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Abstract
Carriers play an important role in improving the aerosolization performance of dry powder inhalers (DPIs). Despite that 
intensive attention had been paid to the establishment of the advanced carriers with controllable physicochemical properties 
in recent years, the design and optimization of carrier-based DPIs remain an empiricism-based process. DPIs are a powder 
system of complex multiphase, and thus their physicochemical properties cannot fully explain the powder behavior. A com-
prehensive exposition of powder properties is demanded to build a bridge between the physicochemical properties of carriers 
and the aerosolization performance of DPIs. In this study, an FT-4 powder rheometer was employed to explore the powder 
properties, including dynamic flow energy, aeration, and permeability of the chitosan-mannitol binary carriers (CMBCs). 
CMBCs were self-designed as an advanced carrier with controllable surface roughness to obtain enhanced aerosolization 
performance. The specific mechanism of CMBCs to enhance the aerosolization performance of DPIs was elaborated based 
on the theory of pulmonary delivery processes by introducing powder properties. The results exhibited that CMBCs with 
appropriate surface roughness had lower special energy, lower aeration energy, and higher permeability. It could be pre-
dicted that CMBC-based DPIs had greater tendency to fluidize and disperse in airflow, and the lower adhesion force between 
particles enabled drugs to be detached from the carrier to achieve higher fine particle fractions. The specific mechanism on 
how physicochemical properties influenced the aerosolization performance during the pulmonary delivery processes could 
be figured out with the introduction of powder properties.

KEY WORDS  dry powder inhalers · powder properties · particle physicochemical properties · pulmonary delivery 
processes · aerosolization performance · FT-4 powder rheometer

INTRODUCTION

Dry powder inhalers (DPIs) are a promising pulmonary drug 
delivery system with the advantages of local delivery, fast 
acting, and satisfactory patient compliance, which have been 

widely employed in the treatment of pulmonary diseases (1). 
DPIs can be divided into carrier-based DPIs and carrier-free 
DPIs. At present, more than 90% of the DPIs on the market 
contain carriers, assigned as carrier-based DPIs (2). Carriers 
are beneficial to improve the flowability and physicochemi-
cal stability of DPIs. It has been reported that carriers exert 
a significant influence on the aerosolization performance of 
DPIs (3), rendering the design and optimization of advanced 
carriers a research hotspot.

In recent years, a variety of advanced carriers have been 
constructed by altering the physicochemical properties, includ-
ing particle size, morphology, density, porosity, and surface 
roughness (2, 4–10). These studies have explored the aero-
solization performance enhancement mechanism dependent 
of physicochemical properties, and attempted to clarify the 
key factors in improving aerosolization performance to fur-
ther optimize the advanced carriers. However, DPIs are a 
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complex multiphase powder system. It is difficult to describe 
the entire complex only by their physicochemical properties. 
From this standpoint, the established aerosolization perfor-
mance enhancement mechanisms were often inconclusive and 
contradictory, resulting in that the design and optimization of 
advanced carriers still remain an empiricism-based process. 
For instance, Kaialy et al. (11) reported that the increase of 
carrier surface roughness reduced the adhesion between drug 
and carrier, and improved the aerosolization performance. In 
contrast, Flament et al. (12) asserted that there was a negative 
correlation between carrier surface roughness and aerosoliza-
tion performance.

Of note, it is the powder properties rather than the phys-
icochemical properties that can directly affect the pulmonary 
delivery processes driven by airflow (6, 7). The aerosolization 
performance enhancement mechanism of advanced carriers 
is expected to be clarified successively by a comprehensive 
and in-depth exploration of powder properties. Regrettably, 
the evaluations for physicochemical properties have been well 
established, but those for powder properties lag far behind. 
The angle of repose (13), Carr index (14), pore flow velocity 
(15), etc., are used to describe the powder properties in tradi-
tional solid-state pharmaceuticals. It is important to note that 
DPI powder needs to fluidize, disperse, and eventually settle 
deep in the lungs during the respiratory drive, and thus those 
above indicators cannot accurately and objectively evaluate 
the powder for fluidization and transportation of DPIs due to 
the absence of airflow. This is also the decisive reason why 
the advanced carriers were mainly constructed via altering the 
physicochemical properties.

The FT-4 powder rheometer is an innovative technology for 
powder property characterization (16), which provides a com-
prehensive assessment to the powder behavior in the dynamic 
process, including dynamic flow, aeration, and permeability. 
Compared with conventional characterization methods, the 
FT-4 powder rheometer supplies an opportunity to accurately 
model and predict the multiphase system of DPIs (17). Spe-
cifically, basic flow energy, aeration energy, and permeabil-
ity can be directly quantified by measuring the energy of a 
helical blade going through powder with axial and rotational 
forces, which can reflect the powder properties in flowing state 
(18–20). Therefore, the FT-4 powder rheometer is expected to 
clarify the mechanism of advanced carriers improving the DPI 
aerosolization performance by evaluating the powder proper-
ties of DPIs.

A suitable model DPI should be selected for FT-4 analy-
sis. Chitosan-mannitol binary carriers (CMBCs), fabricated 

via one-step spray drying as an advanced carrier to explore 
the effect of surface roughness on DPI aerosolization perfor-
mance in our previous study (21), are a promising candidate. 
CMBCs are a binary system with diverse surface roughness 
scales, which was formed based on the difference in molec-
ular migration rates of the two components (chitosan and 
mannitol) during evaporation. It has been confirmed that the 
in vitro and in vivo aerosolization performance of CMBC-
based DPIs was remarkably improved with the appropriate 
adjustment of particle surface roughness. Nevertheless, the 
mechanism of CMBCs improving the aerosolization perfor-
mance has not been clarified, which brings difficulties to the 
further and expanding application of this system.

In this study, the FT4 powder rheometer was employed 
to explore the powder properties of CMBCs, including 
dynamic flow energy, aeration, and permeability. Further-
more, the relationship between powder properties, particle 
physicochemical properties, and DPI aerosolization perfor-
mance was explored to elaborate the specific mechanism 
improving the aerosolization performance based on the the-
ory of pulmonary delivery processes. This work provides 
new insights for the design and optimization of advance 
carriers, which is of great significance for the development 
of DPIs.

MATERIALS AND METHODS

Materials

Budesonide (BUN, 99.2% purity) was selected as the model 
drug and purchased from Chu Feng Yuan Technology Co., 
Ltd. (Wuhan, China). Mannitol (MAN, analytical grade) was 
obtained from Da Mao Chemical Reagent Factory (Tianjin, 
China). Chitosan hydrochloride (CTH, deacetylation degree 
90.2%, viscosity 28 cps) was purchased from Aokang Bio-
logical Technology Co., Ltd. (Weihai, China). Acetonitrile 
(HPLC grade) was obtained from Thermo Fisher Scientific 
(Pittsburgh, American). Other chemicals were of analytical 
grade.

Preparation of CMBCs

CMBCs with different CTH-MAN ratios (Table I) were fab-
ricated via a documented spray-drying method (21). Briefly, 
MAN with or without CTH was dissolved in 30% (v/v) etha-
nol–water solution to obtain a total concentration of 20 mg/

Table I   Formulations of 
CMBCs with Different 
Mannitol-Chitosan Ratios

Formulation MAN CMBC1 CMBC2 CMBC3 CMBC4 CMBC5

MAN (%) 100 90 70 50 30 10
CTH (%) 0 10 30 50 70 90
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mL, and then spray-dried using an EYELA SD-1000 spray-
dryer (Tokyo Rikakikai Co., Ltd., Tokyo, Japan). The spray-
dryer was operated under the following parameters: nozzle 
tip 0.71 mm, feed rate 7 mL/min, inlet temperature 140 °C, 
outlet temperature 85 °C, gas flow rate 0.6 m3/min, and aspi-
rator pressure 150 kPa.

CMBC Surface Roughness Measurement

The surface roughness of CMBCs was measured by atomic 
force microscopy (AFM, SPM-9500J3, Shimazu Institute, 
Japan). The AFM contact mode is adopted. The maximum 
scanning range and scanning frequency were 10 μm × 10 μm 
and 1.52 Hz, respectively. After obtaining the original sur-
face topography image, the scans were analyzed with the 
NanoScope Analysis software version 1.40r1.

Powder Property Measurement

It was primary to assess the powder properties and further 
determine the crucial factors affecting aerosolization perfor-
mance, in order to elucidate the aerosolization performance 
enhancement mechanism. In this study, the FT4 powder 
rheometer was employed to explore the flowability, adhesion 
force, and dispersion of carrier by dynamic test, aeration 
test, and permeability test, respectively.

The standard dynamic test, aeration test, and permeabil-
ity test were determined with the FT-4 powder rheometer 
(Freeman Technology Ltd., Tewkesbury, UK) according to 
previously reported methods with proper modifications (7). 
All the measurements were performed in triplicate.

Dynamic Test

The dynamic properties were determined by measuring 
the resistance of helical blades as they rotated and moved 
axially into the powder at a constant velocity. Firstly, 
about 30 mL sample powder was filled into the vessel for 
pretreatment and precisely weighed. During the dynamic 
test processing, there were 11 test cycles in total. The tip 
speed in the first 7 identical test cycles was 100 mm/s, 

while the tip speed in the last 4 cycles were 100, 70, 40, 
and 10 mm/s, respectively. The flowability of powder was 
quantitatively expressed by total energy (TE), which was 
calculated by the rotational torque and the axial force of 
powder on blade. In addition, several important parameters 
measured with the standard dynamic test are defined in 
Table II.

Aeration Test

For the aeration test, about 30 mL sample powder was 
filled into the vessel with a special inflatable base for pre-
treatment, and then procedures similar to the dynamic test 
were carried out, under the condition where the powder 
was filled with air from the bottom. Noticeably, the flow 
rate of air was 0, 2, 4, 6, 8, and 10 mm/s successively in 
the whole test process while the helical blades moved at 
the speed of 100 mm/s, and the flow energy of powder 
under different air velocities was recorded. According to 
the flow energy curve of the aeration test, a constant mini-
mum was obtained as the increase of the flow rate which 
meant that the powder was totally fluidized. The aeration 
properties were quantitatively assessed by aerated energy 
(AE) and aeration ratio (AR). AE was defined as the flow 
energy to move the blade through the powder under the 
airflow of 10 mm/s, while AR was the ratio of the flow 
energy at 0 mm/s flow rate to AE.

Permeability Test

Permeability test was employed to evaluate the ability of 
air penetration through powders. After a similar pretreat-
ment as the test abovementioned, different normal stresses 
(0, 2, 4, 6, 8, 10, 12, and 15 kPa) were applied to the 
powder while 2 mm/s air flow was introduced constantly 
from the vented base. The corresponding pressure drop 
values for different applied normal stresses were recorded 
to calculate the corresponding permeability (22). The poor 
permeability could be reflected by a higher-pressure drop.

Table II   Dynamic Testing — Parameter, Units, Definition, and Calculation

Parameter Unit Definition Calculation

Basic flow energy (BFE) mJ The energy needed to displace a conditioned powder sample during downwards 
testing

BFE = TE
test−7

Special energy (SE) mJ/g The energy per gram needed to displace conditioned powder during upwards 
testing

SE =
TE

test−6
+ TE

test−7

/

2m

Stability index (SI) - The factor by which the measured flow energy changes during repeated testing
SI =

TE
test−7

/

TE
test−1

Flow rate index (FRI) - The factor by which the flow energy is changed when the tip speed is reduced, 
reflecting the sensitivity of powder to air flow rate FRI =

TE
test−11

/

TE
test−8
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Preparation of CMBC‑Based DPIs

To obtain DPIs, BUN was first micronized to d50 < 2 μm 
and then mixed with CMBCs to enable drug delivery to 
the deep lung. Specifically, BUN was micronized by air jet 
milling (Youte Powder Mechanical Equipment Co. Ltd., 
Yixing, China) with the ring pressure and venturi pressure 
of 0.40 MPa and 0.45 MPa, respectively. Then, micronized 
BUN and CMBCs were manually mixed (1:20, w/w) for 
5 min to obtain CMBC-based DPIs, which were packed into 
3# hard hydroxypropyl methylcellulose capsules (Suzhou 
Capsugel Co., Ltd., Suzhou, China) after being precisely 
weighed (10.0 ± 0.5 mg).

In Vitro Aerosolization Performance

The in vitro aerosolization performance of DPI formulations 
was determined with a next-generation impactor (NGI, Cop-
ley Scientific Ltd., Nottingham, UK) as previously described 
(21). Briefly, the test was carried out at the flow rate of 60 L/
min, and the cutoff diameters of the NGI stages (stage 1 ~ 7 
and MOC) are shown in Table III. A capsule loaded in Tur-
boSpin™ was tested for 4 s, ten capsules were used in each 
run, and three replicates were carried out for each formula-
tion. BUN deposited on the NGI cups was collected with a 
certain amount of ethanol and quantitatively determined by 
high-performance liquid chromatography (HPLC) (21). The 
fine particle fraction (FPF) was calculated by CITDAS® 

software (version 3.10, Copley Scientific Ltd., Nottingham, 
UK), which was an important indicator to evaluate the aero-
solization performance of DPIs.

Results Expression and Statistics

All data was reported as mean ± standard deviation (S.D.), 
if possible. SPSS 20 software (IBM Corporation, Armonk, 
NY) was conducted for statistical analyses. The skewness 
and homogeneity of variance were tested before further 
comparison. One-way analysis of variance (ANOVA) or 
chi-square tests were performed to compare the obtained 
data, and p < 0.05 was considered as significant difference.

RESULTS

Surface Roughness of Carrier

The CMBCs with different surface roughness scales 
were designed to obtain excellent aerosolization per-
formance in our previous study. As shown in Fig. 1, the 
single component of MAN had a smooth surface, while 
CMBCs had a rough surface. With the increase of chitosan 
proportion, the surface roughness of CMBCs increased 
gradually. According to the calculation results of Ra and 
Rq (Fig.  1B), CMBC2 consisted of 70% mannitol and 
30% chitosan, which had the roughest surface. It was 

Table III   The Cutoff Diameters of the NGI Stages at a 60-L/min Flow Rate

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 MOC

Cutoff diameters (μm)  > 08.06 4.46 ~ 8.06 2.82 ~ 4.46 1.66 ~ 2.82 0.94 ~ 1.66 0.55 ~ 0.94 0.34 ~ 0.55  < 0.34

Fig. 1   The surface roughness of MAN and CMBCs.  A AFM images of CMBCs. B Calculated Ra and Rq values for CMBCs
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noteworthy that when the proportion of chitosan was too 
high, there was a smoother surface that was close to a 
single component (chitosan). The difference in molecular 
migration rates between mannitol and chitosan contrib-
utes to the rough surface of CMBCs. However, when the 
surface roughness of the CMBCs changed, the particle 
size and other physicochemical properties could change 
correspondingly due to the limitations of the preparation 
method. All the above physicochemical properties might 
have an unpredictable impact on the aerosolization per-
formance, which made it difficult to evaluate the effect 
of each single physicochemical property on the aerosoli-
zation performance of CMBC-based DPIs. It was neces-
sary to comprehensively evaluate the powder properties 
to clarify the effect of CMBC surface roughness on the 
aerosolization performance.

Powder Properties of Carriers

Dynamic Flow Property of Carriers

The dynamic profiles of CMBCs are demonstrated in 
Fig. 2. TE was roughly constant during the initial 7 cycles 
but increased significantly in the last 4 cycles as the blade 
speed dropped. As reported by Freeman Technology (23), 
TE reflected the resistance to the flow of powder, and hence 
the resistance of the blades increased gradually as the tip 
speed decreased; a lower TE value indicated better flowabil-
ity of powder in general.

Based on TE values in the standard dynamic flow test, 
BFE, SE, SI, and FRI could be calculated, which were key 
parameters to evaluate powder flowability. Specifically, the 
TE values for the initial 7 cycles were defined as BFE. As 
shown in Fig. 3A, BFE values of CMBC1 and CMBC4~5 
were significantly lower than MAN (p < 0.05), but CMBC2~3 
have the highest BFE values. It was worth noting that BFE 
was the energy required to displace a conditioned powder 
as the blades moved downward, which was associated with 
dynamic flowability, bulk compressibility, and powder 
consolidation level (24). For the cohesive powders with 
smoother surface and smaller particle size (21) such as 
MAN, CMBC1, and CMBC5, the low BFE value suggested 
good flow properties; in contrast, powders exhibiting high 
BFE values were often associated with poor flowability (25). 
However, a higher BFE value could be measured for non-
cohesive powders or powders with larger dae, despite the fact 
that the flow properties might be acceptable (26). A possible 
explanation was that the flowing zone around the blade was 
extensive due to the low compressibility of the powder and 
the high transmissibility of forces between particles, and 
for this reason a higher flow energy was required to start the 
powder flow. Therefore, the sharp rise of BFE for CMBC2~3 
might be the results of surface roughness and particle size 
increase.

With regard to SE values (Fig. 3B), CMBC1~5 were obvi-
ously lower than MAN, indicating that the modification of Fig. 2   The dynamic profiles of MAN and CMBCs (n = 3)

Fig. 3   The dynamic test results 
of MAN and CMBCs. A Basic 
flow energy (BFE) values of 
MAN and CMBCs. B Special 
energy (SE) values of MAN and 
CMBCs (n = 3)
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CMBCs effectively reduced the inter-particulate cohesion 
and consequently improved the flow properties of pow-
der. SE was obtained during the upwards testing where 
the powder was not constrained by space. It was generally 
observed that powder exhibiting low SE values had good 
flow property since SE was mainly related to intrinsic par-
ticle properties, such as cohesion, particle size, and surface 
roughness (25). Specifically, the significant lower SE val-
ues of CMBC1~5 might be explained by the reduction of the 
interparticle contact area owing to the increase of surface 
roughness and particle size (Fig. 1) (21). Furthermore, the 
appearance of surface roughness might make a very positive 
contribution to the fact that SE values of CMBC1~3 were 
slightly lower than CMBC4~5 (p < 0.05), and therefore the 
powder had lower tendency to aggregate and better disper-
sion performance.

Additionally, SI was calculated to estimate the stability 
of physical properties during repeated testing. As shown in 
Fig. 4A, SI values of CMBC2~5 were significantly lower than 
MAN (p < 0.05), and CMBC2~3 had the lowest SI values. 
SI was the ratio of TEtest-7 to TEtest-1, and a value closer to 1 
reflected better powder stability. The SI value higher than 
1 stood for that powder aggregation might occur during the 
repeated testing, and conversely that less than 1 indicated 
the presence of disaggregation. The remarkable lower SI 
values of CMBC2~3 might be attributed to the increase of 
surface roughness, which reduced the contact area and inter-
particulate forces between particles. Hence, CMBC1 might 
be easier to aggregate during the preparation of carrier-based 
DPIs, and the lowest SI values of CMBC2~3 indicated that 
the powder was able to disaggregate from complex powder 
generated by pretreatment, which had great advantages in 
the process of mixture, transportation and fluidization of 
DPIs.

As described in Fig. 4B, CMBC2~5 had lower FRI values 
than MAN, and FRI values of CMBC2~3 were the lowest, 
similar to the results of SI. It was reported that FRI was 
used to assess the effect of blade speed on powder cohe-
sion, and generally a high FRI value was resulted from the 

excessive sensitivity to stress (27). It had been reported that 
the FRI value below 3 was desirable (28). The FRI values 
of MAN and CMBC1 were higher than the critical value 3, 
while those of CMBC2~5 were satisfactory. The higher FRI 
value indicated that TE increased rapidly with the decrease 
of blade speed, which was consistent with the characteristic 
of cohesive powder. A possible explanation for the particle 
with smooth surface requiring greater flow energy at lower 
flow rates was that the inter-particulate interstice was finite, 
leaving a stiffer material with more resistance to flow (25). 
Conversely, the non-cohesive powder with suitable surface 
roughness was much less sensitive to blade speed, because 
the void space and the contact between particles remained 
more or less unaffected by the blade speed and the bulk 
density remained unchanged. Therefore, CMBC2~5 were less 
sensitive to the blade speed, indicating that powder has low 
possibility to aggregate and consolidate spontaneously.

Aeration Test

It was insufficient to evaluate the powder properties with-
out airflow by the traditional evaluations, for the reason that 
the delivery of DPIs was a dynamic process always with 
the presence of airflow. The aeration test was an important 
extension of the standard dynamic test, which introduced 
air into the base of the powder column and quantified the 
effect of airflow on flow properties by measuring the reduc-
tion in flow energy (28). Figure 5 shows the variation of 
the flow energy with air velocity, and significant differences 
in aeration behaviors were evidenced between all 6 pow-
ders. The results showed that with the increase of airflow 
velocity, the interior of CMBC1~4 presented a fluidized 
state, and flow energy gradually decreased until it reached 
a steady state. Among them, the flow energy of CMBC2 
and CMBC3 decreased rapidly to a steady state under the 
airflow of 2 mm/s, indicating that they had satisfactory flow 
and dispersion properties at a relatively low airflow speed, 
and were especially suitable for the delivery of DPIs. In 
addition, CMBC1 and CMBC4 could still reach a relatively 

Fig. 4   The dynamic test results 
of MAN and CMBCs. A Stabil-
ity index (SI) values of MAN 
and CMBCs. B Flow rate index 
(FRI) values of MAN and 
CMBCs (n = 3)
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steady state under the airflow of 8 mm/s though their initial 
flow energy was slightly lower, indicating that their disper-
sion was better than that of MAN. It was worth noting that 
the flow energy of MAN could decrease continuously with 
the increase of airflow velocity, although it failed to reach a 
steady state even under the flow of 10 mm/s, reflecting that 
MAN had a relatively satisfactory dispersion performance. 
However, the flow energy of CMBC5 had little change even 
under the airflow of 10 mm/s, which meant that the pneu-
matic transmission and dispersion properties hampered the 
industrialization process. It was speculated that the powder 
with higher content of chitosan appeared to consolidate, and 
the air could not penetrate the whole sample but overflowed 
from some fixed concave or pores, and thus the flow energy 
was unchanged with the increase of airflow rates.

From these results, aerated energy (AE) and aerated 
ratio (AR) were obtained. As shown in Fig. 6A, AE val-
ues of CMBC1~4 were significantly lower than those of 
MAN (p < 0.05). AE was the flow energy to move the blade 
through the powder under the airflow of 10 mm/s. Gener-
ally, AE was used as an indicator to evaluate the cohesion 
strength of powder with the presence of airflow, and a low 

AE value represented excellent fluidization and dispersion 
performance. The weaker cohesion of CMBCs might be 
caused by the rough surface of CMBCs. It had been studied 
that the contact area of particles with a rough surface was 
smaller than those with a relatively smooth surface (29), and 
thus the powder had a weaker cohesion.

Further, the ratio of BFE to AE was defined as AR, which 
reflected the sensitivity of powder to air flow, and the pow-
der with a larger AR value tended to readily reach a fluid-
ized state. Coincidentally, CMBC2 and CMBC3 had both 
lower AE and larger AR than MAN, reflecting that CMBC2 
and CMBC3 had satisfactory flowability, fluidization, and 
dispersion properties. In contrast, AR values of CMBC1 
and CMBC4~5 were lower than those of MAN (p < 0.05), 
indicating that their flowability in airflow condition was not 
satisfactory, though they performed well in the standard 
dynamic test. The differences of AE and AR between the 
powders mentioned above could be obligated to the variation 
of surface roughness. The dimples and holes on the surface 
of particles gave rise to the disorder and abruption of airflow 
to a greater extent, leading to a large pressure difference and 
turbulent flow between particles, and thus lift and suspen-
sion of the particles occurred at relatively low air veloci-
ties (25). According to a previous study (21), CMBC2 and 
CMBC3 had rougher surface than other powders, confirmed 
by AFM. For this reason, CMBC2 and CMBC3 had a high 
sensitivity to even lower airflow, showing a rapid reduction 
of flow energy.

Permeability

The permeability generally represented the difficulty of 
powder transmitting air under certain pressure conditions, 
and reflected the fluidization and dispersion performance 
of carrier-based DPIs. Figure 7 shows the permeability of 
the powder at 2-mm/s airflow for various applied normal 
stresses. MAN and CMBC1 had the lowest permeability, 
which might be attributed to the relatively smoother surface, 
and consequently the powder was more compacted and air 
was more difficult to pass through it. It was noteworthy that 

Fig. 5   Aeration test of MAN and CMBCs (n = 3)

Fig. 6   The aeration test results 
of MAN and CMBCs. A Aer-
ated energy (AE) values of 
MAN and CMBCs. B Aerated 
ratio (AR) values of MAN and 
CMBCs (n = 3)
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a distinctly higher permeability in CMBC2 and CMBC3 was 
observed when compared to others, consequently exhibit-
ing better fluidization and dispersion performance. This was 
owing to the higher roughness of the particle surface, and 
there were certain voids inside the powder so that the airflow 
could pass through the powder with less resistance. Besides, 
there was a sharp reduction of permeability in CMBC3 with 
a normal stress increasing from 1 to 15 kPa, suggesting a 
deterioration of permeability. Additionally, CMBC4~5 had a 
relatively poor permeability because of the smooth surface.

The Effect of Powder Properties on In Vitro 
Aerosolization Performance

The aerosolization performance of the CMBC-based DPIs 
was evaluated by NGI and is shown in Fig. 8. The mass 
ratio of the active pharmaceutical ingredient (API) within a 
certain range of impactor cutoff size to all collected API was 
defined as FPF, which was an important parameter to quan-
tify the aerosolization performance. The results showed that 
FPF values of CMBC-based DPIs were significantly higher 

than those of MAN-based DPIs (FPF: 21.67%), elucidating 
the superior in vitro aerosolization performance of CMBC-
based DPIs. Besides, DPIs prepared by CMBC2 and CMBC3 
had the highest FPF values, viz., 43.56% and 41.42%, respec-
tively. Based on the above studies, the correlation between 
powder properties and aerosolization performance was fur-
ther explored. Herein, we had established the correlation 
between AR and FPF in binary carrier CMBCs. As shown 
in Fig. 8B, there was a positive correlation between AR and 
FPF, indicating that a better permeability was desirable in 
pulmonary delivery processes. There was no doubt that the 
enhanced aerosolization performance of CMBC-based DPIs 
could be ascribed to the change of surface roughness and 
particle size, which results in the increase of inter-granular 
voids. The presence of voids made it easier for airflow to 
pass through the powder and reduced the adhesion force 
between particles. Correspondingly, the CMBC-based DPIs 
had greater tendency to fluidize and disperse in airflow, and 
the API could be detached from the carrier in bronchioles to 
achieve excellent aerosolization performance.

DISCUSSION

Currently, it is difficult to establish a mathematical model to 
accurately predict the effect of surface roughness and parti-
cle size on aerosolization performance due to the presence 
of multivariable particles. The optimization of CMBCs still 
remains an empirical and uncontrollable process, which 
constructs enormous barriers to the further and expanding 
application of CMBCs. Powder properties showed more rel-
evance with the pulmonary delivery processes than phys-
icochemical properties, according to the enriched theory 
revealed in our previous study via the self-built modular 
platform (30).

Generally, the pulmonary delivery processes can be 
roughly described by four consecutive stages: fluidization-
dispersion, transportation, detachment, and deposition. The 
sequential and efficient achievement of the four stages is the 
guarantee of superior aerosolization performance.

Fig. 7   The permeability of MAN and CMBCs (n = 3)

Fig. 8   In vitro aerosolization 
performance test of CMBC-
based DPIs by NGI (60 L/min, 
4 s, n = 3). A The FPF values of 
CMBC-based DPIs. B The cor-
relation between AR and FPF
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Firstly, DPIs should be fluidized and dispersed through 
airflow generated by breathing, which can be assessed by 
aeration test and permeability test. The powders that can 
be fluidized rapidly at lower airflow are probable to achieve 
satisfactory dispersion. According to the results of the aera-
tion test, AE values of CMBC1~4 were lower than those of 
MAN (p < 0.05), which meant that the CMBC1~4-based 
DPIs had better fluidization and dispersion behavior even 
under lower airflow conditions. On the contrary, CMBC5 
and MAN required a higher airflow to achieve acceptable 
fluidization and dispersion, resulting in a premature deposi-
tion of the API-carrier complex in the DPI device or upper 
respiratory tract. Interestingly, this inference was supported 
by the results of permeability. MAN which performed poorly 
in the aeration test had the lowest permeability, resulting in 
undesired fluidization and dispersion of the inner powder. In 
addition, though the aeration of CMBC1 and CMBC4~5 was 
relatively acceptable, their permeability was dissatisfactory, 
corresponding to the lower FPF values. It was indicated that 
satisfactory fluidization and dispersion can be achieved only 
with lower aeration and higher permeability, like CMBC2 
and CMBC3. In addition, the stability and flowability of 
the powders of CMBCs and CMBC-based DPIs were also 
important factors to be considered, which had an important 
influence on fluidization and dispersion processes. Accord-
ing to the results of the dynamic test, the flow energy of 
MAN and CMBC1 increased obviously (p < 0.05), in accord-
ance with higher SI values (1.41 and 1.53, respectively). 
In other words, MAN and CMBC1 had poor stability in 
the mixing and pre-compression process, and the particles 
tended to aggregate. At the same time, the SE values of 
CMBC2~3 were lower than those of CMBC4~5, while the 
BFE values were higher, indicating that the powder of 
CMBC2~3 had preeminent flowability and dispersion per-
formance. For particles with a relatively smoother surface, 
aggregation may occur when inhaled by patients owing to 
excessive contact area and finite inter-particulate intervals. 
However, particles with a rough surface have weak cohesion 
and are more likely to reach a fluidized state.

After fluidization and dispersion, the drug-carrier com-
plex will be transported to the oropharynx region, trachea, 
and bronchi sequentially (31). With the narrowing of bron-
chioles, the shear force of airflow becomes high enough 
for API to detach from the surface of carrier particles. The 
transportation of the drug-carrier complex and the detach-
ment of drug from the carrier are mainly associated with 
the aerodynamic properties of powder and relative strength 
of cohesion force (32, 33). On the one hand, if the cohesion 
force between API and carrier is weak, the API will detach 
from the complex early, and deposit in the upper respiratory 
tract rather than the deep lung. On the other hand, exces-
sive cohesion will cause the API to be difficult to detach 
from the complex, and finally be trapped in the bronchi 

and removed by cilia action or swallowed due to the larger 
particle size. In this work, the SE and AE were adopted to 
estimate the relative strength of cohesion force. Lower SE 
and AE values made CMBC2~3 have a lower cohesion, and 
API could timely detach from the surface of carriers. It was 
worth noting that CMBC3 had the lowest SE and AE val-
ues, but the FPF value of CMBC3-based DPIs was slightly 
lower than that of CMBC2-based DPIs. The contradictory 
results might be triggered by the excessively weak cohesion 
force of CMBC3. Based on the above results, the cohesion 
of CMBC2 was stronger than that of CMBC3, which was 
more suitable for the transportation and detachment of API-
carrier complexes. In conclusion, a too strong or too weak 
cohesion will lead to premature deposition of the API in 
the upper respiratory tract, and an appropriate cohesion is 
needed to ensure a tight binding of the transportation process 
and timely detachment in bronchioles.

As indicated by the current results, lower aeration, higher 
permeability, superior stability, and flowability all contrib-
ute to the satisfactory fluidization and dispersion. Besides, 
appropriate cohesion avoids premature deposition of the 
API in the transportation and detachment processes. All 
the above factors contribute to the pulmonary delivery pro-
cesses, and ultimately achieve the enhancement aerosoli-
zation performance of CMBC-based DPIs. In conclusion, 
powder properties are potential indicators for the design 
and optimization of advanced carriers, and their effects on 
pulmonary delivery processes need to be taken into consid-
eration seriously.

CONCLUSION

The design and optimization of advanced carriers with 
various physicochemical properties are research hotspots 
for carrier-based DPIs. However, the design and optimi-
zation of advanced carriers which are mainly focused on 
physicochemical properties, remaining an empiricism-based 
process. In the present study, CMBCs, an advanced carrier 
was employed to explore the effect of particle physicochemi-
cal properties on aerosolization performance by measuring 
powder properties, including dynamic flow energy, aeration 
energy, and permeability via a FT4 powder rheometer. The 
enhancement mechanism of powder properties on improving 
the aerosolization performance was further explored based 
on the theory of pulmonary delivery processes. It was con-
sidered that the superposed impact of satisfactory flowabil-
ity, superior stability, lower aeration energy, higher perme-
ability, and appropriate adhesion force contributed to the 
aerosolization performance enhancement of CMBC-based 
DPIs. The results showed that powder properties provided 
a novel insight to explain the influence of physicochemi-
cal properties on aerosolization performance. This study 
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provided a novel insight for the design and optimization of 
advanced carriers, and had great significance to the devel-
opment of carrier-based DPIs loading different cargoes like 
antitumor drugs, macromolecules, and nanoparticles.
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