the animals during in vivo 
exposure (unpublished data). The remaining 1930 mL/min airflow was 
drawn in through the dilution air inlet to the impactor. The PSD was 
calculated by gravimetric measurement of particles deposited on each 
stage of the impactor. The measurements were performed in triplicate. 

Aerosol yield% =
End filter weight after exposure (mg) − End filter weight before exposure (mg)

Powder mass loaded into the powder chamber (mg)
× 100% (2)   

Y. Xu et al.                                                                                                                                                                                                                                       
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2.10. Particle deposition measured by using a multi-stage impactor system 

The ex vivo lung deposition behavior of the DPI formulations loaded 
into a clinical inhaler device was investigated by using the Next Gen-
eration Pharmaceutical Impactor (NGI, Copley Scientific, Nottingham, 
UK) with a mouth piece adapter and an induction throat (USP throat). 
The stages were coated with a mixture of isopropanol and propylene 
glycol (1:1, v/v) to decrease powder bounce. An equivalent amount of 
50 ± 0.5 mg DPI formulation was loaded manually in a size 3 capsule 
(Capsugel, Bornem, Belgium) and dispersed through an Aerolizer® dry 
powder inhaler (Novartis, Basel, Switzerland). A standard pharmacopeia 
dispersion procedure was used (USP 39 〈601〉), whereby 4 L air was 
passed through the inhaler at an airflow rate of 100 L/min for 2.4 s, with 
a pressure drop of approximately 4 kPa across the device. DPI formu-
lation remaining in the capsule and inhaler, and emitted onto each stage 
of the impactor, was rinsed with 3 mL DEPC-water (the USP throat was 
rinsed with 6 mL), and the sample was up-concentrated by ultracentri-
fugation before quantification of the PLGA content by using HPLC 
(Supplementary Material, 13). The FPF% and the emitted dose (ED%) 
were calculated according to Eqs. (3) and (4): 

FPF% =
Fine particle dose ( ≤ 3.42 μm)

Initial mass in capsule
× 100% (3)  

ED% =
Initial mass in capsule − Final mass remaining in capsule

Initial mass in capsule
× 100%

(4) 

The MMAD and the geometric standard deviation (GSD) were 
calculated by using a cumulative percent mass method. The samples 
were analyzed in triplicate. 

2.11. In vivo imaging of formulations in mice after pulmonary 
administration 

Female 8–10 weeks old BALB/cOlaHsd mice (Envigo, Limburg, The 
Netherlands) were housed in individually ventilated cages under spec-
ified pathogen-free conditions and allowed to acclimatize for at least one 
week upon arrival. Autoclaved water and food (standard rodent diet, 
Brogaarden, Lynge, Denmark) were provided ad libitum. All experi-
mental work was approved by the Danish National Experiment Inspec-
torate under permit 2016-15-0201-01026. The studies were performed 
in accordance with the European Community directive 86/609 for the 
care and use of laboratory animals. The diet was changed to a 
chlorophyll-free diet (AIN-76A, Brogaarden) at least 7 days prior to 
experimentation. In vivo imaging was performed after pulmonary 
administration of: (i) liquid LPN dispersion, (ii) DPI formulation 
reconstituted in water, or (iii) DPI formulation of LPNs loaded with 
Alexa Fluor® 750-labelled siRNA. Mice were divided into three groups 
of three individuals and anaesthetized by intraperitoneal injection of 
ketamine (MSD Animal Health, Copenhagen, Denmark)/xylazine 
(Rompun Vet, Bayer, Copenhagen, Denmark) 100/5 mg/kg, respec-
tively, and placed on a rodent tilting work stand (Hallowell EMC, 
Pittsfield, MA, USA). For the liquid LPN dispersion and the reconstituted 
DPI formulation, mice were dosed with a total volume of 50 μL formu-
lation that was adjusted to 36 μg/mL Alexa Fluor® 750-labelled siRNA 
(approximately 1.82 μg Alexa Fluor® 750-labelled siRNA/mouse) by 
dilution with tris buffer (pH 7.4). The MicroSprayer®/Syringe Assembly 
(MSA-250-M, PennCentury, Wyndmoor, PA, USA) was used for pulmo-
nary administration of liquid and reconstituted DPI formulation, as 
previously described (Bivas-Benita et al., 2005). Mice were dosed 
endotracheally with the DPI formulations by using a DRY, 2020 (DP-4M; 
PennCentury) attached to a PennCentury Air Pump (Model AP-1). The 
powder was administered by using five puffs of air of 200 μL, generated 
by using the air pump connected to the insufflator. The administered 
dose was determined by weighing the insufflator before and after the 
five air puffs. The average emitted dose from the insufflator was 1.26 ±

0.15 mg powder (Fig. S12). For each animal, approximately 2 mg DPI 
formulation of LPNs loaded with 1.82 μg Alexa Fluor® 750-labelled 
siRNA was used to load the insufflator. Imaging was performed imme-
diately (t = 0) and 1 h after dosing by using the In Vivo Imaging System 
(IVIS) Lumina XRMS (PerkinElmer, Waltham, MA, USA). During imag-
ing, the mice were anesthetized using isoflurane (1–3% for maintenance, 
up to 4% for induction) and oxygen from a precision vaporizer. The 
animals were monitored closely for behavioral as well as physical pa-
rameters by using score sheets to assess their welfare. Mice were 
euthanized 1 h post administration by using CO2, and the lungs and the 
trachea were isolated. Lung tissue (either whole lungs or dissected lung 
lobes) was placed into petri dishes and imaged at an excitation wave-
length of 715 nm and an emission wavelength of 745 nm. The intensity 
of the emitted light (photons/s/cm2/steradian) was quantified by using 
the Living Image® Software v4.3.1 (PerkinElmer). The distribution of 
the formulations was also assessed by calculating the relative percentage 
of the dose in the trachea and the individual lung lobes (Eq. (5)). 

Relativedose(%)=
Fluorescence intensity intrachea or individual lung lobes

Total fluorescence intensity in lungs
×100%

(5)  

2.12. Statistics 

Data was analyzed by using the GraphPad Prism software (version 
8.4.2, La Jolla, CA, USA). Data is represented as mean values ± standard 
deviation (SD). Statistically significant differences were assessed by 
using ANOVA followed by Tukey’s multiple comparisons test. A p-value 
≤ 0.05 was considered statistically significant. 

3. Results 

3.1. Effect of excipient composition on the particle formation process: 
Theoretical considerations 

The Peclet number (Pei) and the surface enrichment of a component i 
(Ei) (Supplemetary Material, 1) can be used to predict the radial distri-
bution of the individual components in the droplets during the spray 
drying process. Hence, we first calculated the Pei and Ei values for Tre, 
Dex, Leu and LPNs by using eqs. S1-4 (Table S2). The normalized time 
required for each excipient (Tre, Dex, and Leu) at different concentra-
tions to reach (i) the true density (tt,tre/td and tt,dex/td), (ii) saturation (tsat, 

leu), and (iii) critical supersaturation (tn,leu) were calculated by using eqs. 
S5-9 (Fig. 1). The feed concentrations of each component and the 

Fig. 1. Calculated normalized time for DPI formulations of siRNA-loaded LPNs, 
co-spray-dried with excipient mixtures with different Leu content (w/w), to 
reach tt,Tre/td and tt,Dex/td, tsat,Leu, and tn,Leu. The red circle represents the 
formulation may result in the formation of amorphous powders. Note: The 
excipient percentage provided for all DPI formulations represents the mass 
percentage (w/w) of Leu, relative to the total excipient mass (excluding the 
siRNA-loaded LPNs). 
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densities used for the calculations are provided in Table S3. It is evident 
that a low Leu content of 5 or 10% (w/w) may result in the formation of 
amorphous powders, because the time it takes for Dex to reach the true 
density (tt,dex/td) is shorter than the time it takes for Leu to reach critical 
supersaturation (tn,leu, Fig. 1, red circle). At higher Leu content, the 
formation of Leu crystals is initiated before reaching the true density of 
saccharides (tt,dex/tre/td < tn,leu). In contrast, polysaccharides like Dex do 
not undergo nucleation and crystal growth resulting in amorphous 
powders. To investigate the effect of using a combination of excipients, 
the experiments described in the next section were performed. 

3.2. Preparation and characterization of DPI formulations of TNF-α 
siRNA-loaded LPNs 

The TNF-α siRNA-loaded LPNs displayed a z-average of 205.1 ± 9.2 
nm, a PDI of 0.115 ± 0.025, and a zeta potential of 19.4 ± 3.6 mV, 
which is in accordance with our previously reported data (Jansen et al., 
2019). The TNF-α siRNA encapsulation efficiency (65.8 ± 6.4%) and 
loading (6.98 ± 0.71 μg/mg) were also comparable to our previous data 
(Jansen et al., 2019). 

First, we investigated the effect of the Tre to Dex weight ratio (5–50% 
Tre relative to Dex) to identify the saccharide composition, which results 
in DPI formulations with optimal aerosol performance. Overall, the DPI 
formulations displayed poor aerosol properties in the PI system (Fig. S2- 
4). DPI formulations of siRNA-loaded LPNs, co-spray-dried with a binary 
Tre:Dex excipient mixture at a weight ratio of 10:90, had the highest 
powder yield, a corrugated surface, and displayed the highest aerosol 
performance in the PI system. However, due to the relatively poor 
aerosol performance of these formulations, Leu was introduced as an 
anti-cohesive excipient in the formulations (Li et al., 2016; Lu et al., 
2019), and it was tested at a fixed percentage (20%, w/w) in 

combination with Tre and Dex, which were used at ratios of 10:90, 
20:80, or 30:70 (w/w) (Fig. S5-7). The DPI formulations prepared with 
Tre and Dex at a weight ratio of 10:90 (w/w) displayed the highest 
powder yield, a corrugated surface, and the best aerosol performance in 
the PI system. The TNF-α siRNA-loaded LPNs were then co-spray-dried 
with the binary Tre:Dex mixture at 10:90 (w/w) in the presence of 
different weight ratios of Leu (Table S4). At most excipient weight ratios, 
the LPNs displayed preserved physicochemical properties upon recon-
stitution of the DPI formulations (Table S5). At lower Leu content (w/w), 
there were no significant differences in the z-average, PDI and zeta po-
tential of LPNs before and after spray drying, whereas the z-average 
increased significantly at Leu contents above 70% (w/w). The average 
dry powder yield for all DPI formulations was above 80%, and there was 
no statistical significant difference between the yields of the different 
DPI formulations (Fig. 2A). The MMAD of all formulations prepared 
with Leu and Tre/Dex ranged from 2.5 to 4.5 µm (Fig. 2B), and a sta-
tistically significant decrease in the MMAD was observed when 
increasing the Leu content from 0 (4.5 µm) to 100% (2.5 µm) (p <
0.001). 

In the absence of Leu, the DPI formulations displayed a high residual 
moisture content of approximately 6.3% (Fig. 2C). There was almost no 
difference in the residual moisture content when the Leu content was 
increased from 0 to 10% (w/w). At higher Leu content (w/w), the re-
sidual moisture content decreased as a function of the Leu content. 
However, when the total saccharide content was kept constant at 95 mg, 
the residual moisture content still decreased with increasing Leu% 
(Fig. S8), suggesting that the decrease in residual moisture content is 
caused by a higher Leu content and not by a lower saccharide content 
(w/w). 

The presence of Leu also affected the thermal properties of the DPI 
formulations of the siRNA-loaded LPNs (Fig. 2D). It is apparent from the 

Fig. 2. Effect of Leu content on the dry powder yield (A), the MMAD (B), the residual moisture content (C), and the thermal behavior (D) of DPI formulations of 
siRNA-loaded LPNs. Leu (%) is the content of Leu relative to the total mass of excipients (w/w), i.e. Leu, Tre and Dex. The Tre to Dex ratio was kept constant at 10:90 
(w/w). For all analyses, the Leu content was increased, while the saccharide content was reduced to keep the total solid content constant (w/w, 25 mg/mL). Data 
represent mean values ± SD (n = 3). Results significantly different are indicated: p < 0.05 (*), and p < 0.001 (***), (ns: not significant). 
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thermograms that the moisture loss for the DPI formulations containing 
5–30% Leu (w/w) shifted toward lower temperature ranges, which 
suggests that water is less tightly bound in these formulations, as 
compared to the water bound in DPI formulations containing binary 
mixtures of Tre and Dex (10:90, w/w). The TGA thermograms show that 
the percentage of mass loss peaked at approximately 150 ◦C and 
220–250 ◦C at Leu contents below 40% (w/w), whereas the percentage 
of mass loss peaked at ~220 ◦C at Leu contents above 40%. 

3.3. The Leu content of DPI formulations influences the particle 
morphology 

The addition of Leu had a pronounced effect on the morphology of 
the DPI formulations of siRNA-loaded LPNs (Fig. 3). Upon addition of up 
to 20% Leu (w/w), the particles displayed a smooth and largely spher-
ical appearance with a wrinkled surface, but less uniform particles were 
also present. At a Leu content of 20–30% (w/w), the microparticle 
morphology changed gradually from rough (but spherical) particles at 
20% Leu (w/w) to more doughnut-like particles at 30% Leu (w/w). DPI 
formulations containing 40 and 50% Leu (w/w) showed a dimpled but 
smooth surface morphology (Fig. 3). No visible aggregates were 
observed for DPI formulations containing less than 50% Leu. At a Leu 
content higher than 60% (w/w), the DPI formulations contained hollow 
and more fragmented particles. 

3.4. Solid state analysis of DPI formulations 

The solid state of the DPI formulations of siRNA-loaded LPNs was 
investigated by using XRPD. Unprocessed Tre and Leu displayed distinct 
diffraction peaks (Fig. S9A and B) confirming their crystalline state. In 
contrast, only one broad halo was observed in the diffractogram of un-
processed Dex (Fig. S9C), indicating its amorphous form. The dif-
fractograms of DPI formulations of LPNs co-spray-dried only with 
saccharides also displayed one broad halo, which suggests an amor-
phous form (Fig. 4A). Upon addition of 5–10% Leu (w/w), the powders 

remained amorphous (Fig. 4A), which is in accordance with the theo-
retical calculations of particle formation (Fig. 1). Upon inclusion of more 
than 20% Leu (w/w), the DPI formulations showed a crystalline struc-
ture, and the diffractograms differed from that of unprocessed Leu: only 
two of the six diffraction peaks observed for unprocessed Leu [6.00◦, 
19.04◦ 2(θ)] were observed for these DPI formulations. In addition, the 
peak intensities were dependent on the mass ratio of Leu to saccharides, 
but the peak intensities for all DPI formulations were strikingly low. 

DSC, FTIR and XPS analyses were performed to investigate the 
thermal properties, molecular interactions, and surface composition of 
the DPI formulations of siRNA-loaded LPNs, respectively. A single broad 
and very weak glass transition was detected at Leu contents of 5–70% 
(w/w) (Fig. 4B), and increasing the Leu content in DPI formulations did 
not lead to significant changes in the Tg, which increased slightly from 
68 ◦C to 71 ◦C. No glass transition could be detected at Leu contents 
above 70% (w/w), which shows that these systems contain no detect-
able amorphous phase. However, when keeping the total saccharide 
content constant, the crystalline state of Leu was apparent at 20% Leu 
(w/w) (Fig. 4C), and all DPI formulations displayed only one Tg 
(Fig. 4D). 

FTIR spectroscopy was used to identify potential molecular in-
teractions between components in the DPI formulations. The excipients 
are infrared active in the 800–2000 cm− 1 spectral region (Fig. 4E), while 
they are less infrared active at higher wavenumbers. FTIR spectra of DPI 
formulations containing 0 and 5% Leu (w/w) showed peaks character-
istic for Dex. At 40% Leu (w/w), two peaks (carbonyl stretching) dis-
played a minor red shift (peak 1: 1511 to 1517 cm− 1, peak 2: 1574 to 
1582 cm− 1), as compared to the peaks for Leu. In addition, one Dex peak 
also displayed a red shift from 1012 to 1018 cm− 1. 

The particle surface composition was determined by using XPS. The 
DPI formulations of siRNA-loaded LPNs displayed three different XPS- 
detectable atoms on the surface, i.e., C, N, and O (Fig. S10). The main 
contribution to the N peak comes from Leu, which appeared to be 
enriched on the surface of the particles, because the measured surface 
concentration of N atoms was higher than the theoretical surface N 

Fig. 3. Representative SEM images of DPI formulations of siRNA-loaded LPNs, co-spray-dried with different Leu contents (0–100%, w/w). Leu (%) is the mass of Leu, 
relative to the total mass of excipients (w/w), i.e., Leu, Tre, and Dex. The Tre to Dex ratio was kept constant at 10:90 (w/w). The scale bars represent 10 µm. 
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Fig. 4. Representative XRPD (A), DSC thermograms (B), XRPD of DPI formulations of siRNA-loaded LPNs with different Leu (%), (w/w), C), DSC thermograms of 
different Leu (%), (w/w) when keeping the saccharide content constant in the DPI formulations (D), FTIR absorbance spectra (E), and measured N atom concen-
tration in DPI formulations (F). For A, B, E and F, the Leu (%) (w/w) was increased and the saccharide content was reduced to keep the solid concentration constant, i. 
e., 25 mg/mL. For C and D, the saccharide content was constant, i.e., 95 mg, and the solid concentration before spray drying was the same. Data represent mean 
values ± SD (n = 3). Results significantly different are indicated: p < 0.01 (**), and p < 0.001 (***), (ns: not significant). 
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concentration (Table S6). As controls, we tested: (i) DPI formulations of 
unmodified PLGA nanoparticles (i.e., without L5N12, N-series), and (ii) 
spray-dried Leu (SD raw Leu). The 100% Leu has the same amount of 
Leu on the particle surface as that for DPI formulations of PLGA nano-
particles. When using only Leu as the excipient, the measured percent-
age of N atoms on the surface and the theoretical value were identical. 
The surface concentrations of N atoms were calculated (Fig. 4F). For DPI 
formulations containing 10% Leu (w/w), approximately 2.45% N atoms 
(w/w) were detected on the surface of the microparticles (corresponding 
to 21.3 mol % Leu on the surface), which was much higher than the 
1.20% N atoms (w/w) content in the feed dispersion. The surface con-
centration of N atoms was further increased upon increasing the Leu 
content to 40% (w/w), and approximately 7.83% N atoms (w/w) were 
detected on the surface of the particles (i.e., 68.1% mol percent of Leu 
was on the surface). It is worth noticing that the surface concentration of 
N increased almost linearly as a function of the Leu mass fraction in the 
range of 5–40% (w/w). The surface concentration of N atoms did not 
increase further when the Leu content in the feed dispersion was 
increased to 70% (w/w). Additional increase of the Leu content 

gradually enriched the Leu coverage of the particle surface at a feed 
concentration of 80–100% Leu (w/w). 

XPS analyses can also provide information about the chemical state, 
i.e., a change in the local bonding environment of an atomic species is 
reflected by a shift in binding energy. The N region of the XPS spectrum 
from 20, 40, and 70% Leu (w/w) is shown in Fig S11. The N atoms of 
these formulations are present in two chemical states, which are re-
flected in a peak with a shoulder peak in the XPS spectrum. The com-
bination of Leu and saccharide(s) resulted in weak interaction between 
them as observed by the shift in the infrared absorbance spectra, which 
affected the spectrum of Leu (part of Leu) and a shift to higher binding 
energy (NH2 to -NH-, 402 eV to 405 eV). The mass percentage of -NH- 
peak area of 20 and 40% of Leu was 63.9% and 17.4%, respectively, 
while only 1.0 % of -NH- peak area was observed for 70% Leu (w/w). 

3.5. Aerodynamic performance 

The aerodynamic performance of the DPI formulation of siRNA- 
loaded LPNs was evaluated by using the PI system by measuring the 

Fig. 5. Maximum concentration in Casella (Cmax) (A), cumulative dose (Mcas) (B), and aerosol yield (C) in the PI system of DPI formulations of siRNA-loaded LPNs, 
co-spray-dried with excipient mixtures with different Leu content (0–100%, w/w). The Cmax (D), Mcas (E), and aerosol yield (F) of 40% Leu (w/w) in the PI system at 
four different exposure airflow rates, i.e. 33, 50, 66, and 80 mL/min (n = 5). Deposition of DPI formulations of siRNA-loaded LPNs, co-spray-dried with 40% Leu and 
60% Tre:Dex (10:90) [Leu/(Tre/Dex) 40:60(10:90), w/w], in the device, the capsule, the mouth piece adapter, the throat, and the different stages of the NGI (G). The 
PSD of 40% Leu (w/w) measured by using the PI system (H). The PSD of 40% Leu (w/w) measured by using the APS (I). Abbreviation: MOC: micro-orifice collector. 
Data represent mean values ± SD (n = 3). 
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Cmax and Mcas. In addition, the aerosol yield (%) was calculated after 
each run. The Cmax and Mcas increased with increasing Leu content 
(Fig. 5), especially in the range of 20 to 60% Leu (w/w), and a positive 
correlation was observed between both Cmax (Fig. 5A) and Mcas (Fig. 5B) 
and the Leu content. This flowability improvement was statistically 
significant from 20 to 60% Leu (w/w, p < 0.001). The Cmax and Mcas 
were relatively constant at a Leu content above 60% (w/w). However, 
the aerosol yield was different. At 30 and 40% Leu (w/w), the aerosol 
yield was approximately 47.2 and 45.0%, respectively, whereas the 
aerosol yield at 100% Leu (w/w) content was only 37.0% (Fig. 5C). In 
order to match the expected breathing pattern of mice during exposure, 
exposure airflows from 30 to 80 mL/min were investigated to identify 
the most effective aerosol to be applied during exposure (Fig. 5D − 5F). 
Exposure airflow rates of (i) 50 mL/min with an exposure time of 420 s 
or (ii) 66 mL/min with an exposure time of 350 s induced the highest 
possible fraction of aerosol that can be inhaled without rebreathing. 

The flowability and aerosol yield results collectively suggest that the 
DPI formulation containing 40% Leu and 60% Tre:Dex (10:90) [Leu/ 
(Tre/Dex) 40:60(10:90), w/w] displayed the most optimal powder 
aerosol properties. Therefore, this DPI formulation was evaluated 
further by using the NGI (Fig. 5G). For this formulation, the recovery in 
the NGI system was 72.30 ± 3.11%. The DPI formulations occupy 
approximately 50% of the capsule volume. The ED was high, and 
approximately 95% of the DPI formulation was released during aero-
solization, and no DPI formulation was left in the capsules. The FPF was 
approximately 65% (Table 1) with very little deposition on the inhaler 
and the throat, while the deposition on stages 2–4 was relatively high. 

The MMAD as determined from the NGI analyses was 2.6 μm (Fig. 5G 
and Table 1), which was smaller than the MMAD of 3.1 μm (Fig. 5H, 
dotted green line) measured by using the PI system. In comparison, the 
MMAD measured by using APS was 3.5 μm (Table 1). The dispersion of 
the DPI formulations in different instruments was variable with GSD 
values ranging between 1.76 and 4.32 μm (Table 1). 

3.6. Integrity of TNF-α siRNA loaded in LPNs after spray drying 

To evaluate the influence of the spray drying process on the chemical 
stability of TNF-α siRNA, the TNF-α siRNA content and integrity was 
evaluated by using HPLC (Supplementary Material, 13. Drug quantifi-
cation). The HPLC chromatograms of LPNs displayed one distinct peak 
corresponding to TNF-α siRNA eluting after 11 min (Fig. 6A). The 
retention time of the TNF-α siRNA from the LPNs reconstituted from the 
dry powders was identical to the retention time of an siRNA standard. 
Hence, the chromatograms confirm that the chemical integrity of TNF-α 
siRNA after spray drying is preserved. The loading of TNF-α siRNA in the 
dry powders was 0.22 μg/mg, and up to 88.5% of intact TNF-α siRNA 
was present after exposure to the spray drying conditions. 

The L5N12 content of the DPI formulations of siRNA-loaded LPNs was 
also quantified by using HPLC. After spray drying, one distinct peak 
eluting at 7.85 min was evident, corresponding to L5N12 (Fig. 6B). The 
retention times of control L5N12 and L5N12 from the DPI formulations of 
siRNA-loaded LPNs were identical. Similarly, a retention time of 4.11 
min for PLGA was observed both in control and reconstituted LPNs. 

3.7. Pulmonary biodistribution of formulations 

Based on the results above, the DPI formulation of TNF-α siRNA- 
loaded LPNs co-spray-dried with 40% (w/w) Leu and 60% (w/w) Tre: 
Dex (10:90, w/w) was selected as the lead formulation for further in vivo 
investigations. Alexa Fluor® 750-labelled siRNA-loaded LPNs, as (i) 
liquid dispersions, (ii) reconstituted from DPI formulations, or (iii) DPI 
formulations, were administered intratracheally into the lungs of mice, 
and the animals were imaged by IVIS imaging. The inhaler retention of 
the DPI formulation in the DP-4M insufflator was determined from the 
delivered dose. The retention of DPI formulation was 29.4% for 1 mg 
and 38.2% for 2 mg powder loading, and the first air puff in the DP-4M 
insufflator was the most efficient one (Fig. S12A). Considering the target 
TNF-α siRNA dose and the poorly tolerable multiple dosing of mice, a 
delivered dose of 2 mg for a single administration was chosen for the 
subsequent studies. The dispersion efficiency of the DP-4M insufflator 
was measured before the in vivo study, which confirmed that the DP-4M 
insufflator does not influence the physicochemical properties of LPNs or 
DPI formulations (Fig. S12 B and C, Table S6). 

Pulmonary deposition of Alexa Fluor® 750-labelled siRNA was 
achieved with all formulations, since a strong fluorescence signal was 
observed in the lungs 1 h after administration (Fig. 7A). For quantitative 
analysis, cuboid regions of interest (ROIs) were placed around the lungs 
and the different lung lobes (Fig. 7B and C). Mice dosed with recon-
stituted DPI formulation displayed a non-significant difference in the 
total fluorescence intensity in the lungs, as compared to mice dosed with 
the liquid LPN dispersion, which shows that the spray drying process 
does not influence the properties of the LPNs. However, the total fluo-
rescence intensity in the trachea, as well as in the lung lobes of the mice 
dosed with dry powders, was found to be 48% lower than the intensity in 
the mice dosed with the liquid formulations, which suggests incomplete 
dry powder deposition in the respiratory tract. Upon dissecting the lungs 
into the trachea and individual lung lobes, bright fluorescent spots were 
detected in all lung lobes for the DPI formulation (88% reached the 
central parts of the lung lobes), albeit the fluorescence intensity in the 
trachea was significantly lower than in the lung lobes (Fig. 7B). 
Furthermore, similarly to liquid and reconstituted DPI formulations, no 
powder aggregation was detected in the trachea (Fig. 7B). The bio-
distribution was further assessed by calculating the relative percentage 
of the dose in the trachea and the individual lung lobes of mice (Fig. 7C). 
Approximately 48% DPI formulation was found in the left lung lobe and 
the right superior lung lobe, which was slightly lower than the fraction 
found for mice dosed with liquid formulation (52%) or the reconstituted 
DPI formulation (64%). Furthermore, DPI formulations administered by 
using the aerosol generator were almost homogenously distributed over 
the five individual lungs lobes. 

4. Discussion 

The aim of the present study was to design DPI formulations of TNF-α 
siRNA-loaded LPNs, intended for local treatment of lung inflammation, 
by using spray drying. Leu was chosen as anti-cohesive excipient and 
tested in combination with Tre and Dex. We found that different Leu% 
(w/w) display differential stabilizing effects on LPNs with respect to 
MMAD, residual moisture content, crystalline state, microparticle 
morphology, and surface composition. The aerosol performance of the 
DPI formulations is influenced by a number of factors, which allows for 
the design of solid dosage forms with high pulmonary delivery effi-
ciency. Multiple stabilizers/excipients may be required for stabilizing 
nanoparticles containing siRNA, and to obtain microparticles with 
properties critical for pulmonary delivery. 

Understanding the particle formation process may facilitate the 
identification of CQAs for the aerosol performance of DPI formulations. 
Knowledge about the particle formation process can be used to predict 
the properties of the DPI formulations, e.g., surface concentration and 
timescale to reach different droplet status in a single excipient 

Table 1 
Aerodynamic properties of DPI formulations of siRNA-loaded LPNs, co-spray- 
dried with 40% (w/w) Leu and 60% (w/w) Tre:Dex (10:90, w/w), determined 
by using NGI, PI and APS. Data represent mean values ± SD (n = 3).   

MMAD (µm) GSD (µm) FPF (%) ED (%) 

NGI 2.57 ± 0.13 4.32 ± 0.91 65.61 ± 2.06 95.34 ± 1.86 
PI 3.10 ± 0.24 1.76 ± 0.23 – – 
APS 3.50 ± 0.16 2.35 ± 0.12 – –  
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formulation. Predicting the solid state properties of the final product by 
using particle formation theory is more complicated for amino acid 
(Leu) systems containing a disaccharide and/or polysaccharide. The 
combined use of excipients may eventually influence the solid state, 
moisture content and aerodynamic performance of the resulting DPI 
formulations. From the XRPD analyses, it is evident that the DPI for-
mulations were amorphous at 5 and 10% Leu (w/w) content (Fig. 4). 
This was also the case in a study where no crystalline state was observed 
in the presence of a small amount of Leu at low initial Leu saturation of S 
= 0.02 (Chew et al., 2005). However, no crystalline structure was 
observed, even at a Leu saturation of S = 0.1. The presence of a second 
component, in this case Tre, can reduce the mobility of the crystallizing 
component due to increased solution viscosity at high saccharide con-
centration (Galmarini et al., 2011). Prevention of Leu nucleation and 
surface enrichment is strongly affected by the presence of other com-
ponents in the formulation. According to Fig. 1, the saccharides reach 

their true density (tt) faster than Leu forms nucleates (tn) in this Leu 
concentration range, and hence crystallization is expected to be 
inhibited. Formulations prepared with Leu have been shown to contain a 
higher fraction of amorphous material at high saccharide content [28]. 
Polysaccharides like Dex are more efficient in inhibiting surface 
enrichment with Leu by increasing the viscosity and earlier tt. At this Leu 
content, the shell-forming Leu molecules neither display sufficient 
mobility to fit into the crystal lattice nor reach the droplet surface during 
the time scale of the spray drying process. The suspended nanoparticles 
are transported via convective transport to the air-water interface, 
where evaporation of liquid occurs. Simultaneously, diffusive transport 
tends to homogenize the particle concentration within the space of the 
droplet (Peppin et al., 2006). Due to the high viscosity of the saccharide 
solution at lower Leu content, the nanoparticle concentration tends to be 
homogeneous throughout the entire droplet (Fig. 8). In this case, solid 
particles with a particle density close to the true density of the individual 

Fig. 6. Representative HPLC chromatograms of TNF-α siRNA standard (blue) and TNF-α siRNA extracted from DPI formulations of TNF-α siRNA-loaded LPNs (red) 
(A), and PLGA (blue), L5N12 (green) and LPNs (black) after spray drying (B). 

Fig. 7. In vivo deposition of liquid, reconstituted DPI formulation and DPI formulation of LPNs. Representative IVIS images of mice pre-injection, immediately post- 
injection and 1 h post-injection; the intact and dissected lungs showing the deposition of liquid, reconstituted DPI formulation or DPI formulation (A). Radiant 
efficiency in the trachea and the five lung lobes (together) (B). Relative percentage fluorescence in the trachea and the individual lung lobes (C). Data represent mean 
values ± SD (n = 3). Results significantly different are indicated: p < 0.05 (*), and p < 0.01 (**), (ns: not significant). 
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components are likely to form, from which the moisture in the particle 
interior cannot escape. Under these conditions, the residual moisture 
content and the aerosol performance are not affected by increasing the 
Leu content from 0 to 10% (w/w). 

The morphology of the DPI formulations of siRNA-loaded LPNs is 
also influenced by the combined use of Leu and saccharides at 5 and 10% 
Leu (w/w) content. Tre displays low Pei and Ei values and tends to form 
solid spherical particles with a density approximately equal to the 
density of amorphous Tre (Vehring et al., 2007). In contrast, Dex dis-
plays relatively higher Pei and Ei values and forms solid spherical par-
ticles with a corrugated surface (Kadota et al., 2019). Leu displays the 
lowest Pei and Ei values and may not influence the surface morphology of 
the DPI formulations at lower concentration. Leu has a relatively low 
aqueous solubility, and hence it is expected to reach critical supersatu-
ration and to crystallize at an early stage of the drying process. There-
fore, Leu crystals display high Pei and Ei values, which have been shown 
to result in particles with a wrinkled surface morphology (Li et al., 
2016). The two excipients promoting a corrugated surface (Dex and Leu) 
influence each other when used in combination, since spherical particles 
were formed, which might be related to the potential interaction be-
tween Leu and Dex (discussed later) (Fig. 8). Therefore, the presence of 
Dex and Tre influences the solid state of Leu, which complicates the 
prediction of the distribution of the different components during the 
spray drying process. 

If the initial saturation of Leu is sufficient (above 10%, w/w), Leu is 
expected to reach critical supersaturation and to crystallize early in the 
drying process (Fig. 8). After initiation of crystallization of Leu, the Pei 
for Leu crystallites becomes very large. According to eq. (S1), a large Pei 
can cause a substantial surface enrichment of Leu. The newly formed 

crystals display a much larger size than individual Leu molecules, which 
reduces their diffusion coefficient by orders of magnitude. In this case, 
convective transport dominates over diffusive transport. Hence, the 
droplet surface moves faster than the suspended nanoparticles (Osman 
et al., 2017), and this results in a preferential accumulation of Leu at the 
air-water interface. Since the formation of Leu crystals is initiated earlier 
than for saccharides (tt,Dex/Tre/td < tn,Leu) withincreased Leu content, Leu 
has a tendency to form a shell-like structure. In addition, the spray 
drying process might promote re-arrangement of Leu at higher tem-
perature, eventually resulting in the formation of a partially crystalline 
structure, i.e. a partially ordered molecular arrangement in which the 
complete three-dimensional order is not fully achieved, with only two of 
the original six diffraction peaks evident [6.00◦, 19.04◦ 2(θ)]. Once the 
shell is sufficiently thick, the spherical shape of the particles is main-
tained, but with a rough surface [20 and 30% Leu (w/w)]. A higher 
content of Leu to reach a high initial saturation of 0.3 was required to 
influence the morphology of the particles. More doughnut-like particles 
were formed at 30% Leu, which suggests the formation of hollow and 
collapsed particles (Osman et al., 2017). Once the initial saturation of 
Leu further increases and that of saccharides decreases, the hollow 
particles become wrinkled [40 and 50% Leu (w/w)]. XPS analyses 
further confirmed that the surface content of Leu in the powders 
increased with increasing concentration of Leu in the feed solution, and 
40–60% Leu (w/w) in the feed concentration covered 68–71% of the 
particle surface. Notably, the surface concentration of N atoms increased 
almost linearly in response to a change in the Leu mass fraction from 10 
to 40 % (w/w), which might be a key percentage for fast coverage of the 
particle surface. From recently published studies using Leu as excipient, 
the surface enrichment of Leu varies from 10% to 50% (w/w) (Chew 

Fig. 8. Particle formation process and characteristics of DPI formulations of siRNA-loaded LPNs, co-spray-dried with excipient mixtures with different Leu content.  
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et al., 2005; Thanki et al., 2019a), which may depend on the solid state 
of Leu or the molecular interaction between Leu and LPNs (or other 
excipients). 

The residual moisture content decreased almost linearly in response 
to an increase in the Leu mass fraction from 10 to 60% (w/w). The slight 
increase in Tg with increasing Leu content can also be explained by the 
decreased moisture content of the DPI formulations found at a higher 
Leu content. The decreased residual moisture content and the increased 
particle rugosity (roughness) may improve the dispersibility of the DPI 
formulations and consequently result in a smaller MMAD (a decrease in 
MMAD is generally associated with reduced particle density and cohe-
siveness (El-Sherbiny and Smyth, 2012). Compared with spherical par-
ticles, particles with a wrinkled surface display a reduced surface area 
available for interparticle interaction with increasing void size, which 
leads to weaker interparticle forces (Mangal et al., 2015). This explains 
why the flowability was significantly increased in response to a change 
from 10 to 60 % Leu (w/w). When the initial saturation of Leu is above 
0.6 (above 60% Leu, w/w), Leu tends to form large crystals with low 
mobility, and an impermeable shell is formed, which encloses the 
remaining solvent (Fig. 8). Initially, hollow structures are formed due to 
the pressure generated from the internal slow evaporation, and gas 
expansion makes the outer coat thinner due to fast solvent evaporation 
(Kaewjan and Srichana, 2016). The MMAD of the DPI formulations 
decreased slightly when the cohesiveness was reduced, which is evident 
from the slightly increased Leu% on the particle surface. However, 
electrostatic forces may be strong at a low residual moisture content 
(Zhu et al., 2008). Hence, the DPI formulations flowability reached a 
constant level above 70% Leu (w/w). At 100% Leu (w/w), there is no 
saccharide molecules to surround the LPNs and replace the hydrogen 
bonds of the surrounding water molecules (through the hydroxyl groups 
of the saccharides), according to the water replacement theory (Crowe 
et al., 1996). Therefore, the particle size increased substabtially, which 
might be because of the damage caused by the crystal structure or ag-
gregation of nanoparticles. Accordingly, Leu alone is insufficient as a 
stabilizer for nanoparticles during spray drying. 

XPS and FTIR analyses revealed that possible molecular interactions 
take place between Leu and saccharides, according to the change of 
chemical environment of Leu observed by using XPS, and the shift of Leu 
and Dex peaks in the FTIR spectra. From XPS analyses, it is apparent that 
the local chemical environment of the electron donor N was partially 
changed. When N serves as electron donor, the binding energy of the 
electron will increase and shift the corresponding N peak in the direction 
of higher binding energy (Crist and Crisst, 2000). The peak area 
belonging to -NH- is larger at lower Leu content than 70% Leu (w/w), 
which might be related to the lower saccharides content at 70% Leu (w/ 
w). At 20% Leu (w/w), the percentage of -NH- peak area is 63.9%, where 
the DPI formulations start to show crystal structures in the XRPD mea-
surements. Therefore, crystallization of Leu was prevented by potential 
interaction between Leu and saccharides. As the FTIR result shows, the 
red shifts from Leu and Dex indicate weak physical interactions at lower 
Leu content (%, w/w), e.g., hydrogen bond formation (Mangal et al., 
2018). Therefore, Leu is not fully crystalline after spray drying, and a 
fraction of Leu forms weak interactions with the other compounds 
present. Instead of forming an integral shell structure on the micropar-
ticle surface, Leu partially dissolves in the saccharides matrix. Therefore, 
a fraction of the saccharides interact with Leu to form a saccharide 
matrix, while a part of the saccharides present in the microparticle 
interior protects the siRNA-loaded LPNs from damage during the drying 
process, eventually resulting in the preservation of the physicochemical 
characteristics of the LPNs. 

The aerosol yield and the PSD of the formulations should be taken 
into account when estimating the amount of DPI formulation that will 
deposit in the lungs and its pulmonary biodistribution. A higher aerosol 
yield means that a large powder dose will deposit in the lungs during in 
vivo exposure, and it should be maximized during formulation optimi-
zation. Herein, the powder yield was increased at a relatively low Leu% 

and reached maximum at approximately 40% (w/w) Leu and 60% (w/ 
w) Tre:Dex (10:90, w/w), which gave an adequate aerosol yield for 
targeting the deep lungs. In addition, a high FPF% was achieved for this 
formulation, which ensured that a sufficient drug dose was delivered to 
the lungs, resulting in more homogenously distributed powders. A FPF 
above 40% and an MMAD between 1 and 5 µm are required for efficient 
deep lung delivery, i.e. at bronchiolar and alveolar sites (Islam and 
Cleary, 2012; Zhou et al., 2014). However, a relatively low powder re-
covery (73%) was observed when using the NGI, which might be a result 
of the high powder loading in the capsule. Hence, at such high powder 
loading, powder particle bounce may occur during exposure of the 
different stages, eventually resulting in an overestimation of the FPF. 
Nevertheless, we compared different formulations by using both the NGI 
and the PI and found a strong correlation between data generated by 
using the two different methods (data not shown). The MMAD of the 
formulation containing 40% Leu (w/w), measured by using the NGI, was 
2.6 μm, which was smaller than the MMAD of 3.5 μm measured by using 
the APS. Hence, the slightly smaller MMAD measured by using the NGI 
might be related to the high loading of the powder, eventually resulting 
in apparently smaller aerodynamic diameters. The MMAD measured by 
using the PI system was estimated to be approximately 3.1 μm. In the PI 
system, microparticle agglomeration is reduced when the aerosol gen-
eration pressure is increased [40], which leads to a smaller MMAD. The 
difference in the aerosol generation pressure between the NGI and the PI 
system may influence the particle size distribution, which is reflected in 
the MMAD and GSD. According to the yield tests and PSD, the DPI 
formulation of siRNA-loaded LPNs co-spray-dried with Leu/(Tre/Dex) at 
40:60(10:90) exhibited aerodynamic properties suitable for pulmonary 
application. 

Dispersed DPI formulations of siRNA-loaded LPNs had preserved 
physicochemical characteristics as well as well-maintained TNF-α siRNA 
integrity. Previously, we have assessed the in vitro transfection efficiency 
of TNF-α siRNA-loaded LPNs, spray-dried by using mannitol as the sta-
bilizing excipient, in the murine RAW 264.7 macrophage cell line 
(Dormenval et al., 2019). There was no statistically significant differ-
ences in the level of TNF-α gene silencing mediated by the non-spray- 
dried and the spray-dried, reconstituted LPNs (Dormenval et al., 
2019). Similar to this, we also found that DPI formulations of TNF-α 
siRNA-loaded LPNs, co-spray-dried with Leu/(Tre/Dex) excipient mix-
tures [Leu/(Tre/Dex) 40:60(10:90), w/w], significantly reduced the 
TNF-α levels by 94.47% at 1 µg/mL TNF-α siRNA, in a concentration- 
dependent manner (data not shown). The in vivo imaging study shows 
that the solid dosage form of LPNs distributes evenly in mice lungs. The 
PI system has been reported to precisely deliver DPI formulations in 
animal models, e.g., guinea pigs (Lexmond et al., 2018) and rats (Fioni 
et al., 2018). However, respirable aerosol exposure in mice with a high 
dose, i.e. 1–2 mg, remains a challenge. When the delivered powders are 
in the microgram range, i.e. naked RNA powder formulation, the PI may 
be an optimal device for in vivo exposure. To achieve a therapeutic effect 
in a lung inflammation model, a dose of approximately 2.5 µg TNF-α 
siRNA is needed. This is based on preliminary studies on in vivo efficacy 
of TNF-α siRNA loaded LPNs in acute lung inflammation mice models, 
which corresponds to 1.46 mg DPI formulation. Our lung phantom study 
with the PI system validates the influence of exposure airflow rate 
(respiratory rate) and drug loading on the aerosol performance and yield 
(Supplementary Material, 15. Modeling of pulmonary aerosol dosim-
etry, Fig. S13). However, these lung phantom exposure results suggest 
that the PI system is not suitable for delivering a high dose to mice, and 
the optimal settings for mice need further improvement. The Penn- 
Century device can be applied to deliver comparatively higher 
amounts of powder (1–2 mg), and hence it was employed for pulmonary 
administration. Microspray-mediated intratracheal aerosolization of 
liquid allows for lung deposition of the entire administered dose (Thakur 
et al., 2018; Thanki et al., 2019a). The therapeutic efficacy of inhaled 
drugs depends heavily on the site of deposition in the lungs. The 
PennCentury Insufflator has been reported to deposit the majority of the 
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DPI formulation in the large airways and not in the deep lungs (Tonnis 
et al., 2014). However, our results demonstrate that the DPI formulation 
was homogenously distributed and successfully delivered to the deep 
lungs, which means that the DPI formulations can overcome the barriers 
related to lung geometry and the physiological conditions in the lungs, e. 
g., a high relative humidity (approximately 90%) (Xu et al., 2021). Most 
importantly, little powder deposited in the trachea, as compared to the 
deposition of LPNs liquid and reconstituted DPI formulation. Powders 
deposited in the trachea will rapidly be cleared by mucociliary clear-
ance, and is subsequently swallowed. Surface enrichment of Leu, which 
forms a crystal shell as demonstrated by XPS and XRPD, may be essential 
for delivery in the high-moisture environment in the lungs. Our results 
also show the potential of DPI formulations of siRNA-loaded LPNs for 
delivering siRNA into the deep lungs. The PennCentury Insufflator is a 
frequently used device for pulmonary administration of DPI formula-
tions in mice. However, it is still a challenge to administer DPI formu-
lations by using the PennCentury Insufflator, because some of the 
powder flew out of the mice mouth during the first puff, which might be 
caused by the high pressure of the PennCentury Air Pump, which leads 
to an increased pressure in the lung compartment. The powder dose 
administered during the first puff (0.79 mg) can be improved by splitting 
the dose into smaller portions for multiple administrations. The powder 
PSD being loaded into different types of dispersers, i.e. the PennCentury 
Insufflator, the PI and the NGI is almost identical. However, aero-
solization of the powders into fine particle aerosols might be the least 
efficient when using the Penn-Century Insufflator. The dispersion effi-
ciency was highly affected by the amount of air available for dispersion 
(Hoppentocht et al., 2014). However, for use in mice, air puffs should 
not exceed 200 μL per puff for powder de-agglomeration. The micro-
particle agglomerates behave aerodynamically like large particles, 
which might not reach the targeted pulmonary site and instead fly out of 
the mouth (Lechanteur and Evrard, 2020). Considering the pros and 
cons, the PennCentury Insufflator can be used to understand (and 
partially control) pulmonary dry powder deposition and distribution in 
vivo, but further optimization is needed for more quantitative powder 
administration. 

5. Conclusion and perspectives 

We designed DPI formulations of TNF-α siRNA-loaded LPNs by using 
spray drying, and found that the powders displayed aerosolization 
properties optimal for inhalation therapy with preserved siRNA integ-
rity. Deep lung deposition was achieved when DPI formulations were 
administered intratracheally in mice, either as reconstituted DPI 
formulation or freshly prepared DPI formulation, by using the Penn-
Century device. These DPI formulations of siRNA-loaded LPNs, co-spray- 
dried with a combination of Leu and saccharides as stabilizing excipi-
ents, have considerable potential for further development into solid 
dosage forms for pulmonary administration. We also show that under-
standing the influence of solid-state properties on the aerosol perfor-
mance of DPI formulations, siRNA and nanoparticle integrity, and their 
in vivo biodistribution is a fundamental prerequisite for the design of 
Leu-containing carriers for pulmonary delivery of therapeutic siRNA. 
Prediction of aerosol performance is complicated because it is influ-
enced by a number of powder properties, i.e., the MMAD, the residual 
moisture content, the solid state, the microparticle morphology, and the 
surface composition. Our results expand the present knowledge about 
desig of Leu-containing systems for pulmonary delivery. Despite the 
direct access to the lungs via inhalation, LPNs need to be able to pene-
trate the mucus and the pulmonary surfactant barriers to reach the 
underlying cells in the deeper lung region for high transfection in vivo. 
The biophysical interaction of inhaled nanoparticles with the surfactant 

layer and/or mucin would be very important to predict the fate of 
nanoparticle after deposition, which we are currently studying. In 
addition, in vivo organ biodistribution of DPI formulations of siRNA- 
loaded LPNs and the retention time in the lungs after pulmonary 
administration will also be investigated. 
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Andersen, P., Christensen, D., Häfeli, U.O., Foged, C., 2018. Dual-isotope SPECT/CT 
imaging of the tuberculosis subunit vaccine H56/CAF01: Induction of strong 
systemic and mucosal IgA and T-cell responses in mice upon subcutaneous prime and 
intrapulmonary boost immunization. Front. Immunol. 9, 2825. 

Thanki, K., van Eetvelde, D., Geyer, A., Fraire, J., Hendrix, R., Van Eygen, H., 
Putteman, E., Sami, H., de Souza Carvalho-Wodarz, C., Franzyk, H., Nielsen, H.M., 
Braeckmans, K., Lehr, C.-M., Ogris, M., Foged, C., 2019a. Mechanistic profiling of the 
release kinetics of siRNA from lipidoid-polymer hybrid nanoparticles in vitro and in 
vivo after pulmonary administration. J. Control. Release 310, 82–93. 

Thanki, K., Zeng, X., Foged, C., 2019b. Preparation, Characterization, and in vitro 
evaluation of lipidoid-polymer hybrid nanoparticles for siRNA delivery to the 
cytosol. Methods Mol. Biol. (Clifton, N.J.) 1943, 141–152. 

Thanki, K., Zeng, X., Justesen, S., Tejlmann, S., Falkenberg, E., Van Driessche, E., Morck 
Nielsen, H., Franzyk, H., Foged, C., 2017. Engineering of small interfering RNA- 
loaded lipidoid-poly(DL-lactic-co-glycolic acid) hybrid nanoparticles for highly 
efficient and safe gene silencing: A quality by design-based approach. Eur. J. Pharm. 
Biopharm. 120, 22–33. 

Tonnis, W.F., Bagerman, M., Weij, M., Sjollema, J., Frijlink, H.W., Hinrichs, W.L.J., de 
Boer, A.H., 2014. A novel aerosol generator for homogenous distribution of powder 
over the lungs after pulmonary administration to small laboratory animals. Eur. J. 
Pharm. Biopharm. 88, 1056–1063. 

Vehring, R., Foss, W.R., Lechuga-Ballesteros, D., 2007. Particle formation in spray 
drying. J. Aerosol. Sci. 38, 728–746. 

WHO, 2020. The top 10 causes of death. World Health Organization. https://www.who. 
int/gho/mortality_burden_disease/causes_death/top_10/en/. 

Xu, Y., Thakur, A., Zhang, Y., Foged, C., 2021. Inhaled RNA Therapeutics for Obstructive 
Airway Diseases: Recent Advances and Future Prospects. Pharmaceutics 13, 177. 

Zhou, Q., Tang, P., Leung, S.S.Y., Chan, J.G.Y., Chan, H.K., 2014. Emerging inhalation 
aerosol devices and strategies: Where are we headed? Adv. Drug Deliv. Rev. 75, 
3–17. 

Zhu, K., Tan, R.B.H., Kiong Ng, W., Shen, S., Zhou, Q.i., Heng, P.W.S., 2008. Analysis of 
the influence of relative humidity on the moisture sorption of particles and the 
aerosolization process in a dry powder inhaler. J. Aerosol. Sci. 39, 510–524. 

Y. Xu et al.                                                                                                                                                                                                                                       

https://doi.org/10.1016/j.ijpharm.2022.121758
https://doi.org/10.1016/j.ijpharm.2022.121758
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0010
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0010
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0015
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0015
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0015
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0015
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0020
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0020
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0020
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0025
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0025
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0025
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0030
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0030
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0030
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0035
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0035
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0040
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0040
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0040
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0045
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0045
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0045
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0045
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0050
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0050
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0005
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0005
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0055
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0055
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0055
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0055
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0060
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0060
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0060
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0065
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0065
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0065
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0070
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0070
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0070
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0075
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0075
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0075
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0075
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0075
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0080
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0080
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0080
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0085
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0085
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0085
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0090
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0090
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0090
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0095
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0095
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0095
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0100
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0100
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0100
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0100
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0105
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0105
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0105
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0105
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0110
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0110
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0110
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0110
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0115
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0115
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0120
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0120
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0120
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0120
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0125
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0125
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0125
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0130
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0130
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0130
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0135
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0135
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0135
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0140
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0140
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0145
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0145
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0150
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0150
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0150
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0150
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0150
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0150
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0155
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0155
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0155
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0155
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0160
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0160
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0165
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0165
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0165
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0165
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0165
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0170
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0170
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0170
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0170
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0170
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0180
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0180
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0180
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0180
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0180
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0185
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0185
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0185
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0185
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0190
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0190
https://www.who.int/gho/mortality_burden_disease/causes_death/top_10/en/
https://www.who.int/gho/mortality_burden_disease/causes_death/top_10/en/
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0195
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0195
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0200
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0200
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0200
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0205
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0205
http://refhub.elsevier.com/S0378-5173(22)00313-1/h0205

	Leucine improves the aerosol performance of dry powder inhaler formulations of siRNA-loaded nanoparticles
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Preparation of TNF-α siRNA-loaded LPNs and physicochemical characterization
	2.3 Co-spray drying of TNF-α siRNA-loaded LPNs and excipient(s) into nanocomposite microparticles
	2.4 Dry powder yield, aerodynamic particle size and morphology
	2.5 X-ray powder diffraction (XRPD)
	2.6 Residual water content and thermal analysis
	2.7 Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy
	2.8 X-ray photoelectron spectroscopy (XPS)
	2.9 Aerosol performance measured by using the PreciseInhale® system
	2.10 Particle deposition measured by using a multi-stage impactor system
	2.11 In vivo imaging of formulations in mice after pulmonary administration
	2.12 Statistics

	3 Results
	3.1 Effect of excipient composition on the particle formation process: Theoretical considerations
	3.2 Preparation and characterization of DPI formulations of TNF-α siRNA-loaded LPNs
	3.3 The Leu content of DPI formulations influences the particle morphology
	3.4 Solid state analysis of DPI formulations
	3.5 Aerodynamic performance
	3.6 Integrity of TNF-α siRNA loaded in LPNs after spray drying
	3.7 Pulmonary biodistribution of formulations

	4 Discussion
	5 Conclusion and perspectives
	Author contributions
	Funding
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


