
Introduction

The vehicular transportation sector has become a 
big concern now and is linked to air pollution due to 

the emissions of gaseous and particulate matter (PM).  
In terms of particulate emission, a previous study 
confirms that diesel engine vehicles emitted a huge 
amount of PMs with different diameters [1]. Another 
scenario in Los Angeles, United States, shows that the 
areas inside and outside buses had high ultrafine particle 
(UP or PM0.1) concentrations with a concentration of 
more than 100,000 particles/cm3 [2]. The bus also emits 
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Abstract

This study aimed to investigate the association between DEPs (diesel exhaust particulate matter) 
exposure and emphysematous lung. There were three buses used as diesel particulate matter sources. 
DEPs were classified into ultrafine, fine, and coarse particles with different aerodynamic diameters. This 
study used mice that were divided into control and treatment groups. The treated mice were exposed to 
the DEPs in different concentrations (low, mid, and high doses) for eight consecutive days. The control 
group did not receive any exposure treatment, while the exposed mice were sacrificed on the ninth 
day to get the lung samples. The lung samples were observed under a digital microscope to identify 
the normal and deformed alveolar cells. According to the observation results, the emphysematous level 
increased linearly to the DEPs dose concentration. The emphysematous level was found in the range 
of 64-80%, depending on the exposure dose concentration. In summary, direct exposure to the DEPs 
was correlated to the emphysematous level. This study has given a novel explanation of the bus exhaust 
emission risk as a heavy-duty vehicle in organs, especially due to the ultrafine, fine, and coarse particles 
exposures.
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a bigger PM, with a different particle size distribution, 
including fine particles (particulate matter with a 
diameter less than 2.5 μm, FP or PM2.5) and coarse 
particles (particulate matter with a diameter less than 
ten μm, CP or PM10).

A previous study has shown that PM from many 
combustion sources can affect human health. Due to 
the smallest size, UPs have a great deposition efficiency 
in the organ [3]. As described in a previous study, 
exposures to UPs from indoor and outdoor sources have 
been associated with the altered level of the endothelial 
progenitor cell and might adversely affect human 
vascular health [4]. In an experimental animal, such 
effects on health can be compared with cell deformation 
effects resulting from short-term to long-term exposure 
to UPs [5]. Exposure to the UPs with a certain 
concentration has been related to decreasing platelets 
and polymorphonuclear leukocytes [6]. In terms of 
lung health modeling due to dust level, the increasing 
amount of dust levels increases lung cancer risk [7]. 
For the bigger diameter size of particulate matters, 
there was reported that there is a significant correlation 
between the increase of daily FPs concentration and 
lung cancer possibility, in which the incidence rate of 
lung cancer increased by 36% for the increasing amount 
of daily FPs concentration of 10 ug/m3. Another study 
also concerns PMs’ toxicity for the lungs, reviewing the 
association of indoor FPs from environmental tobacco 
smoke and chronic lung diseases [8].

There are many studies that state and confirm the 
composition of diesel exhaust particles. Mostly, they 
consist of PAHs (polycyclic aromatic hydrocarbons) and 
VOCs (volatile organic compounds), also semi-volatile 
and volatile PAHs [9-13]. On the other hand, it needs more 
novelty in understanding PM emission characterization 
in health impacts. Many studies have been conducted 
to characterize diesel exhaust emissions [9, 10]. Many 

literature reviews show a gap in understanding diesel 
exhaust particles’ impact on health, especially in lung 
cells, due to exposure to diesel bus exhaust emission. 
Our previous research using red blood cells and kidney 
cells has confirmed the deformation levels due to UP 
exposure [5, 14]. In contrast, information about the 
impact of FP and CP emitted from a heavy-duty diesel 
engine is unavailable. As consecutive research and a 
better understanding of the PM’s negative impact on 
health, it is necessary to examine the impact on the lung 
cells, with a common emission source in some countries, 
such as diesel engine buses.

Experimental  

Bus Samples

Three diesel engine buses (B1 (cylinder volume  
= 6,728 cm3), B2 (cylinder volume = 7,961 cm3), and B3 
(cylinder volume = 4,214 cm3)) that were appropriately 
maintained and inspected were used as the emission 
sources. They had no mechanical problems and were 
parked outdoors not longer than 12 hours after leaving 
the garages.  

Animals

One hundred fifty male mice (20-23 g BW), aged 
ten weeks, were obtained from Brawijaya University, 
Indonesia. They were housed in natural illumination, 
12 hours/ dark-light cycle, controlled room temperature 
(25±1ºC), and provided with food and water ad libitum. 
The mice had three days of acclimatization prior to the 
exposure treatments. Afterward, they were randomly 
divided into the Control, UP, FP, and CP groups  
(Table 1). All procedures were approved by the Animal 

Table 1. The scheme of the control and exposure groups (n = 5 per group).

Exposure Groups Bus Samples Smoke Injection Times (seconds) Number of Mice Subgroup Codes

Control 
(CTRL)

- Unexposed 5 UP0

- Unexposed 5 FP0

- Unexposed 5 CP0

Ultrafine particles 
(UP)

B1 20; 40; 60 5; 5; 5 UPB120; UPB140; UPB160

B2 20; 40; 60 5; 5; 5 UPB220; UPB240; UPB260

B3 20; 40; 60 5; 5; 5 UPB320; UPB340; UPB360

Fine particles (FP)

B1 20; 40; 60 5; 5; 5 FPB120; FPB140; FPB160

B2 20; 40; 60 5; 5; 5 FPB220; FPB240; FPB260

B3 20; 40; 60 5; 5; 5 FPB320; FPB340; FPB360

Coarse particles 
(CP)

B1 20; 40; 60 5; 5; 5 CPB120; CPB140; CPB160

B2 20; 40; 60 5; 5; 5 CPB220; CPB240; CPB260

B3 20; 40; 60 5; 5; 5 CPB320; CPB340; CPB360
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Care and Use Committee of Brawijaya University 
(Number: 541-KEP-UB).

Preparation of DEPs

The diesel bus exhaust emission was introduced to 
a PM cyclone containing an N95 particulate respirator 
(3M, Model 8210), Whatman filter papers (Grade 42 
and Grade 40), a suction pump (flow rate = 2.03 m/s), 
valve, and a cylindrical tube (diameter: 7.62 cm)  
(Fig. 1) for 20, 40, and 60 seconds to generate three 
different PM concentrations: C1 (low concentration, 20 
seconds), C2 (medium concentration, 40 seconds), and 
C3 (high concentration, 60 seconds) in three different 
diameters (UP, FP, and CP) [15, 16]. This cyclone was 
also tested using a HEPA filter. Based on our preliminary 
studies, the mice collapsed for the given DEPs by the 
injection time for more than 60 seconds. Thus, the 

injection times were divided into those selected times. 
The concentration of the UPs was measured using a 
P-Trak Ultrafine Particle Counter (TSI, model 8525) 
with the measured diameter range of 0.02-0.1 µm [17]. 
A Digital Dust Monitor (Kanomax, model 3443) was 
used to measure filtered FP concentrations (diameter 
range of 0.1-2.5 µm). The biggest PM generated by the 
cyclone (diameter range 2.5-8 µm), CPs, was monitored 
using a Handheld Air Tester (Hinaway, model CW 
HAT200S). The total concentration of the DEPs was 
obtained by summing the measured concentrations [18].

Animal Treatment

According to Table 2, the mice from each group 
were exposed to a certain dose of DEPs. For example, 
the mice from UPB120, UPB140, and UPB160 subgroups 
were exposed to filtered UPs emitted by B1 for 20, 

Table 2. The number of normal and emphysematous cells of mice.

Groups Subgroups
B1 B2 B3

EC Normal EC Normal EC Normal

CP

CP0 2±1 25±7 2±1 25±7 2±1 25±7

20 s 21±4 15±6 13±3 7±2 12±4 6±3

40 s 15±2 10±4 22±3 10±4 17±1 7±1

60 s 14±5 7±3 12±5 5±2 14±1 5±1

FP

FP0 2±1 26±9 2±1 26±9 2±1 26±9

20 s 20±4 11±4 28±2 15±4 26±9 12±3

40 s 21±3 10±4 35±4 17±7 22±7 10±4

60 s 32±3 14±4 21±11 8±3 27±2 12±2

UP

UP0 2±1 35±8 2±1 35±8 2±1 35±8

20 s 28±4 13±3 28±3 13±3 22±3 9±2

40 s 20±2 7±3 25±3 9±3 20±6 7±1

60 s 28±2 9±2 26±3 9±4 26±4 7±2

Fig. 1. DEPs measurement setup inside the exposure chambers.
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40, and 60 seconds consecutively. Similar treatments 
were also applied to the other bus samples, B2 and B3.  
The mice from the FP group were exposed to FP emitted 
by B1, B2, and B3 with the selected times: 20 (FPB120, 
FPB220, and FPB320), 40 (FPB140, FPB240, and FPB340), 
and 60 seconds (FPB160, FPB260, and FPB360). Similar 
to these, The mice from the CP group were exposed 
to CP with the selected times: 20 (CPB120, CPB220, 
and CPB320), 40 (CPB140, CPB240, and CPB340), and 60 
seconds (CPB160, CPB260, and CPB360). After that, the 
mice were penned inside the exposure chamber (20 cm 
of width x 30 cm of length x 20 cm of height) for 100 
seconds for the inhalation procedure. These treatments 
were conducted for all subgroups on eight consecutive 
days (once exposure per day). The selected inhalation 
time and the number of exposure days were prior to our 
preliminary studies to prevent collapsed mice due to 
longer treatment time [5, 14].

Histological Studies

All mice were sacrificed using a cervical dislocation 
method on the 9th day after the sequence exposures 
for eight days. The lung samples were prepared for 
the paraffin sections. They were fixed in the buffered 
formalin (10%). Formalin-fixed tissue was embedded 
in the paraffin and sectioned at 5 um thickness. 
HE (hematoxylin and eosin) staining was used to 
examine the lungs. The rest organs were excised.  
The prepared sample’s slides were observed under 
a digital microscope (500x magnification) laying on 
twenty-five random fields by an experienced pathologist 
[19]. For the possibility of particulate deposition 
investigation, the sample sections were placed on the 
carbon discs and spatter-coated [19]. These sections 
were examined using a scanning electron microscope 
(SEM, Phenom). The examinations were obtained in 

randomly selected five fields at 2000x magnification 
(15.00 kV). The deformed cells percentage is obtained 
by calculating the number of normal and deformed cells. 
Thus, the emphysematous level (El) of the alveolar cells 
is determined as the ratio of the emphysematous cells 
(EC) versus the total alveolar cells (AC) calculated from 
the digital images, as seen below:

                     (1)

Statistical Analysis

All results are expressed as the mean±standard 
deviation (SD) from three (particle concentration 
measurements), five (treated mice), and twenty-five 
(random fields) independent experiments. A significant 
difference between groups was performed by the 
Student’s t-test (a probability level of p<0.05 indicates 
a significant difference). The correlation between the 
DEP concentration and the emphysema level was 
evaluated by a logarithmic regression test, in which 
R2>0.90 indicates a high correlation [15, 16]. 

Results  

DEP Concentrations

In this study, DEPs concentrations data collection 
was conducted for three diesel engine buses on the 
eight exposure days. The results are shown in Fig. 2. 
According to the results, the DEPs concentrations 
are heterogeneous in UP, FP, and CP concentrations.  
As shown in the figure, there is a significant difference 
between B1, B2, and B3, indicating different buses 
impacted the emissions characteristics (p<0.05). 

 
Fig. 2. The total concentrations of DEPs exposed to the mice for eight consecutive days: a) CPs; b) FPs; and c) UPs.
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135 mg/m3, 149 mg/m3, and 189 mg/m3, respectively, for 
20, 40, and 60 seconds of injection times.  

Histological Examinations

The statistical analysis compares differences in 
emphysematous alveolar cells of UPs, FPs, and CPs. 
According to the histological examination, the statistical 
test result shows a significant difference between the 
levels of emphysematous alveolar cells calculated in the 
groups of UP, FP, and CP (since p<0.05). This result 
also indicates that each PM diameter gives different 
health impacts in deforming alveolar structures. 

The histological examination of the alveolar cells 
showed normal and abnormal cells (Fig. 3). The 
identified emphysematous cells were found as acute 
enlargement of the wall structure. The emphysematous 
alveolar cells had acute morphological changes 
(enlargement) in the alveolar cell’s airspace (indicated 
by the blue lines), which had the potential to induce 
emphysema. The green circles show normal alveolar 
cells, having no inflammatory and degenerative cases 
[20, 21]. According to the histopathological examination 
results, the lowest concentrations of the UPs have 
the most normal cells, whether in B1, B2, or B3. The 
number of emphysematous cells in all groups is higher 
than normal cells. Meanwhile, the mice from the CTRL 
groups CP0, FP0, and UP0 did not show any noticeable 
alterations in alveolar cell deformability than the 

This situation occurs in all injection times (20, 40, and 
60 seconds). B3 has the most UP concentration (21.45  
x 105 particles/cm3) compared to the results obtained 
in B1 (19.57 x 105 particles/cm3) and B2 (14.19 x 105 
particles/cm3) for 60 seconds of injected time. On 
the second injected time, 40 seconds, the highest UP 
concentration is found in B2 (12.36 x 105 particles/cm3). 
This value is higher than B1 (9.47 x 105 particles/cm3) 
and B3 (8.40 x 105 particles/cm3) of the 40 seconds of 
the injected time. Interestingly, B2 also dominates the 
concentration of the UPs on the 20 seconds of injected 
time, resulting in 9.08 x 105 particles/cm3. B1 and 
B3 only have 3.68 x 105 particles/cm3 and 5.27 x 105 
particles/cm3.

B1 dominates FP concentrations on the medium 
diameter class on the 40 and 60 seconds of injected 
times, 124 mg/m3, and 360 mg/m3. These values are 
higher than the values of B2 (57 mg/m3 and 123 mg/m3) 
and B3 (105 mg/m3 and 113 mg/m3). On the 20 seconds 
of injection time, B2 and B3 have 19 mg/m3 and 
97 mg/m3 of FP concentrations; meanwhile, 25 mg/m3 
is found in B1.

B1 generates the highest CP concentrations for all 
injected times: 230 mg/m3, 242 mg/m3, and 309 mg/m3,
consecutively for 20, 40, and 60 seconds of injected 
times. The CP concentrations of B2 are different from 
B1, showing 41 mg/m3, 150 mg/m3, and 204 mg/m3, 
consecutively for 20, 40, and 60 seconds of injection 
times. The different results are also found in B3, having 

Fig. 3. The normal and emphysematous cells in the lung of mice treated for eight consecutive days with the dose of high concentrations 
C3 for: a) control group; b) ultrafine particle; c) fine particles; and d) coarse particles (scale bars = 20 µm).
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exposed mice from CP, FP, and UP groups. All results 
are interpreted in Table 2.

Deformation Level versus DEPs’ Concentration

In this regard, we found that exposures to CPs 
with a diameter <10 µm significantly correlated to 
emphysematous cell’s level. As seen in Fig. 4(a-c), the 
correlation between them are interpreted as the R2>0.80 
(R2 value are 0.99, 0.98, and 0.89, respectively, for B1, B2, 

and B3). C3, as the highest dose of CP concentrations, 
has 60%, 64%, and 67% of emphysematous levels, 
respectively, for B1, B2, and B3. These values are higher 
than the emphysematous levels obtained in CPB12-
CPB140 (51% and 53%) and CPB220 and CPB240 (58% and 
62%). Moreover, these results demonstrate that C3 may 
cause a higher inflammatory response due to exposure to 
CPs, compared to C1 and C2.

Similarly, as shown in Fig. 5(a-c), the exposed 
FPs, which have a smaller diameter, cause 58%, 61%,  

Fig. 4. The correlation between coarse particles concentration and the emphysematous cells of mice’s lungs: a) B1; b) B2;  
and c) B3 (R2>0.80).

Fig. 5. The correlation between fine particles concentration and the emphysematous cells of mice’s lungs: a) B1; b) B2;  
and c) B3 (R2>0.80).
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and 63% of an emphysematous level, respectively 
FPB120, FPB140, and FPB160. B2 subgroup has 58% (C1), 
60% (C2), and 65% (C3) of emphysematous levels, a 
little higher than the B1 subgroup. Another bus sample, 
B3, shows a similar trendline, with the amount of 61%  
(C1), 62% (C2), and 62% (C3), resulting in an R2 value 
of 0.98. 

Then, UP (diameter range 0.02-0.1 µm) analysis 
shows that the emphysematous level was further 
increased by the smallest diameter than the results 
obtained in CP and FP groups (Fig. 6a-c). UPB160 
treatment significantly annotates the emphysematous 
level of the mice’s lungs (71%), compared to UPB120 
(63%) and UPB140 (69%). These treatments correlate 
well to the dose of UPs exposed to the mice, resulting 
in R2 = 0.94. Another bus sample was used to confirm 
the potential health impact of UPs exposure, B2. 
Consistently, the B2 subgroup shows similar effects as 
B1, resulting in 63% (C1), 69% (C2), and 69% (C3) of 
emphysematous levels (R2 = 0.96). Another bus sample, 
B3, shows a similar trendline, with the amount of 66% 
(C1), 69% (C2), and 74% (C3), resulting in an R2 value 
of 0.99.

Moreover, UP, FP, and CP’s effects on the 
deformation of the alveolar cells were assessed using 
three different bus samples. There is a significant 
difference between UP, FP, and CP results. Results 
obtained with FP were similar to CP. For CP, only  
slight toxicity was noted. Compared to the smallest 
particles, CP has the least emphysematous level.  
These results indicate that exposure to smaller 
particles results in higher toxicity. In contrast, no effect  
on alveolar cells nor any cell mortality was observed  
in CTRL.

Discussion

Diesel exhaust particles, DEPs, are recognized 
as a critical health problem because of their toxicity. 
They can easily enter the respiratory area and may 
cause negative impacts. It is very important to 
characterize and reduce exhaust emissions. However, 
many conducted studies investigate these topics, 
giving great information and a better understanding 
of diesel exhaust particle emissions. Besides, the 
current harmful impacts of DEPs on health cannot 
be ignored. Therefore, this study examined the 
correlation between DEPs exposure concentration and 
the emphysematous lungs of mice. As interpreted in 
the results, the study reports that exposing the mice 
to DEPs emitted from diesel engine buses resulted in 
alveolar cell deformation. This study also alleviates the 
levels obtained from each exposure subgroup with the 
values obtained in the control groups to correlate the 
exposure to DEPs and the emphysematous level. As 
expected, a significant correlation between the exposed 
DEPs and the emphysematous levels on B1 is indicated 
by a logarithmic trendline, with an R2 value>0.90 for 
ultrafine, fine, and coarse particle groups. Similar 
results are shown by B2 and B3, as interpreted  
in Figs 4-6. No significant differences are found in B1, 
B2, and B3 results. All results give the R2 values>0.80. 
These results indicate that significant emphysema level 
increases occurred in the treatment groups’ alveolar 
cells but not in the control group. These correlations are 
well confirmed by our previous study using motorcycle 
exhaust emissions in the erythrocytes and tubular 
epithelial cells [5, 14].

Fig. 6. The correlation between ultrafine particles concentration and the emphysematous cells of mice’s lungs: a) B1; b) B2; and  
c) B3 (R2>0.90).
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Interestingly, the exposure effects of DEPs are also 
associated with particle toxicity and the cell reaction 
(inflammation) with the toxic agent, including the 
particle size variation [22]. According to the results, UPs 
have the most emphysematous level compared to FPs and 
CPs. In other words, exposure to the smallest particles 
causes more toxicity in inducing cell deformation. 
CPs indeed have the smallest emphysematous level. 
Furthermore, these results indicate that CP can still 
deposit deeper in the respiratory area. It means that CPs 
still can pass through the upper filter of the respiratory 
area, causing tissue inflammation, and our results are 
consistent with the previous study with a diameter  
<10 µm [23]. 

A possible mechanism of these inflammatory 
responses is the deposition ability of DEPs in the 
respiratory area. Due to the PMs’ high deposition 
capability (especially for the UPs, as the smallest 
particulate matter) in the lung, these particles 
induced the lung before following the bloodstream 
to the deeper organs, as the first possible mechanism 
of the particulate matter toxicity in organs. After 
deposited, they might have more chance to activate 
the inflammatory cells [24], inducing oxidative stress 
[4]. As confirmed in the previous study, the deposited 
particles-inducing cell activation might induce pro-
inflammatory cytokines and generate more free radicals 
in the body [23]. The reactions then trigger the chain 
reactions, including inflammation, allergy, tissue 

damage, and airway obstruction [21, 24], in which the 
level of the inflammatory responses due to the possible 
change in free-radical composition might relate to the 
particulate matter toxicity. This particle infiltration then 
contributed to pathogenesis in the respiratory area and 
released proinflammatory cytokines [24, 25]. 

As reported by the previous studies, the respiratory 
tract’s inflammation was related to particle deposition 
[26]. According to the modeling study about the 
particle deposition in the respiratory tract [3], it seems  
that the inhaled PMs deposited in the lung and  
altered the alveolar cell shape directly. This study 
also identified some substances with different shapes 
according to the normal alveolar cells based on 
the histopathological examination. These expected 
particles were distinguished according to the shape 
and wall structure differences compared to the normal  
alveolar cells in the exposed and unexposed mice. 
We identified these abnormal substances in electron 
micrographs (2500x of magnification). In contrast,  
there were no abnormalities in the surface, and no 
abnormal substances were observed in the control 
groups. Meanwhile, there were some abnormal 
substances in the exposed mice as identified as the 
submicron particles with a diameter <0.1 µm or UPs 
(blue circles) and >0.1 µm as the agglomerated FPs  
(Fig. 7). 

As it is interpreted in Fig. 7, this study confirmed 
the existence of inflammation in the alveolar cells 

Fig. 7. Scanning electron images of alveolar cells: (a) control (scale bar 100 µm); (b-c) Mice exposed to C3 of ultrafine particles (scale 
bars 100 µm and 30 µm). Green arrows indicate normal alveolar cells. Red arrows show disruption of the alveolar wall structure. Red 
circles indicate an inflammation related to cell adaptation. 
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that might relate to the alveolar deformation, as well 
as the emphysema. The previous study’s result also 
supported this expected result, showing the high 
correlation between the alveolar cells’ inflammation and 
emphysema. As the chain reaction, the inflammation 
triggered other responses to counterbalance free 
radical particulate matters and oxidant production 
and generated ROS (Reactive Oxygen Species) [4].  
The increasing amount of ROS due to the toxic  
agents was associated with oxidative stress and the 
activation and injury of the respiratory tract cells 
[24, 25]. Under normal conditions, the body’s defense 
system will generate something to deal with oxidative 
stress and inflammation due to ROS generation.  
The body system might also alleviate acute lung 
injury by restraining the activation of NF-κB (nuclear  
factor- κB) and MAPKs (mitogen-activated protein 
kinases) [27]. The body’s immune system will reduce 
ROS and prevent cellular dysfunction and apoptotic 
or cell death. However, when the level of ROS (i.e., 
H2O2) exceeds the antioxidant ability, there will be this 
oxidative stress.

The different results indicate that exposure  
to DEPs has a significant correlation with the deformed 
cells as an inflammatory response due to the exposed 
particles’ chemical compounds. As stated in the 
previous studies, diesel engine emissions consist  
of PMs with many chemical compounds, such as 
VOCs, PAHs, semi-volatile PAHs, non-volatile PAHs, 
and several organic-inorganic compounds [28, 29]. 
PAHs and VOCs are known as hazardous materials for 
human health due to their carcinogenic and mutagenic 
characteristics [30, 31]. Other studies revealed that 
PAHs are well-known toxic to humans and related 
to Alzheimer’s disease [32]. Other diesel exhaust 
particle characterizations show the existence of alkanes 
and alkenes [11] and C24 to C32 organic compounds, 
indicating an unburned oil [1]. 

Conclusions

In summary, diesel exhaust emissions can generate 
coarse, fine, and ultrafine particles. The exposure 
to the diesel exhaust particles from all bus samples 
caused emphysematous alveolar cells in the mice’s 
lungs (R2>0.80). The most acute physical damage in 
alveolar cells is obtained at the PM0.1 or UP (ultrafine 
particle) group with the least particle diameter. These 
effects suggest acute physical damage in alveolar cells 
determined by the enlargement of the lung’s airspaces, 
including the destruction of the tissues surrounding 
the airspace walls, compared to the normal ones. The 
emphysematous lungs’ level was related to the exposed 
particles, in which a smaller diameter causes more 
damage. This study may better explain the risk of bus 
emission as a heavy-duty motor vehicle that is high risk 
in the organ.
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