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A B S T R A C T   

Tratinterol hydrochloride (TH) is a new long-acting bronchodilator with strong β2 adrenoceptor stimulation 
activity. The aim of this study was to design a new carrier-based dry powder inhalation (DPI) formulation for TH 
and to investigate the effect of dispersion enhancers on the aerosol performance of TH in vitro. To this end, coarse 
lactose was used as a carrier. TH was micronized by using a jet mill and blended with the carrier to obtain a 
reference DPI formulation. Commercial magnesium stearate (MgSt) as received, micronized MgSt (MgSt-M), and 
fine lactose (FL) were used as the dispersion enhancers and formulated with the micronized TH (TH-M) and the 
carrier as DPI formulations. The obtained DPI formulations were characterized using dynamic light scattering 
(DLS), X-ray powder diffraction (XRPD), thermal analysis, powder rheometer, and Raman microscopy. A next 
generation pharmaceutical impactor (NGI) was used to evaluate the aerodynamic performance of the dry 
powders. The results showed that TH-M was in an inhalable particle size range, and based on the XRPD and 
thermal analysis, the solid form of TH-M did not change compared to the starting materials. The NGI results 
showed that the fine particle fraction (FPF) of TH could be increased with the addition of MgSt and FL as 
dispersion enhancers in the reference formulation. In addition, the FPF of TH could be increased with a decrease 
in the particle size of MgSt or an increase in the amount of FL. A combination of MgSt-M and FL could further 
improve the aerosol performance of TH. Raman spectroscopic imaging confirmed the spatial location of MgSt and 
TH at the surface of the carrier. This study demonstrates that TH could be formulated into carrier-based dry 
powder formulation for inhalation using coarse lactose as the carrier. The dual strategy based on using both MgSt 
and FL as dispersion enhancers improved the aerosol performance of a novel TH dry powder formulation.   

1. Introduction 

Tratinterol Hydrochloride (TH, 2-(3-chloro-4-amino-5-three fluorine 
methyl phenyl)-2-tert-butyl alcohol hydrochloride) is a new long-acting 
β2 adrenergic receptor agonist (LABA) (Gan et al., 2003). It has been 
shown that TH is highly selective and the bronchorelaxation effect of TH 
is similar to isoprenaline and about 6 times more potent than that of 
salbutamol (Gan et al., 2003). A phase III clinical trial with oral TH has 
been performed, and the results showed that TH was effective and safe, 
and the pharmacological effect of TH tablets was comparable to proca-
terol hydrochloride tablets (Kong et al., 2019). 

It has been well documented that, for lung diseases such as asthma, 
local administration of medication via inhalation is able to directly 

deliver the active pharmaceutical ingredients to the site of the disease, 
shorten the delivery path, reduce dose required and side effects associ-
ated to systemic administration (Bajracharya et al., 2019). Inhalation 
based TH delivery has been reported with pressurized metered dose 
inhaler (pMDI) (Jinzhou Jiutai Co., 2006) and inhaled formulations of 
TH as a bronchodilator can be expected to be superior over oral for-
mulations in terms of efficacy and safety (Berger, 2005). Dry powder 
inhalations (DPIs) are recognized as preferred formulation/devices over 
pMDIs as less patient coordination is required and no propellant is 
needed (Dolovich et al., 2005). DPIs are also portable and provide better 
patient complains as compared to nebulizers (Lee et al., 2018). In 
addition, as active pharmaceutical ingredients are formulated in dry 
powder forms in DPIs, the storage stability of this product is superior to 
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pMDIs and nebulizers that are formulated in liquid forms. 
The inhalable drug particles are usually less than 5 μm in geometric 

size, which are often obtained via jet mill (Telko and Hickey, 2005). 
However, the drug particles in this size range are often largely cohesive 
and tend to form agglomerates, and possess poor aerosol performance 
without being properly prepared into a formulation. To overcome this 
challenge, most micronized drug particles are formulated into carrier- 
based DPI (Ye et al., 2022). Typically, coarse monohydrate lactose 
with the size ranging from 50 to 200 μm are used as carriers to mix with 
micronized drug particles. This can enhance the flowability of the power 
blend, reduce agglomeration of micronized drug particles, and improve 
the aerosol performance (Daniher and Zhu, 2008). Carrier-based DPIs 
are particularly suitable for low-dose drugs, however, the binding forces 
between the micronized drug particles and the carriers are usually high, 
limiting the detachment of the micronized drug particles from the car-
riers. This adhesion between the drug particles and carriers is a major 
factor contributing to the low lung deposition rate of fine drug particles 
in the lung (Xian et al., 2000). In order to facilitate the detachment of the 
drug particles from the carriers, often certain dispersion enhancers such 
as fine lactose (FL), magnesium stearate (MgSt) and leucine are added to 
the carrier-based DPI formulations to improve the delivery efficiency. FL 
could occupy high-energy sites on the surface of carriers or form ag-
glomerates composed with drug particles to reduce the adhesion be-
tween the fine drug particles and the carriers (Sun et al., 2021). MgSt can 
be referred to as force control agents (FCA) have also shown effectively 
improve the detachment of fine drug particles from the carriers (Begat 
et al., 2005; Guchardi et al., 2008; Zeng et al., 1998; Zhou et al., 2011). 
However, the mechanism of these dispersion enhancers in carrier-based 
DPIs to improve the aerosol performance have not been fully under-
stood. In this study, we aimed to design new carrier-based inhalable dry 
powder formulations for TH and investigate the roles of dispersion en-
hancers, i.e., FL and MgSt, on the aerosol performance of carrier-based 
DPIs formulations. 

To this end, we used Lactohale® 206, a coarse lactose as the carrier. 
After the preparation of the studied inhalable TH dry powder mixtures 
composed of the carrier, dispersion enhancer, the obtained formulations 
were characterized with respect to the particles size, shape, solid state 
properties, and rheological properties. In addition, Raman spectroscopy 
was used to analyze the distribution of the formulation ingredients on 
the carrier particles. Lastly, the aerodynamic performance of the for-
mulations was determined by using a next generation pharmaceutical 
impactor (NGI). 

2. Materials and methods 

2.1. Materials 

TH was obtained from Jinzhou Jiutai Co., Ltd. MgSt was a gift from 
Anhui Sunhere Pharmaceutical Excipients Co., Ltd. Lactohale® 206 
(coarse lactose) and Lactohale® 300 (FL) were donated by DFE Pharma 
(Shanghai, China). The #3 HPMC capsule was a gift from Capsugel Co., 
Ltd (Suzhou, China). Twain 80 was obtained from Kemiou chemical 
reagent Co., Ltd (Tianjin, China). Water was purified by Milli-Q water 
machine. All other chemicals and solvents used were of the highest re-
agent grade available. 

2.2. Preparation of DPI formulation 

2.2.1. Micronization of TH and MgSt 
To obtain the micronized powders for this study, TH and MgSt were 

milled with a jet mill (MC-20, Micromacinazione®, Switzerland). Ni-
trogen was used as the milling gas. The grinding pressure of 6.0 bar, and 
injector pressure of 7.0 bar has been found optimal and the feed rate was 
kept constant at 0.5 g/min. Approximately 3 g of TH and 10 g of MgSt 
were milled per batch. To distinguish the materials before and after 
micronization, TH-R and MgSt-R stand for the raw material of TH and 

MgSt, TH-M and MgSt-M stand for the micronized TH and MgSt. 

2.2.2. Modification of lactose and DPI formulation 
Modified lactose (ML) containing coarse lactose and FL and/or MgSt 

were prepared using a high shear mixer (Shenzhen Xinyite Science and 
Technology Co., Ltd.) with the impeller speed of 300 rpm for 30 min. 
The compositions of MLs and formulations were shown in Table 1, the 
MLs consisted coarse lactose as carrier, MgSt and/or FL as dispersive 
enhancer. The DPIs of TH-M (0.13%, w/w) with coarse lactose or MLs 
were prepared using the same high-shear mixer with the impeller speed 
of 200 rpm for 20 min. The reference formulation (F0) consisted of TH-M 
and coarse lactose. The other formulations consisted of TH-M and MLs, 
respectively. These MLs and DPIs were packed in aluminum bags, then 
stored at room temperature for further analyzing. 

2.3. Characterization 

2.3.1. Particle size and distribution 
Particle size measurements were made using a Sympatec HELOS/ 

RODOS (Sympatec GmbH, Clausthal-Zellerfeld, Germany) employing 
the vibratory feeder, R1 lens (0.1/0.18–35 µm) for the measurement of 
TH, MgSt and micronized powder and R3 lens (0.5/0.9–175 µm) for 
coarse lactose, MLs and DPIs. The dispersive pressure was set up as 4.0 
bar. Three measurements were taken for each freshly loaded sample. 
PSDs (d10, d50 and d90) were calculated using Fraunhofer theory and 
analyzed in WINDOX 4.0 software (Sympatec GmbH, Clausthal- 
Zellerfeld, Germany) and the Span value defined as (d90-d10)/d50. 

2.3.2. Solid form characterization 
The solid form of TH, MgSt and micronized powder of them was 

investigated by X-ray powder diffraction (XRPD) and differential scan-
ning calorimetry (DSC). The XRPD analysis was performed using DX- 
2700 XRPD (Dandong Fangyuan Co., Ltd., China) with a CuK α X-ray 
source (λ = 1.54 Å) generated at 300 mA and 40 kV. The diffraction 
patterns of samples were collected from 5◦ to 45◦ 2θ with a step size of 
0.05◦and a speed of 15◦/min. DSC thermograms (DSC-1, Mettler Toledo, 
Switzerland) were obtained under a nitrogen gas flow of 40 mL/min. 
Sample powders (3 to 5 mg) were filled into a pin-holed hermetically 
sealed aluminum pans and weighed. The samples were then heated from 
25 ◦C to 280 ◦C at a scanning rate of 10 ◦C/min. 

2.3.3. Particle morphology 
The morphology of dry powder was observed using a scanning 

electron microscope (SEM, Supra 35, Zeiss, Oberkochen, Germany). The 
samples were mounted on an aluminum plate using a conductive carbon 
tape, then coated with thin gold films using a sputtering coater under 
vacuum. The samples were then observed under the SEM with an 
accelerating voltage of 10 kV. 

2.3.4. Powder rheology 
A Freeman FT4 powder rheometer (Freeman Technology, Tewkes-

bury, UK) was used to measure the fluidization properties of DPIs. In all 
cases measurements were performed in triplicate using new powder 
sample. 

Table 1 
The composition of the MLs.  

Formulation Modified 
Lactose 

Coarse 
Lactose 
(%) 

MgSt- 
M (%) 

MgSt-R 
(%) 

FL 
(%) 

TH-M 
(%) 

F0  100 – – –  0.13 
F1 ML1 99 1 – –  0.13 
F1* ML1* 99 – 1 –  0.13 
F2 ML2 90 – – 10  0.13 
F2* ML2* 99 – – 1  0.13 
F3 ML3 89 1 – 10  0.13  
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2.3.4.1. Permeability testing. The permeability was carried out by filling 
DPI sample into a 25 mm*10 mL bore borosilicate split vessel with an 
aeration base connected to an aeration control unit (ACU), a 23.5 mm 
blade for conditioning and a 24 mm vented piston for applying a varying 
normal stress. The test subject the powder to a normal stress range of 1 
kPa to 15 kPa and maintain a constant air velocity of 2 mm/s during 
compression. The permeability can be plotted directly against normal 
stress by calculating permeability using Darcy’s law (Eq. (1)): 

Q =
k • A • ΔP

μ • L
(1)  

where Q is the volume air flow (cm3/s), k represents permeability (cm2), 
A stands for the cross-sectional area of the powder bed (cm2), Δ P ex-
presses the pressure drop across the powder bed (Pa), μ typifies the 
viscosity of the air (1.74 × 10− 5 Pa s), and L is the length of the powder 
bed (cm). After rearranging and simplifying Eq. (1) with the introduc-
tion of the flux q (cm/s) (Eq. (2)), a value for the permeability k (cm2) 
can be obtained (Eq. (3)): 

q =
Q
A

(2)  

k =
q • μ • L

ΔP
(3)  

2.3.4.2. Aeration testing. The aeration was measured by filling 25 mL 
powder sample into a 25 mm*35 mL bore borosilicate split vessel with 
an aeration base connected to the ACU and a 23.5 mm blade. During the 
test, the blade rotated downward through the powder bed under the 
condition of ACU. As the ACU air velocity increases, the total energy 
required for blade rotation changed and be recorded. When the airflow 
velocity is high enough, the powder exhibited a fully fluidized state, and 
the blade rotation energy reaching a constant minimum, which called 
the minimum fluidization energy. Considering the influence of sample 
mass, the Aeration Ratio (AR) value was used to analyze sample aeration 
ability, as shown in (Eq. (4)): 

AR =
total energy at 0 mm/s air throughput

minimum fluidization energy
(4)  

2.3.5. Aerodynamic assessment 
The in vitro inhalation performance was evaluated by dispersing 15 

mg powder into NGI using an ICOcap® inhaler at a constant air flow rate 
of 100 L/min for an actuation time of 2.4 s. Size 3 HPMC capsules were 
used for powder loading (10 capsules for a group). Each stage of NGI 
involved coating with Tween 80 ethanol solution (2%, w/v). After 
dispersion, the deposited drug in the capsule inhaler and adaptor, 
throat, pre-separator, and the NGI stages was recovered by exhaustively 
washing with pure water and quantified by HPLC assay. The emitted 
dose (ED) was defined as a percentage of the mass collected from the 
throat, pre-separator, stages 1–7 and Micro-orifice collector (MOC). Fine 
particle dose (FPD) was defined as the total mass of drug particles with 
an aerodynamic diameter <5 μm. Fine particle fraction (FPF) was the 
FPD expressed as a percentage of the mass collected from the throat, pre- 
separator, stages 1–7 and MOC. Mass media aerodynamic diameter 
(MMAD) was the diameter at the 50% cumulative percentage, while the 
geometric standard deviation (GSD) was defined as a measure of the 
spread of the aerodynamic particle size distribution (USP, (601)). 

2.3.6. Raman spectroscopic mapping 
A Raman microscope (Invia, Renishaw, UK) equipped with a 532 nm 

laser was used for spectral analysis of the individual components and the 
DPI formulation of TH. A small amount of sample was placed onto a 
horizontal placed glass slide. The Raman maps were measured in 1 μm 
increments over a single coarse lactose particle area with the focal plane 
of the microscope set to just beneath the particle upper surface. Spectra 

were recorded at each increment with an integration time of 1 s and a 
laser power of 10 mW. The analyzing and imaging of the single coarse 
lactose particle of each formulation was performed using Wire software 
(Wire 5, Renishaw, UK) based on the direct classical least squares 
(DCLS) method. 

2.3.7. Assay 
The concentration of TH in the different samples was quantified by 

an HPLC method. The HPLC system (Hitachi model Chromaster-series, 
Hitachi, High Technologies Chromaster, Tokyo, Japan) used a Hitachi 
5410 UV-detector, Chromaster software (Hitachi, Japan) and a Thermo 
BDS HYPERSIL C18 5 μm (250 mm × 4.6 mm i.d.) column. The tem-
perature of the column was maintained at 40 ◦C and the detection 
wavelength was 246 nm. The mobile phase consisted of 22% (v/v) 
acetonitrile and 78% (v/v) phosphate buffer (configuring 4 mL/L 
triethylamine-water solution and using phosphate to adjust pH to 3.5 ±
0.1). The flow rate is 1 mL/min. Then 20 μL samples were injected for 
analysis. This analysis was linear with respect to area under the curve in 
the range of 0.05–20.00 μg/mL(r2 = 0.999). The limit of quantitation 
(LOQ) for the assay was 0.02 μg/mL. 

2.3.8. Analysis of statistical significance 
The experiments data were performed in triplicate unless otherwise 

specified. The results are given as the mean value ± standard deviation 
(SD). The significance of differences was evaluated using one-way 
analysis of variance (ANOVA) and a p value less than 0.05 was consid-
ered as statistically significant. 

3. Results 

3.1. Particle morphology 

As observed from the SEM images of TH, MgSt, and DPIs shown in 
Fig. 1, post micronization, the particle size of TH-M and MgSt-M was 
much smaller than that of TH and MgSt as received, while the shape of 
the micronized particles resembled the raw materials. For the DPI for-
mulations, all samples appear similar, while there were more fine par-
ticles and agglomerates of particle particles can be observed in the DPI 
formulations consisting of 10% of FL. 

3.2. Particle size distribution 

As shown in Table 2, the particle size (d50) and particle size distri-
bution of TH-M and MgSt-M were largely reduced and narrowed down 
as compared to the raw materials. The d50 size of TH-M was less than 2 
µm. The sizes of FL, MgSt-R and MgSt-M were less than 10 μm, which 
were added as the dispersion enhancer of coarse lactose to improve the 
aerosol performance (Guchardi et al., 2008; Zeng et al., 1998). 

3.3. Solid form 

DSC results showed that both TH and TH-M samples possess an 
endothermal and exothermal event at 229℃ and 239℃ (Fig. 2A), which 
can be assigned to the melting and decomposing of TH, respectively. The 
DSC scans of MgSt-R and MgSt-M also exhibit two endothermic events at 
86℃ and 111℃. As reported by Delaney et al., the two thermal events 
could be explained as a conversion of MgSt to the anhydrate form, then 
undergoing a subsequent transition (Delaney et al., 2017). 

As observed from the XRPD patterns of the samples shown in Fig. 2 
(B), TH-M remains in the same solid form after micronization as the raw 
material. The XRPD pattern of MgSt-M also resembles that of MgSt as 
received. Nevertheless, the X-ray diffraction intensities of the micron-
ized samples were lower than those of raw materials, because the 
micronization processes resulted in amorphous regions or crystalline 
lattice defects (Brunaugh and Smyth, 2017). DSC and XRPD analyses 
suggested that jet milling did not result in a change in the solid form of 
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both TH and MgSt. 

3.4. Aerodynamic assessment 

As shown in Table 3, in all formulations the addition of MgSt or FL 
significantly decreased the emitted dose (ED) as compared to the F0, i.e., 
the formulation consisting of only TH-M and coarse lactose. Most 
emitted particles of the F0 deposited in the pre-separator (Fig. 3), which 
was more than 60%. This can explain why the FPF of the F0 is rather low 
(Table 3). 

The addition of 1%(w/w) MgSt-R and 1%(w/w) MgSt-M as disper-
sion enhancers in the dry powder formulations can improve the FPFs in 
almost 2-fold and resulted in a decrease in MMADs. The MgSt-M seems 
to be more effective than MgSt-R in improving the FPF of TH DPI. In 
contrast, the addition of 1% FL to the TH DPI did not improve the FPF. As 
shown in Table 3, the FPF of F2* containing 1%(w/w) FL is lower than 
that of F0. When the fraction of FL was increased to 10%(w/w), the FPF 
of the F2 can be largely improved. It can be observed in Fig. 3, the TH-M 
in F2 containing 10%(w/w) FL mainly deposited at stage 3 to stage 5 of 
NGI. As also shown in Table 3, the MMAD of F2 is similar to that of F0. 

When 1%(w/w) MgSt-M and 10%(w/w) FL were added into F3, the 
aerosol performance was further enhanced, which exhibited the highest 
FPF among the dry powder formulations studied. 

3.5. Powder rheology 

The flowability and dispersibility of the dry powders were investi-
gated by using a powder rheometer. As expected, an increase in the 
proportion of dispersion enhancers in the dry powder formulations 
resulted in a decrease in the permeability of the dry powders (Fig. 4). 
The permeability result shows that coarse lactose has the highest 
permeability value and F3 has the lowest permeability value. This can be 
due to the fact that those fines of the dispersion enhancer filled up inter- 
particle spaces between the larger carrier particles, which resulted in an 
increase in resistance to the air flow upon compression during the 

Fig. 1. SEM images of TH, MgSt, and DPIs.  

Table 2 
Particle size and distribution of TH, MgSt, FL and coarse lactose. (Mean ± SD, n 
= 3).   

D10 (μm) D50 (μm) D90 (μm) Span 

TH 1.04 ± 0.09 3.96 ± 0.18 12.26 ± 0.29 2.83 ± 0.09 
TH-M 0.47 ± 0.01 1.09 ± 0.01 1.97 ± 0.04 1.37 ± 0.04 
MgSt-R 1.93 ± 0.04 8.92 ± 0.14 19.76 ± 0.07 2.00 ± 0.03 
MgSt-M 0.66 ± 0.03 1.72 ± 0.02 3.37 ± 0.05 1.58 ± 0.04 
FL 0.66 ± 0.00 2.85 ± 0.01 7.88 ± 0.05 2.53 ± 0.02 
Coarse lactose 29.43 ± 0.28 79.87 ± 1.12 157.85 ± 6.23 1.61 ± 0.05  

Fig. 2. DSC thermogram (A) and XRPD pattern (B) of MgSt and TH.  

Table 3 
FPF, MMAD and GSD of TH formulations. (Mean ± SD, n = 3).   

ED (%) FPD (μg) FPF (%) MMAD 
(μm) 

GSD 
(μm) 

F0 84.40 ±
0.27 

3.42 ±
0.11 

20.85 ±
0.55 

1.69 ±
0.01 

1.82 ±
0.02 

F1 (1%MgSt-M) 75.82 ±
1.66 

6.61 ±
0.69 

49.40 ±
4.85 

1.20 ±
0.01 

2.33 ±
0.06 

F1* (1%MgSt-R) 78.20 ±
1.52 

5.55 ±
0.77 

37.69 ±
4.14 

1.21 ±
0.06 

2.11 ±
0.08 

F2 (10%FL) 79.43 ±
0.49 

7.05 ±
0.05 

51.74 ±
0.21 

1.68 ± 0 1.93 ±
0.01 

F2* (1%FL) 86.48 ±
0.92 

2.39 ±
0.08 

18.23 ±
0.46 

1.79 ±
0.02 

1.97 ±
0.07 

F3 (1%MgSt-M 
+ 10%FL) 

74.65 ±
0.79 

8.24 ±
0.32 

65.02 ±
2.49 

1.35 ±
0.01 

2.10 ±
0.02  
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powder rheology measurement (Cordts and Steckel, 2012). The more 
fines in the dry powder formulations, the smaller the permeability value 
at the given applied normal stress. The addition of TH-M to the dry 
powders did not change the permeability except for F0. The perme-
ability of F0 is smaller than coarse lactose. This may be attributed to the 
fact that a small amount of fine lactose was produced by the collision of 
coarse lactose during the blending process using a high-shear mixer. 

As shown in Fig. 5, coarse lactose can be completely fluidized at an 
air flow rate of 4 mm/s, whereas all other dry powders can be 
completely fluidized at an air flow rate of about 2 mm/s. This indicates 
the addition of fines to the dry powder formulations made them easier to 
reach the fluidized state. The aeration ratios (ARs) of all dry powders 
were over 2 (Fig. 6), which means the dry powders are easily fluidized. 
Furthermore, the ARs of F0, ML1 and F1 are all more than 20, which 
means the dry powders are extremely sensitive to aeration. They can be 
fluidized already at a low flow rate. It is apparent that the presence of FL 

generated during high shear mixing or 1% of MgSt in dry powder system 
resulted in the powder being more easily to be fluidized. 

3.6. Raman spectroscopic mapping 

The Raman images revealed that TH-M particles were randomly 
dispersed on the surface of coarse lactose in F0 and F2 (Fig. 7). As for F1 
and F3, MgSt seemed coated at the surface of coarse lactose, on which 
TH-M was scattered post the blending process. 

4. Discussion 

TH is a new LABA, which is highly selective to the β2 receptor and 
has the potential for the treatment of asthma and COPD. At present, 
there are no reports on TH DPI development although an inhalable dry 

Fig. 3. Aerodynamic particle size distribution of TH. (Mean ± SD, n = 3).  

Fig. 4. Permeability of lactose carrier and DPIs. (Mean ± SD, n = 3).  
Fig. 5. Aeration test results of lactose carrier and DPIs. (Mean ± SD, n = 3).  
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powder formulation of TH might be more appealing as compared to oral 
TH tablets. In this study, TH, post micronization, was formulated with 
coarse lactose, MgSt and FL into dry powder formulations for inhalation, 
and the role of MgSt and FL as dispersion enhancers in the dry powder 
formulations was investigated. 

As seen from the SEM images and the sizing data with laser 
diffraction, TH-M, MgSt-M, and FL are in an inhalable size range with 
the d50 values less than 3 µm (Fig. 1, and Table 2). After blending with 
coarse lactose, these fine particles scattered over the carrier particles. 

XRD and DSC analyses revealed that the solid form of TH-M and MgSt-M 
remain unchanged after micronization by using a jet mill as compared to 
the raw materials (Fig. 2). 

To elucidate the role of MgSt and FL in the TH dry powder formu-
lations, various dry powder formulations were prepared and subjected 
to NGI tests. TH-M particles in F1, F2 and F3 could be readily detached 
from the carrier particles compared to F0, which is evidenced by a 
reduced deposition of TH-M in the pre-separator and increased deposi-
tion in the later stages of NGI (Table 3 and Fig. 3). 

Fig. 6. Aeration ratio of lactose carrier and DPIs. (Mean ± SD, n = 3).  

Fig. 7. Raman spectroscopic mapping results of DPIs. Green color referring for lactose, red for TH, and blue for MgSt. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 
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It has been reported that blending of MgSt with coarse lactose using a 
high-shear mixer could result in a thin coating of MgSt formed at the 
surface of carrier (Jetzer et al., 2017). In this study, the Raman images in 
Fig. 7 indicate the coating of MgSt at the surface of coarse lactose. This 
thin coating with MgSt at the surface of the carriers can contribute to an 
increase in lung deposition of DPI formulations likely because this 
coating can reduce the interaction force between fine particles (e.g., TH- 
M) and the carrier particles (e.g., coarse lactose) (Guchardi et al., 2008; 
Jetzer et al., 2017). Lowering the interaction force makes the smaller 
particles of TH easier to detach from the surface of the carriers, leading 
to a further increase in FPF and a decrease in MMAD. Nevertheless, the 
impact of MgSt with different particle size distribution on the aerosol 
performance of dry powder formulation has not been reported to the 
best of our knowledge. Interestingly, the addition of MgSt-M in TH-DPI 
seemed to be more effective to improve the lung deposition of TH-M as 
compared to the addition of MgSt without micronization. A study have 
shown that (Barra and Somma, 1996), smaller MgSt shows better 
lubricant efficiency. We speculate that smaller MgSt can be more widely 
coated on the surface of the carrier during the mixing process and 
resulting a higher FPF value. This suggests the size of MgSt as a 
dispersion enhancer in inhalable dry powder formulations may be a 
critical factor influencing the aerosol performance. 

Fine lactose particles in a size range of 1–10 μm were also added in 
dry powder formulations as a dispersion enhancer to improve the 
aerosol performance of APIs. It has been reported that FL could help the 
separation of drug from carriers and result in an improvement of FPF by 
occupying high energy sites of the carriers and forming agglomerates of 
drug and FL (El-Sabawi et al., 2006; Jones and Price, 2006; Kinnunen 
et al., 2015). The excellent enhancing effect of FL on the aerosol per-
formance of TH-M can be observed when the fraction of FL was 10%(w/ 
w), but not 1%(w/w) as shown in Table 3. Similar phenomena had been 
reported by Ying Sun et al. (Sun et al., 2021). However, the addition of 
1% FL in the dry powder formulations might not be sufficient to provide 
a full coverage of the high energy sites on the surface of coarse lactose, 
resulting in a low FPF value. In contrast, the addition of 10% FL in the 
dry powder formulation might be able to provide effective coverage of 
the high-energy sites on the surface of coarse lactose. In addition, the 
excess FL might be able to form gentle agglomerates with fine drug 
particles, facilitate the detachment of the fine drug particles from the 
coarse lactose, and render a high FPF value. Meanwhile, the formation of 
the agglomerates (FL and the fine drug particles) may result in an in-
crease in MMAD. Therefore, the amount of FL in the dry powder 
formulation for inhalation is a critical factor influencing aerosol 

performance. 
To study a combination effect of two dispersion enhancers, the 

aerosol performance of TH dry powders containing both MgSt-M and FL 
was also evaluated. As shown in Table 3 and Fig. 3, the TH dry powder 
formulation containing 1% (w/w) MgSt-M and 10% (w/w) FL exhibit 
the best aerosol performance among the samples studied. Furthermore, 
ML3 and F3 exhibited the minimum d10 value of particle size (Table 2S) 
and the lowest permeability (Fig. 4). It could be attributed to the addi-
tion of MgSt-M inhibiting the agglomeration of FL and TH-M, leading to 
more individual fine particles in the system. This resulted in the drug 
particles show smaller MMAD during inhalation (in vitro). 

To elucidate the combination effect of the dispersion enhancers used 
in this study, a schematic illustration was prepared and presented below. 
As shown in Fig. 8, some TH-M particles adhered to the surface of coarse 
lactose after the blending. Some TH-M particles may detach from the 
coarse lactose particles during the inhalation, some may attach at the 
high-energy sites of the lactose carriers. When adding MgSt-M in F1, it 
formed a coating layer at the surface of coarse lactose during mixing, 
decreased the adhesion between TH-M and carriers. When adding 10% 
of FL in F2, it occupied high-energy sites of the lactose carriers and 
formed agglomerates of FL and TH-M, which resulted in more TH-M 
particles detached from the carriers during the inhalation. When add-
ing FL and MgSt-M in F3, the combined effect of them made TH-M easier 
to detached from the surface of carriers and exhibited the best aerosol 
performance under respiratory flow rate. 

5. Conclusion 

This study demonstrates that TH can be formulated into dry powder 
formulations for inhalation using coarse lactose as the carrier particles. 
The addition of micronized MgSt, fine lactose, or both dispersion en-
hancers could enhance the aerosol performance of the TH dry powder 
formulations. This could be attributed to the fact that both micronized 
MgSt and fine lactose can occupy the high energy sites on the surface of 
the coarse lactose and reduce the binding force between the micronized 
drug particles and the carrier particles (i.e. coarse lactose). Nevertheless, 
micronized MgSt seems to be more effective to enhance the dispersion of 
the dry powder than the fine lactose. This may be due to the fact that 
micronized MgSt is able to spread on the surface of the coarse lactose as 
a thin layer, and more effectively occupy the high-energy site of the 
coarse lactose than the fine lactose particles. More importantly, this 
study demonstrates that the size and amount of dispersion enhancers are 
two critical factors that influence the lung deposition rate of TH dry 

Fig. 8. Schematic illustration of the effect of MgSt-M and FL on the aerosol behavior of TH DPI.  

T. Liu et al.                                                                                                                                                                                                                                       



International Journal of Pharmaceutics 635 (2023) 122702

8

powder formulations. 
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