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Abstract. Many epidemiological studies, whether in vivo or in vitro in human or mammals indicate that 

particulate matters emitted by diesel vehicles have impacts on health. While the effects of daily 

particulate matter exposure have been well reviewed, the physiological evidence of mice blood alteration 

associated with the exposure to the diesel exhaust particles has not been investigated well. In this study, 

we examined the association between the exposure to ultrafine particles contained in the diesel exhaust 

emission and mice erythrocyte deformation. Ultrafine particles (diameter: 0.02 µm to 0.10 µm) were 

filtered from three different diesel engine cars. There were 50 male mice used as the experimental 

animals. The mice were exposed to the ultrafine particles in the different concentration for eight 

consecutive days. The total concentration of ultrafine particles was measured using a P-Trak Ultrafine 

Particle Counter (TSI, Model 8525). The mice were sacrificed after the eight-day exposures. The blood 

samples were observed using a Binocular BX-51 Computer Microscope to examine the level of 

erythrocyte deformation. The results showed that the increasing amount of the ultrafine particle 

concentrations caused the increasing extent of the erythrocytes deformation level significantly. 
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Introduction  

Diesel engines are widely used as a rapid mass transportation mode. The increasing 

amount of diesel engines is correlated with the exhaust emission. One of the problems 

with the diesel engine use is the exhaust particles. Diesel exhaust particles are the 

particles that generated from a diesel engine and become the major constituents of the 

ambient air pollutant. They consist of ultrafine particles or PM0.1 (particulate matter 

with an aerodynamic diameter ≤ 0.1 µm) (Waly et al., 2013), PM1 (particulate matter 

with an aerodynamic diameter ≤ 1 µm) (Xu et al., 2013, Wierzbicka et al., 2014), and 

PM2.5 (particulate matter with an aerodynamic diameter < 2.5 µm) (Hemmingsen et al., 

2009). Considering toxicity level, ultrafine particles, as the smallest particulate matter 

has become a prevalent problem in the whole world regarding both quality and quantity. 

There is a well-established correlation between exposure to ultrafine particles 

emission and health and environment. Inhalation of ultrafine particles increases the risk 

of adverse health effects associated with the endothelial progenitor cells (Jantzen et al., 

2016), abnormal sedimentation, hemagglutination, dose-dependent hemolysis in 

erythrocytes (Li et al., 2008), increasing of oxidative stress in human embryonic kidney 

cells (Wang et al., 2009), and a potential risk for atherosclerotic vascular disease 

(Stewart et al., 2010). Especially the impacts of ultrafine particles in the blood, the 

erythrocyte deformation or the morphological changes may relate to the abnormal 

function of blood. Any alteration due to erythrocytes deformation become a marker of 

iron deficiency anemia and thalassemia (Zhang et al., 2012). Similarly, a previous study 
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showed that the erythrocyte deformation was related to the sickle cell disease (Charrin 

et al., 2016). Our previous studies confirmed the correlation between the exposure to 

particulate matters from motorcycle exhaust emission and the cell deformations in mice 

model, in red blood cells (Wardoyo et al., 2017) and kidney cells (Wardoyo et al., 

2018). However, there are no published novel data reporting the trends of ultrafine 

particles concentration from diesel exhaust emission and erythrocyte cell alteration, 

which are determined useful for investigating a deeper impact of particulate matters 

emission in the road traffic. Furthermore, the degree to which ultrafine particles from 

heavy vehicles mean a risk in the organ is a scientific scope that has not previously been 

tested by direct exposure in human and experimental animals. Although there have been 

numerous researchers that investigated this case, the sharp mechanisms and effects of 

the ultrafine particles in the erythrocytes are poorly understood. In this study, exposure 

to the ultrafine particles focused on the diesel exhaust emission (as a heavy-duty motor 

vehicle) was chosen due to the negative impact possibilities in health, i.e., in mice 

erythrocytes. This study is also needed to develop a biomarker for assessing a better 

understanding of the effect of the ultrafine particles for an acute exposure in the blood.  

Materials and Methods 

Ultrafine Particles 

Three diesel engine cars (D1, D2, and D3) were preferred as the motor samples 

chosen based on the availability around the University of Brawijaya Malang, Indonesia. 

The diesel exhaust emission was filtered using a particulate filtering system that 

consists of an N95 particulate respirator (3M, Model 8210) and a sucking pump 

(constant debit: 33.05 cm
3
/s; flow rate: 2.03 m/s) as described in our previous study 

(Wardoyo et al., 2018). The filtered ultrafine particles (diameter: 0.02 µm to 0.10 µm) 

were injected into the exposure chambers in three different injection times (20 - 60 

seconds) in order to generate the varied ultrafine particle concentrations of C1 (20 

seconds), C2 (40 seconds), and C3 (60 seconds). The concentrations of the ultrafine 

particles were measured using a P-Trak Ultrafine Particle Counter (TSI, model 8525) 

(Fig. 1) (Wardoyo et al., 2007). The different injection times were used to generate 

different concentrations of ultrafine particles.   

 

 

Figure 1. The schematic of the ultrafine particle concentration measurements  
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Experimental Animals and Treatments 

The study included 50 male Wistar mice (12 weeks old, body weight: 21 - 23 g). All 

mice were treated humanely, provided with water and foods ad libitum, and kept under 

controlled light (12:12 dark-light cycle) and room temperature (27.4 - 28.1
o
C). An 

acclimatization period of three days was allowed for the mice before any exposure 

treatment. All animal treatment procedures were approved by the Animal Care and Use 

Committee of Brawijaya University Malang, Indonesia (Ethical Clearance number: 541-

KEP-UB).  

After the acclimation, the mice were randomly divided into a control group (C0) - the 

group of unexposed mice (n = 5) - and the exposure groups (C1, C2, and C3, n = 5 per 

car sample per group). The mice from C1 groups were exposed to the ultrafine particles 

with the car sample D1, D2, and D3 with the injection time of 20 seconds. The mice 

from C2 and C3 groups were exposed to the ultrafine particles with the car sample D1, 

D2, and D3 with the injection times of 40 and 60 seconds, respectively. The exposures 

were conducted for 100 seconds on eight consecutive days (100 seconds per day). Our 

previous research gave us information that the mice collapsed more than eight days after 

the exposure. After the last day of the exposure, all mice were sacrificed using a 

cervical vertebra dislocation method in order to take the blood drop samples. The blood 

was collected in tubes, and the smears were made on object glasses and fixed with 

methanol solutions (70%). When they came dried (±5 minutes), they were colored using 

Giemsa-buffer pro-Giemsa solution (1:3) as long as 15 minutes. The samples were 

washed in running tap water. Any section showing abnormal morphology caused by the 

drying procedure was discarded. 

 

Deformation Calculation 

Digital images of the blood samples were taken with a 400x magnification of areas 

can reliably be judged from an overall evaluation of the slide. Five different 

investigators scored random fields of view using a Binocular BX-51 Computer 

Microscope (Wang et al., 2017, Cannizzaro et al., 2009). The deformation level (DL) of 

the mice erythrocytes was calculated using equation (1) (Wardoyo et al., 2017). The 

total of deformed and normal erythrocytes were averaged from those ten fields of view 

for each animal and then averaged from 5 animals. 

 

  (Eq.1) 

 

 

Statistical Analysis 

Values are expressed as the means ± SD (standard deviation). The differences 

between two groups (C0 and an exposure group) were evaluated using a Student’s t-test. 

We compared the results obtained in the control group and the D1 group, the control 

group and the D2 group, and the control group and the D3 group. The association 

between the exposure to the ultrafine particles and the erythrocyte deformation level 

was interpreted by a linear regression analysis using Microsoft Excel 2016. R
2
 > 0.85 

was considered as significantly correlated, and p < 0.05 was considered to show 

statistical significance (Eeftens et al., 2015). 
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Results 

Ultrafine Particles Concentration 

The concentrations of ultrafine particles mice were exposed to for eight consecutive 

days are presented in Table 1. Based on the measurement results, a longer time needed 

to inject the exhaust emission to the exposure chamber generates a higher ultrafine 

particle concentration. Compared to C1, the concentrations of C2 and C3 are higher, in 

which the highest concentration is found in C3. On the other hand, the lowest ultrafine 

particle concentration is found in C1. 
 

Table 1. Ultrafine particles concentration mice were exposed to(mean ± SD) 
 

Ultrafine Particle Concentrations 
Ultrafine Particles Concentration (x10

7
 particles/ cm

3
) 

D1 D2 D3 

C1 3.65 ± 0.04 2.26 ± 0.02 1.03 ± 0.10 

C2 4.87 ± 0.26 2.87 ± 0.16 1.10 ± 0.07 

C3 5.46 ± 0.35 3.28 ± 0.08 1.22 ± 0.01 

 

 

Deformation Level 

The digital images used to observe histological changes (deformation) in the mice 

erythrocytes are shown in Fig. 2. The erythrocytes in those examples are obtained from 

the control and the exposure groups. The control group is used to observe the native 

deformation of the healthy mice (normal mice, without exposure). According to Fig. 2, 

there are significant differences in the deformation level between the control mice and 

the exposed mice. The normal erythrocytes are interpreted as the red circles, and the 

abnormal ones are shown by the black circles. A normal erythrocyte has a biconcave 

shape. The abnormal erythrocytes are obtained as (1) teardrop-shaped, (2) helmet-

shaped cells, (3) sickle-shaped cells, (4) ovalocytes, (5) saddle-shaped, and (6) 

stomatocytes (Zhang et al., 2009). Table 2 below interprets the calculated deformation 

levels of the mice erythrocytes. 

 
Table 2. Deformation levels from the control and exposure groups (p < 0.05 between two 

groups: the control group and an exposure group) 
 

Ultrafine Particle Concentration 
Deformation Levels (%) 

D1 D2 D3 

Control 12 ± 1 12 ± 1 12 ± 1 

C1 32 ± 1 31 ± 1 25 ± 2 

C2 33 ± 3 32 ± 1 26 ± 1 

C3 35 ± 2 33 ± 3 29 ± 1 

 

 

Figure 2 shows that the exposure of ultrafine particles with the concentration of C1 

induces a significant increase in the deformed erythrocytes compared to the control 

group. It has been observed that the exposure to ultrafine particles with the 
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concentration of C1 induced 110 ± 5, 119 ± 3, and 93 ± 9 deformed erythrocytes in D1, 

D2, and D3 car samples, respectively. In the group of C2, the exposed ultrafine particles 

significantly decrease the number of normal erythrocytes compared to the control group 

(245 ± 7 cells). The deformed erythrocytes in the group of C2 for the car sample D1, 

D2, and D3 are 103 ± 11 cells, 111 ± 6 cells, and 99 ± 5 cells, respectively. Similarly, a 

significant difference is also found in the other exposure group among the C3 and the 

control groups. The erythrocyte deformation in the group of C3 for the car sample D1, 

D2, and D3 involved 107 ± 5 cells, 135 ± 16 cells, and 81 ± 5 cells, respectively. 

 

 

Figure 2. Digital images from the control group (A; E; and I) and the treatment groups, 

with 400x of magnification (scale bar: 30 µm): B-D = C1 groups; F-H = C2 groups; and 

J-L = C3 groups. The normal and deformed erythrocytes (M), scale bar: 20 µm  

 

 

Ultrafine Particle Concentration vs Deformation Level 

For a better understanding, Fig. 3 depicts the correlation between the exposure to the 

ultrafine particles and the deformation levels of the mice erythrocytes (D1-D3). In order 

to investigate the influence of the exposure to ultrafine particles, the deformation levels 

of the mice erythrocytes were alleviated by the deformation level obtained in the control 

group. The correlation between the ultrafine particle concentration and the erythrocyte 

deformation was interpreted in a linear regression. In the car sample of D1, the 
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increasing amount of the ultrafine particle concentrations increase the level of 

erythrocytes deformation (R
2
 = 0.86). Interestingly, the similar trend is found in the 

different car samples D2 (R
2
 = 0.99) and D3 (R

2
 = 0.98). The increased concentrations 

of ultrafine particles in the diesel exhaust emission cause more deformation on the 

erythrocytes. Based on Fig. 3, it is confirmed that a higher dose of ultrafine particles 

enhanced the deformation levels compared to the control group (see Table 2). The 

figure above shows that the concentration of the ultrafine particles contained in the car 

exhaust emission had direct influences on the mice erythrocytes deformability (R
2
 > 

0.85). All graphs indicate a high correlation, since the values of each R
2 

approach 1.  
 

 

Figure 3. The correlations between the concentration of ultrafine particles in the car 

exhaust smoke and the mice erythrocytes deformation: A). D1; B). D2; and C). D3  
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Discussion 

The present study of the erythrocyte deformability is of great importance in 

hemorheology. This study reveals a novel association between exposure to ultrafine 

particles contained in the exhaust emission emitted by diesel engine cars and mice 

erythrocytes deformation. The deformation was indicated by the alteration in the 

erythrocyte shape that might be related to the erythrocyte function in the body system. 

As we know, a normal erythrocyte needs flexibility in transporting gases in the body. A 

biconcave shape of a normal erythrocyte is related to its work in squeezing through 

capillaries. It is necessary to investigate the erythrocytes morphological changes 

(deformation). The existence of erythrocyte deformation or the morphological changes 

may relate to the abnormal function of blood. For example, a previous study showed 

that the erythrocyte deformation was related to the sickle cell disease (Charrin et al., 

2016). Similarly, any alteration due to erythrocytes deformation becomes a marker of 

iron deficiency anemia and thalassemia (Zhang et al., 2012), as well as the sickle cell 

disease (Charrin et al., 2016).  

Our findings suggest that the cell alteration by exposure to ultrafine particles is 

confined to the erythrocyte deformation. In this study, unexposed mice (control group) 

had healthier erythrocytes with normal biconcave cells, and on the contrary, the exposed 

mice showed a positive correlation with the abnormal erythrocytes (p < 0.05) (Fig. 3). 

In addition to the cell alteration, the deformation of the mice erythrocytes can be linked 

to the cell physical alteration (Yoon and You, 2016) and the existence of eryptosis, 

suicidal death erythrocytes (Mischitelli et al., 2016). Consistent with this assessment, 

we found that deformation level, as well as the deformed erythrocytes, were 

significantly increased in the mice exposed to the ultrafine particles. The deformation 

effects of the exposure to ultrafine particles are in accordance with a previous study 

(Wardoyo et al., 2017), confirming that exposure to ultrafine particles contained in the 

motorcycle exhaust emission induces erythrocytes deformation, such as sickle-shaped 

cells, teardrop-shaped cells, and helmet-shaped cells, which then increase the level of 

erythrocyte deformation.  

This study corroborates previous findings obtained from mice exposed to acute 

ultrafine particles contained in the motorcycle exhaust emission (ten consecutive days), 

implicating the deformation effects in the mice tubular epithelial cells (Wardoyo et al., 

2018) and erythrocytes (Wardoyo et al., 2017). Consistent with this result, erythrocytes 

are highly deformable and may also exhibit reduced deformability and stronger 

aggregation in many pathological situations, such as sickle cell anemia (Popel and 

Johnson, 2005). Eryptosis itself can be triggered by any kind of erythrocyte injury, 

including oxidative stress due to reactive oxygen species (Mischitelli et al., 2016). This 

deformation effect is likely to be due to the continuous exposure of diesel exhaust 

particles which alter the lipid bilayer. This suggests that an important role may exist 

between exposure to diesel exhaust particles and erythrocyte deformation, oxidative 

stress, and chronic inflammation. Interestingly, there is a significant correlation between 

erythrocyte deformability and oxidative stress and chronic inflammation markers 

(Gyawali et al., 2015). This probably may develop due to the erythrocyte responses in 

countering the effects of oxidative stress and chronic inflammation. Oxidation of 

membrane lipids and proteins may alter the erythrocytes (Richards et al., 1998).  

The oxidative stress and chronic inflammation can be related to the production of 

reactive oxygen species (Jantzen et al., 2016). The generation of reactive oxygen 

species due to the exposure to ultrafine particles might be related to the cytotoxic effect 
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on endothelial cells (Mo et al., 2012). Reactive oxygen species can be related to the 

translocation of particles. When particles transport through the bloodstream or 

lymphatic system to vital organs, they can cross the lung-blood barrier and translocate 

into the blood circulation, unite to erythrocytes, and disturb the cation transport on the 

membrane causing erythrocytes deformation (Li et al., 2008, Delfino et al., 2005). This 

deformation can be linked to the decreasing amount of mice antioxidant (becoming the 

free radicals generators) (Kampa and Castanas, 2008). However, the effect of deposited 

particulate matters in altering the mice erythrocytes was found in some abnormal forms 

of erythrocytes. Diesel exhaust particles exposures indeed had a significant role in 

generating the inflammatory and genotoxic effects (Hougaard et al., 2008). The form of 

a normal erythrocyte in the two-dimensional model is a biconcave capsule, and its 

radius is ± 3.91 µm (Zhang et al., 2009). However, this form may change due to the 

existence of particles, as explained above. In addition, the most erythrocytes found in 

our research are in a normal form. This state becomes the evidence that not all 

erythrocytes can be influenced by the particles. We consider that the membrane rigidity 

prevents large deformation and large cell contact area, resulting in a less dense 

erythrocytes cores (Zhang et al., 2009). Moreover, the deformations were influenced by 

some factors, such as neo-Hookean elastic (Bagchi et al., 2005) and the local tangential 

and the normal directions of the membrane (Zhang et al., 2009). The above analysis 

conveyed that the possible interactions occurred between exposure to diesel exhaust 

particles and erythrocyte deformability.  

Motor vehicle emission may consist of polycyclic aromatic hydrocarbons (Lai et al., 

2013) and volatile organic compounds (Ge et al., 2018). Similarly, previous studies 

measured the substances of particulate matters emitted by motor vehicles, including 

polycyclic aromatic hydrocarbons and volatile organic compounds (Pham et al., 2013, 

Yan et al., 2015, Wierzbicka et al., 2014). Epidemiologic studies have investigated the 

toxic impacts related to the exposure to polycyclic aromatic hydrocarbons and volatile 

organic compounds. Polycyclic aromatic hydrocarbon substances, such as anthracene, 

phenanthrene, fluoranthene, benzo(a)pyrene, pyrene, and naphthalene, and many other 

forms are well-known to be the carcinogens for human health (Tongo et al., 2017, 

Sarigiannis et al., 2015, Bortey-Sam et al., 2017, Louis et al., 2016, Pham et al., 2013). 

On the other hand, volatile organic compounds also become hazardous chemicals and 

toxic to human health due to the carcinogenic and mutagenic characteristics (Kumar et 

al., 2018). 

Conclusion 

In conclusion, diesel exhaust ultrafine particles significantly affect the mice 

erythrocyte deformation. The dose concentration of diesel exhaust ultrafine particles 

have an influence on the erythrocyte deformation level. The more diesel ultrafine 

particles mice were exposed to the more damage to the erythrocytes was observed. The 

correlation between the ultrafine particle exposure and the erythrocyte deformation was 

obtained proportionally with the R
2
 > 0.85.  
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