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Abstract

Studying the deposition pattern of inhalable particles in the pulmonary acinus has significance in clarifying the predisposing
cause, progression, clinical treatment and prevention of common respiratory system diseases such as emphysema. In this
study, we established an in vitro experimental model capable of simulating pulmonary acinar morphological lesions, such
as emphysema and pulmonary atrophy. In addition, the deposition efficiencies of inhalable particles with various diameters
in the pulmonary acinus were investigated under an unsteady state respiratory mode. The changes in pulmonary acinar
morphology significantly affected the deposition rates of particles. Moreover, alveolar atrophy increased the deposition
rate of particles, while pulmonary alveolar dilatation decreased the deposition rate. The results of this study may provide
experimental evidence for the development of a disease course by pulmonary acinus morphologic changes. The established
model also provides a feasible in vitro experimental model for studying the deposition pattern of inhalable particles in the

pulmonary acinus.
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1 Introduction

With the acceleration of global industrialization, air pollu-
tion has resulted in the common occurrence of respiratory
disease. In particular, the deposition of inhalable particles
(airborne particles with an aerodynamic diameter < 10 pm)
in the lung is the major predisposing cause of respiratory
diseases. The pulmonary acinar area is the major functional
area of the human respiration system. The deposition of
inhalable particles in the pulmonary acinus can cause pul-
monary lesions and affect pulmonary functions. Inhalable
particles can further penetrate the alveolar walls to enter the
human blood circulatory system, causing substantial dam-
age to human health. Therefore, studies of the deposition
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patterns of inhalable particles in the pulmonary acinus area
have significance for understanding the etiology, treatment,
and prevention of emphysema and other diseases.
Presently, studying acinar deposition by subjecting human
subjects to direct inhalation of particles has substantial
potential health risks and high costs. Moreover, due to the
complex structure and small size of the pulmonary acinus,
it is impossible to establish a life-size computer model or
physical model through Computed Tomography (CT) scan-
ning. Therefore, most studies have used theoretical models,
simplified empirical models or simplified physical models to
perform computerized simulation analysis or experimental
research. Some investigators have established two-dimen-
sional or three-dimensional single-level or multiple-level
computer models of the pulmonary acinus to study the res-
piratory flowfield and deposition distribution of particles
with various diameters [1-3]. These researchers determined
that the respiratory flowfield in pulmonary alveoli exhib-
ited oscillatory laminar flow and formed a partial vortex in
the respiratory transition. Darquenne et al. [4] showed that
gravity had an important impact on the deposition of fine
particles, and the deposition of particles in various levels of
the alveolar ducts was heterogeneous. In addition, they found
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that particles with diameters less than 0.2 pm were mainly
deposited in alveolar areas; therefore, they hypothesized that
the deposition of particles in the pulmonary acinar area pri-
marily relied on Brownian motion. However, the deposition
of particles in the alveolar region is the result of coupling
between convection and diffusion mechanisms [5]. Sznitman
et al. [6] showed that the convection phenomena induced by
alveolar wall movement inside alveoli played an important
role in the deposition of particles in the pulmonary acinus.
Ma et al. [7] established a continuous, asymmetric, five-
generation, three-dimensional pulmonary acinar model with
moving walls and found that moving walls and multiple
breathing cycles had a substantial influence on the accurate
deposition of particles in the pulmonary acinus. In recent
years, some scholars have tried to simulate alveolar pathol-
ogy abnormalities. Oakes et al. [8] established a computer
model of a single cluster of healthy and emphysema pulmo-
nary acinus and a particle image velocimetry (PIV) experi-
mental model; the particle deposition efficiency in healthy
alveoli was higher than that in emphysema alveoli. Li [9]
studied the effect of small airway obstruction on the deposi-
tion of alveolar particles and found that bronchial obstruc-
tion would significantly reduce the deposition of particles
in alveoli. These results are based on the hypothesis of the
isotropic expansion of alveoli. However, Hofemeier et al.
believe that pulmonary alveolar deformation is anisotropic
because of lung breathing, which is not a regular circle.
Hofemeier’s computer simulation study showed that move-
ment and deposition of submicron particles were signifi-
cantly affected by changes in the anisotropy of alveoli [10].
However, in a subsequent study, Hofemeier et al. showed
that alveolar anisotropy played only a secondary role in the
impact of alveolar deposition at all levels [5]. Therefore,
the effect of the anisotropy of alveoli on the deposition of
particles needs further study.

Simultaneously, in vitro experimental models for the
deposition of inhalable particles in the acinus must be
established to compete with or confirm computer simula-
tion results. Chhabra et al. [11] established a single elastic
alveolar model and applied PIV to observe the flow-field
distribution and deposition of inhalable particles in alveoli
under an unsteady respiratory model. The results showed
that a periodically changing vortex flowfield was present in
alveoli, with the deposition efficiency changing dramatically
from 0.1 to 10%. Berg et al. [12] established a planar model
of a single acinar cluster with anatomical casting technol-
ogy based on the lungs of healthy adult sand used PIV for
flow-field analysis. In a single respiratory cycle, the particles
could not directly reach the wall of alveoli; therefore, the
deposition of particles in alveoli may be the result of the
superposition of multiple respiratory cycles.

In the scaled model, PIV can be used to analyze only the
motion of particles in the model. There are some problems in

calculating the deposition rate of particles on the surface of
the body by PIV. For example, when the deposition rate of a
three dimensional (3D) surface is calculated, the PIV image
will overlap and reduce measurement precision. Recently,
researchers have tried to establish a life-size alveolar model
to further reveal the movement and deposition of particles
in alveoli. Fishler et al. has built many kinds of true-scale
pulmonary acinar models based on microfluidic technol-
ogy [13-15]. These models are characterized by thickness
on the micron scale, and the whole model resembles the
two-dimensional (2D) structure. Therefore, they used the
PIV time-sharing imaging method to analyze movement
and deposition of particles in alveoli during the respira-
tory cycle. This model overcomes the insufficiency of the
dynamic similarity in the scaled models; nevertheless, the
structure of the pulmonary acinus is too simplified. There-
fore, the scaled model has some advantages in simulating the
complex structure of the pulmonary acinus.

Current research on experimental models uses fluids such
as glycerol to substitute air as the vector of particles. In addi-
tion, a few studies have described experimental models of
the pulmonary acinus with pathological characteristics. In
this paper, through establishment of a pulmonary acinar
experimental model, we studied the deposition efficiencies
of particles with various diameters in the terminal bronchi-
oles and pulmonary acinar area, as well as the influence on
deposition efficiency under an unsteady respiration mode.
The results may reveal the relationship between the deposi-
tion of particles and pneumoconiosis, emphysema and other
respiratory diseases and provide an experimental basis for
disease prevention and treatment.

2 Experimental Model
2.1 Human Pulmonary Acinar Experimental Model

According to the human lung regions illustrated by the Inter-
national Commission on Radiological Protection (Interna-
tional Commission on Radiological Protection, ICRP, 1994)
[16], the 15th and 16th levels of bronchi are defined as ter-
minal bronchioles, and the levels > 17th are defined as the
pulmonary acinar area. As shown in Fig. 1, the experimental
model in this paper was designed as one segment of the 15th
level bronchus, 2 segments of the 16th level bronchus and
4 segments of the pulmonary acinar area, with each pulmo-
nary acinus containing 17 alveoli. The diameters, lengths
and branching angles of the 15th—17th levels of the bron-
chioles and alveolar ducts all came from the Beatrice ana-
tomical values [17] and were scaled 75 times. A demount-
able structure was placed in the middle of the bronchioles
of each level to enable convenient placement of normal and
pathological segments. During the deposition experiment,
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Fig.1 Human pulmonary acinus experimental model. ©® 15th-level
bronchus; @ Connector; ® 16th level bronchus; @ Connector; ® 17th
level bronchus; ® Connector; @ Pulmonary alveolar duct; ® Pulmo-
nary alveolus

these segments could be removed to analyze the deposited
particle concentrations.

The actual average diameter of a healthy adult alveolus is
approximately 250 pm, with a wall thickness 8=1.11 pm,
density 250 kg/m>, Young’s modulus E=5 kPa and Pois-
son’s ratio v=0.4 [18]. After equivalent scaling, the diam-
eter of the alveolus was 18.75 mm. The alveolar test model
was made into a sphere, and the opening is round, with a
circular fixing ring that could fix the pulmonary test model
on the end of the bronchioles. Methyl vinyl silicone rubber
is the basic material comprising the alveolar wall. By adding
cyclic polymethylsiloxane as the softening agent, the moduli
of Young’s modulus are 5200 Pa, and Poisson’s ratio is 0.43.
The pulmonary alveolus of the test model can be removed
and eluted to analyze the concentration of the deposited
particles to measure deposition in the pulmonary alveoli
alone. This model can be used for experimental analysis of
particle movement and deposition in the pulmonary acinar
area under various respiratory and environmental humidity
conditions, including local and total deposition efficiencies
and the effects of various lesions and particle diameters.
The established model contains the 15th—17th bronchi and 4
acinar areas, and the total volume is 1772 mL. In addition, a
separate alveolus with a 40% reduction of diameter is created
as the pulmonary acinar model of patients with lung atrophy,
and an alveolus with a 40% increase in diameter is created
as the pulmonary acinar model of patients with emphysema;
their diameters are 11.25 and 26.25 mm, respectively.

2.2 Experimental Model of Deposition of Inhalable
Particles in the Human Pulmonary Acinar Area

As shown in Fig. 2, the inhalable particles used for the human

pulmonary acinar area deposition experimental model are
generated by an aerosol generator to produce monodispersed
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Fig.2 Experimental model of deposition of inhalable particles in the
human pulmonary acinus area. 1. Aerosol generator; 2. Laser particle
counter; 3. Check valve; 4. Humidifier; 5. Check valve; 6. Humidity
sensor; 7. Differential pressure sensor; 8. Human pulmonary acinus
model; 9. Airtight test chamber; 10. Respiratory simulator

polystyrene microspheres. At the inlet of the model, a laser
particle counter is used to measure the concentrations of the
particles. After passing through the check valve, the micro-
spheres enter the pulmonary acinar experimental model. A
respiration simulation pump is used to introduce negative pres-
sure inside the transparent test chamber to enable expansion
of the alveoli of the pulmonary acinar experimental model,
and the particle aerosol will be inhaled into the alveoli. After
deposition, the respiration simulation pump creates positive
pressure in the transparent test chamber in order to contract
the alveoli, and the aerosol inside the pulmonary acinus
will be discharged from the model through a check exhaust
valve. When the device is in operation, a humidifier is used
to adjust and simulate pulmonary acinar area humidity during
respiration.

2.3 Respiration Mode

Oakes et al. [8] measured the flow curve of the unsteady slow
breathing of a 21-year-old healthy man; it was approximately a
sinusoidal curve. Therefore, in this study, we used a respiratory
simulator to simulate the respiration mode, and the respiratory
state is described as an unsteady sine function (Fig. 3).The
exhalation and inhalation ratio is 1:1, the respiration frequency
is adjustable, and the alveolar functional residual capacity is
adjustable between 20 and 80%. Under the normal respiration
mode, the alveolar functional residual capacity is set at 70%,
i.e., the maximal alveolar deformation rate is 30%.

2.4 Experimental Model Hydrodynamics
and Particle Transport Similarity

The experimental model dynamic similarity includes the
similarity of the Reynolds number Re and Womersley
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number Wo in the model. During respiration, the airflow
in the bronchioles and pulmonary acinar area is a laminar
flow in a steady state [19], with a Reynolds number Re < 1,
and a Wo < 1. This experimental model is an equivalent
amplification of the actual size of this area. According to
the Reynolds number calculation formula Re = SEV.w/Dv
[8], E is the current expansion rate of alveoli, V; is the total
volume of alveoli, w is the respiratory frequency, D is the
diameter of the alveolar, and v is the aerodynamic viscosity
coefficient. Since the inhalation process of the human body
is a humidification process of the air inside the respiratory
tract, when the air reaches the alveoli, the humidity has been
increased to 100%. Therefore, the air flow in the pulmonary
acinus can be considered high-humidity, diluted two-phase
flow, and its viscosity calculation can be obtained accord-
ing to the calculation formula provided by the references
[20, 21]; the measured value of the aerodynamic viscosity
coefficient is v =13.26 pPa s. The respiration cycle of the
model is T=4 s; therefore, when the maximal expansion
rate is 70%, the alveolar Reynolds number Re=0.06 < 1.
According to the Womersley number calculation formula
[8], Wo=0.79<1.

Another important aspect of experimental model simi-
larity is the similarity of particle motion, which depends
on Stokes numbers (Stk), gravity number (H), and particle
Peclet number (Pe,). According to Sznitman et al. [22] and
Hofemeier et al. [23], Stk = a)d;ppCC/ISy. d, is the diam-
eter of the particles, p,=1.05 g/cm®. The parameter C,

corresponds to the Cunningham slip correction factor. For
all particle diameters considered, we note that Stk<<'1 (see
Table 1) such that aerosol deposition via inertial impaction is
negligible in the acinus. H = gd[% p,C./9uDw, D is the diam-
eter of the alveoli. H may be interpreted as a parameter pro-
portional to the ratio between the time scale for oscillatory
flow (i.e., breathing period) and the characteristic gravita-
tional sedimentation time. In our model, H < 1(see Table 1);
thus, the particle deposition may be very slightly affected
by sedimentation.Pe, = D*w/D,,,, and D,,,; = kTC, /37 ud,
,where k is the Stefan-Boltzmann constant (k=1.38 x 1072
J/K), and T is the absolute temperature in Kelvins. Pe, of
different particle sizes are shown in Table 1, Pe, > 1.

3 Materials and Methods
3.1 Materials and Equipment

In this paper, fluorescent polystyrene microspheres (Beijing
HyperCyte Biomedical Co., Ltd.) are used as inhalable par-
ticles, including 0.1, 0.3, 1, 3 and 5 pm specifications.

An F9631 standard particle generator (Shenyang Xinke
Precision Instrument & Equipment Co., Ltd., Shenyang,
China) is used to produce a monodispersed polystyrene
fluorescence microsphere aerosol. A respiratory simulator
(Beijing HanwenWangxing Technology Co., Ltd., Beijing,
China) is used to simulate various respiratory conditions. A
YADU SC-D052AE humidifier (YADU Int’l Technology
(Beijing) Co., Ltd., China) is used to humidify the chamber
of the experimental model. A MP100 differential pressure
sensor (KIMO Instruments, France) is used to monitor the
pressure of the pulmonary acinus. A TSI8386 Velocicalc
Plus Multi-Parameter Ventilation Meter (TSI USA) is used
to monitor the relative humidity and temperature inside the
pulmonary acinus. A TSI AeroTrak9350 Portable Particle
Counter (TSI USA)is used to monitor the concentration of
inhalable particles with diameters of 0.3—5 pm inside the
experimental model. A Lasair II laser particle counter (PMS
USA) is used to monitor the concentration of inhalable par-
ticles with a diameter of 0.1 pm inside the experimental
model. An Attune NxT flow cytometer (Invitrogen Ther-
moFisher, USA) is used to count the number of deposited
particles.

Table 1 Characteristic values d
of the dimensionless particle ’

numbers across the range of 0.1 pm 0.3 pm 0.5 pm 1 pm 3 pm 5 pm

particle sizes investigated

under oscillatory acinar flow Stk 1.94 x 107 2.91x 107° 121x107° 485x107°  436x10™  1.21x1073

conditions H 1.1x 107 1.65%x 107* 6.86 x 107 275x 1073 247x1072  6.86x 1072
Pe 9.56 x 10! 1.07 x 10% 1.19 x 10? 1.19x 10> 7.17 x 10? 1.19 x 10°
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3.2 Methods

3.2.1 Generation of Monodispersed Polystyrene
Fluorescence Microsphere Aerosol

The stock solution of monodispersed polystyrene fluores-
cence microspheresis diluted to make the aerosol genera-
tion solution, with a concentration of 1x 107 to 1 x 10°/mL,
which is placed into a F9631 standard particle generation
device to generate a monodispersed aerosol with a genera-
tion flow rate of 80 L/min. Under this condition, the concen-
tration generated by the F9631 standard particle generation
device is 1x 10% to 3 x 10%/L. The concentration of the gen-
eration solution of larger diameter microspheres is relatively
lower; therefore, the concentration of the generated aerosol
is also lower.

3.2.2 Deposition of Inhalable Particles in the Pulmonary
Acinus

The bronchioles of every level, connectors and pulmonary
alveoli are washed by immersion in deionized water in an
ultrasonic cleaner for 5 min. Then, the bronchioles, connec-
tors and pulmonary alveoli are placed in a low-temperature
desiccator to dry adequately and assembled on an ultraclean
bench. The assembled structure is placed in an airtight
experimental chamber and fixed. After the tubes and the
sensors are connected, the air tightness of the experimental
model is checked. The respiratory simulator is adjusted to
the required respiration frequency, flow rate and functional
residual capacity; the humidifier is adjusted to the preset
value. The aerosol generator and particle counter are turned
on to start the deposition experiment. Every 5 min during
the experiment, the laser particle counter is used to record
the concentration of the generated aerosol.

3.2.3 Counting Particle Deposition

In the test, the deposited particles in the deposition model
are washed with washing buffer, and the number of depos-
ited particles is counted in a flow cytometer. The flow
cytometer can distinguish fluorescent particles from non-
fluorescent particles; therefore, it can maximally reduce the
interference of the amount of deposition by non-fluorescent
particles. After the deposition experiment is completed, the
pulmonary acinar model is removed and disassembled. The
alveolus is soaked in 5 mL of deionized water for 1 h and
shaken for 1 min on a vortex mixer. The bronchioles and
alveolar ducts are placed in a test tube, 20 mL of deionized
water is added to the tube, and the tube is shaken on a vortex
mixer for 1 min. The solution is transferred to an EP tube

@ Springer

with a pipette. The flow cytometer is used to measure the
concentration of the particles; a 50 pL sample is injected
each time at an injection rate of 12.5 pL/min.

3.2.4 Deposition Test Mode

We mainly observe the deposition efficiencies of particles
with diameters of 0.1, 0.3, 1, 3 and 5 pm in the human pul-
monary acinar experimental model. The deposition experi-
ment modes include the following: (A) healthy alveoli, 30%
expansion rate; (B) simulation of pulmonary atrophy lesion,
40% alveolar atrophy and 30% expansion rate; (C) 1 cluster
of the 4 clusters of alveoli in the model had 40% alveo-
lar atrophy, the rest were normal, 30% expansion rate; (D)
simulation of emphysema lesions, 40% alveolar expansion
and 30% expansion rate; and (E) 1 cluster of the 4 clusters
of alveoli in the model had 40% expansion, 30% expansion
rate. The respiration cycle is T=4 s, the test time is 3-5 h,
and the relative humidity in the alveoli is near 100%. Each
mode is repeated 5 times.

3.2.5 Calculation of Deposition Efficiency

Formula 1 is used to calculate the deposition efficiency in
bronchioles and alveoli.

N
DF; = Va=80C, x 100% 6))
where DF; is the deposition efficiency of the ith level of
bronchus or alveolus, N; is the amount of particle deposition
obtained by flow cytometer counting, and V; is the actual
total volume of the aerosol passing through the ith level of
bronchioles and alveoli. Using the 15th level of bronchioles
as an example, its actual total volume V5 is the sum of
the volume of itself and the volume of bronchioles, alveolar
ducts and alveoli. C| is the aerosol concentration of inhal-
able particles, which is represented by the average value of
collected data in the test. § is the residual respiratory rate.

4 Results and Discussion

4.1 Particle Deposition in a Healthy Pulmonary
Acinar Area

The particle deposition results in the healthy pulmonary
acinus deposition model (Model A) are shown in Figs. 4
and 5. For the 15th—17th bronchi at the front of the pulmo-
nary acinus, the deposition efficiencies of particles with
the same diameter were primarily the same, suggesting
that the size and physiological environment of bronchioles
were similar and that the hydrodynamic characteristics of
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Fig.5 Particle deposition results in the pulmonary acinus area in a
healthy alveolar model (Model A)

the particles in bronchioles were also similar. The total
deposition efficiencies of particles with diameters of
0.1-1 pm in the pulmonary acinus area were significantly
higher than those in the proximal bronchus. For example,
the total deposition efficiency of particles with a diameter
of 0.1 pm in the pulmonary acinus area was 10.32%, which
was similar to the simulation result (a pulmonary acinus
deposition efficiency of 8.3%) in the literature [8], and
was also consistent with the deposition result (10%) of a
single alveolar experimental model after 20 cycles of res-
piration in the literature [9]. The particles with a diameter
of 1 um had the highest deposition efficiency (13.27%) in
the pulmonary acinar area, followed by those with diam-
eters of 0.1 pm, while particles with diameters of 3—-5 pm
had the lowest deposition efficiencies in the pulmonary
acinar area. A previous report [1] showed that prior to the
deposition of particles on the alveolar wall, the particles
would enter a long period of vortex circulation instead of
flowing out of the alveoli with the exhalation process. In
a reported model [24], the particle deposition efficiency
was increased with the increase in there spiration cycle
number. These experimental results were consistent with
results in this paper; specifically, under the balance of the
inertia effect and Brownian motion, 1 pm particles had
the longest suspension time in alveoli. Over time, their

probability to reach the alveolar wall and deposit was the
highest.

As shown in Fig. 5, the deposition efficiencies of different
areas of the pulmonary acinus varied slightly. As a common
pathway of multiple alveoli, the inner surface area of the
alveolar duct was very small; thus, the deposition efficiency
was generally lower than 0.5%. There was no significant
change in the deposition efficiency in the 1-4 levels of alve-
oli, suggesting that the deposition change of particles in the
pulmonary acinus was relatively even. A single cluster of
the pulmonary acinus could be considered the basic unit of
respiration and could be considered a whole in future studies
[25]. The previously established PIV experimental model
showed that very few airflow lines could reach the terminal
alveoli of the pulmonary acinus and that the flow rate was
extremely slow. In the experimental model of this paper,
the decrease in the deposition efficiency at the terminus of
the pulmonary acinus (i.e., the 5th level of alveoli) was sig-
nificant, which adequately suggested that particle flow lines
rarely reach the terminal alveoli for healthy alveoli under the
normal respiration mode.

4.2 Effect of Alveolar Atrophy or Local Atrophy
on Particle Deposition in the Pulmonary Acinar
Area

When pneumoconiosis, tuberculosis, alveolar fibrosis and
other lesions occur, alveoli undergo various degrees of
atrophy. In our experimental model, alveolar atrophy was
divided into two forms; in one, all alveoli in the model had
40% atrophy (Model B), while in the other, alveoli in region
I had 40% atrophy, and the rest were healthy (Model C). The
test results of the deposition efficiencies of particles with
various diameters in these two models are shown in Figs. 6,
7 and 8. In Model B, the deposition trend of particles with
various diameters in the bronchi and pulmonary acinus were
essentially consistent with that of particles in healthy alveoli.
There was a slight difference because the atrophy of alveoli
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—o—0.1

—=—0.3

0.5

Deposition efficiency

15t level 16% level 17" level pulmonary acinus

Fig.6 Particle deposition results when alveoli decrease in size
(Model B)
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caused a rather consistent increasing trend of particle depo-
sition efficiency in the 15th level bronchus of the pulmonary
acinus. The total deposition efficiency of atrophic alveoli
in the pulmonary acinar area was significantly higher than
that of healthy alveoli, whereas the deposition efficiency in
the 15th—17th level bronchi were slightly lower than that in
the healthy model (Model A). Based on analysis from the
hydrodynamics perspective, after alveoli atrophy, the degree
of vortex in alveoli was decreased; thus, the flow line was
more similar to a laminar flow, causing the particles to more
easily reach the alveolar wall, and the deposition efficiency
was increased. The respiration process was a reciprocating
process; the increase in the deposition efficiencies of par-
ticles in the pulmonary acinus would inevitably result in
a decrease of particle deposition efficiency in its proximal
bronchus. Medical studies have shown that the development
of pneumoconiosis is an accelerated process [26]; the major
reason for this accelerated process might be that alveolar
atrophy caused the deposition efficiency of particles to
increase. The particle deposition efficiency in the same clus-
ter of the atrophic pulmonary acinus did not vary greatly, but
it was not as even as that in healthy alveoli, suggesting that
the unsteady state of the respiratory process after alveolar
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atrophy was exacerbated. In addition, the increase in the
deposition efficiency of particles with smaller diameter in
atrophic pulmonary acinus was larger; the major reason for
this increase might be that fine particles could more easily
reach the alveolar wall in the laminar flow. When particles
are smaller in diameter, it is easier for particles to reach the
alveoli. Therefore, promotion of deposition of fine particles
in alveoli by alveolar atrophy might cause pneumoconiosis
and tuberculosis, further reducing their resistance to pol-
luted air.

In Model C, the deposition efficiencies of the particles
of atrophied alveoli in region I did not significantly differ
from the test results in Model B. The deposition efficiencies
of particles in other regions were slightly higher than those
in the completely healthy Model A. However, there was no
study to confirm that such a slight difference was caused
by the change in region I. Whether the increase in particle
deposition efficiency caused by certain clusters of atrophic
alveoli could promote particle deposition in the adjacent
alveoli requires studies with longer term respiration pro-
cesses for verification.

4.3 Effects of Alveolar Expansion or Local Expansion
on Particle Deposition in the Pulmonary Acinar
Area

From the medical perspective, the factors that cause
emphysema mainly include bronchial obstruction and
the imbalance of alveolar elastase and its inhibitor [20];
the direct impact is the volume increase in the associ-
ated alveoli. Models D and E established lesion models
for a multiple-cluster pulmonary acinar volume increase
and a single-cluster pulmonary acinar volume increase,
respectively. As shown in Table 2, after alveolar expansion
(Model D), the deposition efficiency of particles in the
pulmonary acinar area significantly decreased (p <0.01).
However, the deposition efficiency in the adjacent bron-
chiole region increased. Figure 9 shows the experimental
result of a local emphysema model (Model E). The particle
deposition efficiency in the emphysema region (region I)
was significantly lower than that in other healthy areas,
whereas there were no significant differences between the
deposition efficiencies in other regions and that in a com-
plete healthy alveolar model (Model A). Oakes et al. [26]
used a computer model to study the alveolar expansion
caused by emphysema and reached a conclusion consist-
ent with this study. Since the Stokes number is very small,
the effect of inertial collision deposition is not significant.
The enlargement of the alveoli increases the difficulty
diffusion of the particles to the alveolar wall; thus, the
deposition rate is reduced. Another study [8] used PIV
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Table 2 Comparison of particle deposition efficiencies (%) in alveolar expansion (Model D) and healthy alveoli
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Fig.9 Particle deposition results when alveoli become larger locally
(Model E)

and showed that after alveolar volume expansion, the dis-
tance increased between the end of the airflow lines and
the alveolar wall, which was not conducive to the diffusion
deposition of particles and directly caused a decrease in
the total deposition efficiency. Emphysema caused parti-
cle deposition to concentrate in the bronchus area, which
would exacerbate bronchial obstruction, thereby causing
further deterioration of emphysema lesions.

4.4 Impact of Particle Deposition in the Pulmonary
Acinus on Inhalation Treatment

Chronic obstructive emphysema and pulmonary atrophy are
common respiratory diseases. For example, in pneumoco-
niosis, current drug treatment mainly relieves the symptoms
but cannot effectively remove lung dust. Lung lavage tech-
nology can effectively remove lung dust, but there are issues
of high cost, patient suffering, more complications and other
factors [27]. However, at present, the results of studies on the
deposition of inhalable particles in the lung have shown that
aerosol inhalation of soluble drugs is expected to provide
an effective and more targeted clinical treatment method
for chronic obstructive emphysema and other diseases.
Previous reports [9] studied particle deposition after bron-
chiole obstruction and found that the deposition efficien-
cies of particles at the obstruction sites were significantly
increased, while the deposition efficiencies in the alveoli
were relatively reduced. The experimental model in this
paper confirmed that the deposition efficiencies decreased
after alveolar expansion. Regarding the clinical application
significance, in bronchial obstructive emphysema, aerosol
inhalation of drugs could target the drug to the obstruction
site of the bronchus, but the drug could not reach the alveoli;
therefore, drug release is safer and more effective. How-
ever, if the expansion is caused by alveolar lesions, as the
deposition efficiency of the particle is very low, an ideal
drug aerosol inhalation treatment effect cannot be achieved.
Similarly, the deposition efficiencies of particles in atrophic
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alveoli significantly increase, and the drug aerosol inhalation
efficiency increases correspondingly. Therefore, the treat-
ment is more targeted, and the drug efficiency is higher when
drug aerosol inhalation treatment is selected.

5 Conclusion

Studies on the deposition patterns of particles in the pul-
monary acinus have mainly focused on computer modeling
analysis, but at present, the results of this analysis cannot
be directly verified through in vivo experiments. In this
study, by establishing a multiple-cluster pulmonary acinus
in vitro experimental model, we analyzed particle deposi-
tion patterns in healthy, atrophic and expanded alveoli.
The experimental results showed that the deposition effi-
ciencies of particles in a healthy pulmonary acinus were
relatively consistent with previous computer simulation
results, and the deposition efficiency of particles with a
1 pm diameter was the highest. Alveolar morphology has a
significant impact on particle deposition. Alveolar atrophy
could increase the deposition efficiency of particles but did
not have a significant impact on the deposition efficiency
of the adjacent pulmonary acinus. Alveolar expansion
could significantly decrease particle deposition efficiency,
and in general, the particles concentrated in the pulmonary
acinus and bronchus one level above. The testing results in
this paper further confirmed previous theoretical analysis
and computer simulation results of particle deposition in
the pulmonary acinus. This model might provide a direct
testing method for studies on particle deposition patterns
in the pulmonary acinus in the presence of various human
lesions and under various respiration modes. In addition,
this study provides data in support of optimization of drug
aerosol inhalation treatment for emphysema and other
diseases.

Of course, this model has some limitations. The bron-
chioles and alveolar ducts of this model are composed of
flexible material, but the deformation is very limited. In
fact, the fine bronchioles and alveolar ducts in human lungs
are more deformed when breathing. Therefore, this model
cannot reproduce the effect of bronchoalveolar and alveolar
duct deformation on the deposition of inhalable particles.
In addition, the H number of this model is low when the
particle diameter is more than 1 um. Therefore, the influence
of sedimentation deposition cannot be accurately simulated
for large particles.
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