
Introduction

Air pollutants have been identified in terms of 
gases and particulate matter, which consists of small 
solid particles and liquid droplets. The diameter of 
particulate matter varies from several μm to more than 
10 μm. Fine particles or PM2.5 are particulate matters 
having a diameter less than 2.5 µm, while ultrafine 

particles or PM0.1 have a diameter less than 0.1 µm. 
The constituent, concentration and size distribution 
depends on the source. Generally, particulate matter 
is derived from anthropogenic and natural sources. As 
an anthropogenic source, smoking activity generates 
particulate matter having a diameter between 0.02 μm 
to 1 μm. The measured concentrations are varied from 
41,800 to 115,000 particles/cm3 [1]. Numerous recent 
studies have investigated the other sources of PM related 
to size distribution and the constituent. As a key point, 
the primary PM source is human activity, including 
biomass burning [2], road traffic sector [3], daily 
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Abstract

Exposure to particulate matter (PM) has been identified as being responsible for affecting human 
health. Their impacts on erythrocytes are still unclear, especially PMs emitted from motor vehicles. 
This study investigated the correlation between exposures to inflammatory agents of particulate matters 
(in terms of ultrafine particles, or PM0.1, and fine particles, or PM2.5) contained in gasoline engine car 
exhaust emissions and the deformation of mice erythrocytes. We used 65 male mice as experimental 
animals. The mice were exposed to the filtered and unfiltered PM0.1-PM2.5 for 100 seconds for as long as 
8 consecutive days. The mice from each group were sacrificed on the 8th day of blood preparation. All 
blood samples were observed using a digital microscope (400x magnification) to calculate the amount 
of normal and deformed erythrocytes. The results showed that the increasing amount of PM0.1 and PM2.5 
in the car smoke that was exposed to the mice caused the increasing of the erythrocyte deformation 
percentages. The erythrocyte deformation percentage was found linearly to the particle concentration.
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cooking [4], printing [5] and many other activities, while 
the secondary source comes from non-anthropogenic 
sources such as volcanic eruption [6] and forest fires [7]. 
The previous airborne field measurements of biomass 
particles in the Australia’s Northern Territory reported 
that most of the early dry season particles with a count 
median diameter of 83±13 nm came from fresh smoke 
[8].

The effect of different particulate matters on 
health has been studied previously, such as diesel 
exhaust particles [9], ultrafine carbon particles [10] 
and nanosilver [11]. PM0.1 and PM2.5 exposures were 
associated with the risk of mortality. PM2.5 alters 
a ventricular repolarization and may increase a 
myocardial vulnerability to arrhythmia [12]. PM0.1 
is deposited deeply into the human body compared 
to bigger particles. They cause gene mutations and 
induce inflammation [11]. Inhaled PM0.1 is related to 
the respiratory system in terms of all major lung tissue 
compartments and cells, and may trigger a higher toxic 
potential [13]. Although PM0.1 and PM2.5 impacts on the 
blood and blood pressure have been studied [14-16], 
we still have only limited information on blood cell 
deformation. 

Cell deformation is an alteration of cells induced 
by the inflammatory response due to an inflammatory 
agent. As is well known, erythrocytes play an important 
role in oxygen transport [17]. Any deformation in 
erythrocytes indicates a response of the deforming 
force. The deformation may influence blood viscosity 
[18], reactive oxygen species production [19] and 
hemorheological alterations [20]. Any alteration due  
to erythrocytes deformation or the morphological 
changes become a marker of abnormalities, such 
as sickle cell disease [21], iron deficiency anemia, 
and thalassemia [22]. Due to the very important 
role of erythrocytes, it is necessary to investigate 
the correlation between the inflammatory agent and 
erythrocytes morphological changes (also known as cell 
deformation). 

In spite of the fact that the deformation level of 
erythrocytes investigation is very important for blood 
analysis of the human body, studies dealing with the 
deformation model of erythrocytes during normal 
and abnormal conditions are rare. A way to define the 
level of erythrocyte deformation due to particulate 
interaction and the explanation is limited. Recent 
studies still only focus on erythrocyte morphology 
without any correlation with particulate matter as the 
inflammatory agent. The conducted study is supposed to 
carry on the latest information related to the standpoint 
of pathology. There is a lack of literature data on 
the physical changes of erythrocytes, including the 
histological, conventional and quantitative methods used 
to determine the erythrocyte deformation characteristic 
in vivo or in vitro. In order to get a better understanding 
of erythrocyte deformation due to an inflammatory 
agent in terms of particulate matters with a different 
size that has been unknown well at the moment, we 

studied an in vivo model to investigate the relationship 
between erythrocyte deformation and exposure to 
PM0.1 and PM2.5 contained in the car exhaust emission. 
Moreover, the study may establish the possible alteration 
of exposure to PM0.1 and PM2.5 emitted by gasoline 
car engine on mice erythrocytes and strengthen the 
knowledge of the impact of particulate matters with 
different size distribution.

Materials and Methods  

Generation of Particulate Matters

PM0.1 and PM2.5 were generated from four standard 
gasoline car exhaust emissions (M1, M2, M3 and 
M4) under a controlled steady-state condition with  
1000 rpm engine speed. The exhaust emission of the 
sample car was sucked by a pump at a rate of 2.03 m/s 
and introduced to a 0.3x0.2x0.2 m3 exposure chamber 
for 60 seconds. The generated exhaust emission was 
filtered using a particulate matter cyclone (constant 
debit: 33.05 cm3/s). The PM0.1 (diameter 0.02-0.10 µm) 
and PM2.5 (diameter 0.10-2.50 µm) concentrations in the 
filtered exhaust emission were measured using a P-Trak 
ultrafine particle counter (TSI, model 8525) and a digital 
dust monitor (Kanomax, model 3443).

Animal Treatment

Male 11-week-old Wistar mice (n = 65) were housed 
in acrylic cages after three days of acclimation. They 
were kept at controlled light (12:12 dark-light cycle) 
and temperature (26-29ºC), with 57.8-58.8% humidity. 
All mice were treated humanely and provided with 
water and foods ad libitum. All the procedures were 
approved by the Animal Care and Use Committee 
of Brawijaya University Malang, Indonesia (Ethical 
Clearance No: 541-KEP-UB). The mice were arranged 
into Control (-) that the unexposed mice, Controls (+) 
that the mice were exposed to the unfiltered emission, 
the PM0.1 groups which were the mice group that was 
exposed by the PM0.1 emission with the car sample of 
M1-M4, and the PM2.5 groups which were the mice 
group that was exposed by PM0.1 emissions with the car 
sample of M1-M4 (Table 1). After exposure treatment, 
all mice were sacrificed. The blood drops were placed 
onto object glasses (1.0-1.2 mm of thickness) and fixed  

Table 1. Experimental groups of mice.

Group Particulate Matter Mice

Control (-) - 5

Control (+) Unfiltered exhaust emission 20

PM0.1 Filtered PM0.1 20

PM2.5 Filtered PM2.5 20
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with methanol solutions (70%). When they came dried 
(±5 minutes) they were colored using Giemsa and buffer 
pro Giemsa solution (1:3), then rinsed using water. Each 
slide was imaged under a computer microscope (400x 
magnification). 

Histological Examination

The digital images from the observed slides were 
used to determine the number fraction of the major 
morphological changes of erythrocytes by a manual 
counting of the cells. The total of deformed (abnormal 
erythrocytes) and normal erythrocytes was averaged 
from ten fields of view for each animal and then 
averaged from five animals. Cell deformation (CD) was 
calculated using the equation:

CD = [ ∑Abnormal erythrocytes 
/ ∑Erythrocytes ] x 100%

(1)

Statistical Analysis

Data were represented as the arithmetic 
means±standard deviation. Differences between groups 
were evaluated using Student’s t-test. A linear regression 
analysis was applied to assess and to evaluate the 

correlation between the exposure to PMs concentration 
and erythrocyte deformation using Microsoft Excel 
2016 and SigmaPlot 14.0. R2>0.80 was considered 
highly correlated, while p≤0.05 was considered to show 
statistical significance.

Results and Discussion

PM0.1 and PM2.5 Exposures

In order to determine the dose concentrations of 
PM0.1 and PM2.5 to which the mice were exposed, 
we conducted the PM0.1 and PM2.5 concentration 
measurements with and without the filtering systems. 
The measurements were repeated three times in a 
completely closed exposure chamber for all car samples. 
As a result, Fig. 1 shows the example graph of the 
measured particle concentrations for sample M4. 

As seen in Fig. 1(a-b), the filtered and unfiltered 
PM0.1 concentrations decrease logarithmically. The 
results of the three measurements show a similar 
trend. This indicates the measurement consistency,  
and there is no significant difference between the  
three repeated measurements (p>0.05). M4 generates 
427,800 particles/cm3 and 2.04 mg/m3 of filtered 
PM0.1 and PM2.5 concentrations. A similar consistency 

Fig. 1. Measured particle concentrations from M4 sample: a) Unfiltered PM0.1, b) PM0.1, c) Unfiltered PM2.5 and d) PM2.5.
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is also found in the filtered and unfiltered PM2.5 
concentrations (Fig. 1c-d), which decrease linearly. 
According to Fig. 1, the mean concentrations of 
unfiltered PM0.1 and PM2.5 emitted by M4 (engine 
capacity of 1,500 cm3) for a single exposure are 
831,800 particles/cm3 and 2.52 mg/m3, respectively. 
These concentrations are 20,100 particles/cm3 and 
0.32 mg/m3 higher than the concentrations emitted by 
M3 (engine capacity = 1400 cm3). The concentrations 
are 404,000 particles/cm3 and 0.48 mg/m3 higher 
than the filtered PM0.1 and PM2.5 concentrations 

of M4. The obtained results show that a higher 
engine capacity generates more PM concentrations. 
The lowest filtered PM0.1 and PM2.5 concentrations 
(125,600 particles/cm3 and 0.06 mg/m3, respectively) 
are derived from M1 (engine capacity = 1000 cm3). 
The unfiltered PM0.1 and PM2.5 concentrations of M1 
are 439,000 particles/cm3 and 0.08 mg/m3, respectively. 
M2 (engine capacity = 1200 cm3) generates 291,100 
and 789,400 particles/cm3 for filtered and unfiltered 
PM0.1 concentrations, and 1.13 and 1.47 mg/m3 for 
filtered and unfiltered PM2.5 concentrations.

Exposed Particulate Matters M1 M2 M3 M4

PM0.1 (x106 pt/cm3) 1.01±0.02 2.31±0.25 2.64±0.11 3.42±0.07

PM2.5 (mg/m3) 0.51±0.02 9.03±0.86 14.22±0.92 16.32±0.54

Unfiltered PM0.1 (x106 pt/cm3) 3.50±0.03 6.32±0.30 6.49±0.13 6.65±0.09

Unfiltered PM2.5 (mg/m3) 0.63±0.03 11.74±0.86 17.56±1.13 20.15±0.66

Table 2. Concentrations of PM0.1 and PM2.5 exposed to mice for 8 consecutive days.

Fig. 2. Poikilocytosis (abnormally shaped erythrocytes) for the groups of: a) control (-), b) PM0.1M4, c) PM2.5M4 and d) CTM4. The 
observed erythrocytes: normal (red circles); schistocyte (yellow circles), stomatocyte (orange circles), dacrocyte (green circles), helmet-
shaped (blue circles), saddle-shaped (purple circles), and ovalocyte (black circles). (e-f). Deformed erythrocytes with the tendency of cell 
death (necrosis), cell adaptation (atrophy-hypertrophy-like cells, macro-microcytes), and cell damage, indicated by the brown arrows. 
All figure scale bars: 20 µm.
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The total concentration of PM is determined by 
multiplying the total concentration in the single exposure 
to the exposure days (8 days). All data are presented in 
Table 2. The lowest concentrations are obtained from 
M1. Meanwhile, the highest concentrations are found 
in the exhaust emission from M4. The sample engine 
capacity determines the particulate matter concentration. 
The car with the small engine produces relatively less 
particulate matters rather than a bigger engine.

Deformation Percentages

Fig. 2 shows the histological images of the blood 
smears taken from the 1st group M1. Based on the 
images, we identified the normal (healthy) and abnormal 
erythrocytes according to their shapes (physical 
damages). The deformation changes of the erythrocytes 
were compared from the normal shapes. 

According to Fig. 2, a normal erythrocyte 
(red circle) has a biconcave shape. Compared to  
Fig. 2(b-f) (exposed mice), the normal erythrocytes 
are significantly found in the Control (-) group. By 
contrast, the number of abnormal erythrocytes increase 
significantly in the exposed mice. The abnormal 
ones found here are schistocyte (sickle-shaped), 
stomatocyte, dacrocyte, helmet-shaped, saddle-
shaped and ovalocyte. As indicated in the figure, when 
erythrocytes deform into different shapes, they have 
a different physical look. The abnormal erythrocytes 
are found in the shapes schistocyte (yellow circles), 
stomatocyte (orange circles), dacrocyte (green circles), 
helmet-shaped (blue circles), saddle-shaped (purple 
circles) and ovalocyte (black circles). Schistocyte and 
ovalocyte are the most abnormalities found in this 
study. All of this poikilocytosis is typically due to the 
deformation of structural membrane components. A 
schistocyte is identified as an irregularly shaped cell 
having two pointed ends (sickle-shaped). The two 
pointed ends are different from the saddle-shaped and 
helmet-shaped cells. A dacrocyte (teardrop-shaped 
cell) is determined as an erythrocyte that looks like 
a teardrop. The three deformation types dominate 
the abnormality level of the observed erythrocytes. 
As depicted in Fig. 2, a stomatocyte is shown as an 
erythrocyte (shaped like a coffee bean), while a saddle-
shaped cell is similar to a horse saddle. An ovalocyte 
(elliptocyte) is indicated as an elongated oval cell.  

Fig. 3 depicts the erythrocyte deformation 
percentages as a function of Control (-) group, Control 
(+) groups and filtered PM0.1-PM2.5 groups from M1, 
M2, M3 and M4. For sample M1, mice exposure with 
the filtered PM0.1 concentration of (1.01x106) particles/
cm3 causes the deformation of 27%, and a filtered 
PM2.5 concentration of (0.51x10-6) mg/cm3 results in the 
deformation of 21%. The number of normal erythrocytes 
is 298 and 327 cells, respectively. Increasing the dose 
concentration of PM0.1 and PM2.5 (M2) to become 
(2.31x106) particles/cm3 and (9.03 x 10-6) mg/cm3 affects 
the erythrocyte deformation to become larger to 29% 

for PM0.1M2 and 24% for PM2.5M2, where the number 
of abnormal erythrocytes increases to 87 (PM0.1) 
and 71 (PM2.5) cells. The normal erythrocytes from 
PM0.1M2 and PM2.5M2 groups are 213 and 230 cells, 
respectively. There are significant differences between 
exposed mice in M2 (PM0.1M2 and PM2.5M2 groups) 
and Control (-) mice (p<0.05). Similarly, the differences 
of the deformation percentages are significant  
(p<0.05) between exposed mice M3 (PM0.1M3 and 
PM2.5M3 groups) and Control (-) mice. We increased 
the dose exposure concentration of filtered PM0.1 
and PM2.5 to become (2.64x106) particles/cm3 and 
(14.22x10-6) mg/m3 (M3) caused the erythrocyte 
deformation to become 30% for PM0.1 and 24% for 
PM2.5. The number of abnormal erythrocytes was also 
increased to 81 (PM0.1M3) and 66 (PM2.5 M3) cells. The 
trend of the increasing of the erythrocyte damage due 
to adding the dose concentrations are found similarly 
for all car samples, including the results obtained in 
M4. The groups of PM0.1M4, PM2.5M4 and Control 
(+) M4 cause 31%, 26% and 34% of the erythrocyte 
deformation percentages, respectively. Based on all 
results from M1-M4, the deformation percentages are 
up to 8% larger than the deformation percentages in the 
Control (-) group (13%). The complete results show that 
more PM concentration caused more deformation in the 
mice erythrocytes (p<0.05). 

In order to get a better understanding about the 
correlation between total concentrations of both 
filtered and unfiltered PM0.1-PM2.5 in the smoke and 
the deformation percentages of mice erythrocytes, we 
present the graphs shown in Fig. 4. The deformation 
percentages of each treatment group are alleviated  
with the deformation percentage obtained from the 
Control (-) group. The relationship between erythrocyte 
deformation and total particulate concentration is 
approached by linear regression with the R2 coefficients 
>0.80 (Fig. 4). This shows that the PM0.1 and PM2.5 
concentrations in the exhaust emission significantly 
influence erythrocyte deformation. Moreover, 

Fig. 3. Differential deformation percentages in mice  
erythrocytes obtained from the exposed groups Control (+), 
PM0.1, PM2.5 (n = 5 per group) vs. the group of Control (-) (n = 5), 
means ± SD (p<0.05).
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erythrocyte cell deformation is related to the engine 
capacity of the car samples. Exposure of the mice 
to the exhaust emissions emitted from the different 
engine capacities results in a variation of erythrocyte 
deformation. Larger engine capacity producing the 
exhaust emission with a larger concentration of PM0.1 and 
PM2.5 causes more deformation of the erythrocyte. The 
measurements of the particulate matter concentrations 
emitted from motor vehicles conducted in the laboratory 
and on a road site in previous studies confirm the results 
[3, 23-25]. When we exposed the mice to the exhaust 
emission with varied concentrations, we found that 
erythrocyte deformation was in a different percentage, 
which was proportional to the dose concentration. 
Sample M1, which is a car with an engine capacity of 
1000 cm3, generates the lowest erythrocyte deformation 
among other car samples.

The exposure to PM0.1 and PM2.5 contained in the 
car smoke alters the mice erythrocyte with typical 
characteristics. Our findings indeed show that there is 
a significant correlation between the PM0.1 and PM2.5 
concentrations and the mice erythrocyte deformation 

or physical damage. The results show that more 
dose of pathology agents (PM0.1 and PM2.5) results in 
more erythrocyte physical damage. With a similar 
concentration of smoke, we found that the PM0.1 caused 
more erythrocyte deformation than PM2.5. Previous 
work from our lab and others has demonstrated that 
greater cell deformability is caused by PM0.1 rather than 
large ones [26]. In a mouse model, exposure to PM0.1 
generated from motorcycle exhaust emissions altered 
the morphology of erythrocytes, including changes in 
normal and abnormal erythrocyte levels [23]. Thus, 
erythrocyte deformation can be used as biophysical 
parameters to determine the pathology impacts of 
particulate matter exposures in this study. 

In order to investigate the pathological effects of 
particulate matters in mice erythrocytes, we need to 
predict the particulate matter mechanism to the cells 
starting from the upper respiratory tract to the lower 
respiratory tract. For the first step, the particulate 
matter PM0.1 and PM2.5 become the pathology agents 
at different toxicity levels. In this state, the particulate 
matter deposition into the organ is needed to be 

Fig. 4.Correlation between the total concentrations of filtered-unfiltered PM0.1-PM2.5 vs. the deformation percentages in M1-M4. Results 
are interpreted as the means ± SD (statistically correlated R2>0.80).
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investigated. The respiratory tracts may contribute 
to particle deposition with different values [27, 28] 
depending on the pulmonary response to the inhalation 
that is correlated with lung capacity (in accordance with 
the tidal volume of mice). In the second step, oxidative 
stress due to particulate matter deposition needs to be 
investigated [29]. When the submicron particles are 
inhaled, whether PM0.1 and PM2.5, they may directly 
interact with the respiratory system and induce oxidative 
stress inflammation. Thus, the inflammation and 
oxidative stress may trigger other possible responses, 
such as pro-oxidative and pro-inflammatory mediators, 
releasing as systemic chain reaction [30,31]. In the blood 
system, particulate matters possibly unite with the mice 
erythrocytes and disturb the transport mechanism of 
the cation and many other proteins, and of course cause 
inflammation. The evidence suggests that oxidation of 
membrane lipids and proteins are linked to the increase 
of oxidative stress and inflammation and are able to 
damage erythrocytes [32]. As confirmed in the recent 
study, the inflammatory mediators can be found as 
cytokine IL-8 as a signal that attracts the neutrophils 
at the site of inflammation [33]. On the other hand, 
inflammation becomes a non-specific body immune 
response that indicates the body reaction to allergic 
reaction [21]. In mice model, short and long-term 
exposure to nickel hydroxide nanoparticles induced 
histological changes in lung tissue as responses to 
inflammation [34]. Significant pulmonary inflammatory 
was also observed in the response to ultrafine particle 
and submicron fine particle exposure, as indicated by 
the changes of bronchoalveolar lavage fluid protein, 
neutrophils, eosinophils and LDH levels in mice [35]. 
Similarly, the impact of these oxidative stress and 
inflammation conditions is interpreted as the physical 
cell damage that can be used to predict the potential 
influence of pathologic agents [29, 36]. In normal 
conditions, the erythrocytes are in the form of biconcave 
with smooth edges [37]. Erythrocytes have a lipid 
bilayer and many peripheral proteins. The disruption 
of the membrane leaflet due to particulate matters may 
cause physical cell damage. According to the results, 
cell damage is typically observed in the changes of 
the erythrocyte morphology. As reported in a recent 
study, cell deformation was used as the hematological 
examination in accordance with the pathological 
examination [17].

In accordance with the standpoint of pathology, 
particulate matter accumulation may induce histological 
changes, including cell death due to inflammatory  
agents and cell adaptation [38]. The histological 
examination results show the reduction in the diameter 
of the mice erythrocytes (Fig. 2) compared to the 
unexposed mice, which may also be influenced by 
the genetic instability caused by toxic agents (cell 
adaptation) [32]. In the digital images we also found 
enlarged erythrocytes. These atrophy-hypertrophy-like 
cells (cell adaptation) may represent cell adaptation 
due to any inflammatory agents (Fig. 2). For part 

of cell adaptation, erythrocyte may respond to the 
inflammatory agent by changing the morphology [32]. In 
an acute condition, cell deformation may also be related 
to cell death in term of necrosis, which can be identified 
by the disruption of cell membrane integrity [39]. It is 
associated with cell rigidity, membrane biochemical 
changes and cell shape [32]. This phenomenon has a 
high possibility to influence erythrocyte survival and 
increase cell rigidity, as investigated on the histological 
examination. 

Previous studies measured the substances of 
particulate matters, such as polycyclic aromatic 
hydrocarbons and volatile organic compounds emitted 
by motor vehicle exhaust [40-42]. Polycyclic aromatic 
hydrocarbons as the kind of organic compounds, 
together with their derivatives, are well-known to 
be carcinogens for human health [43-45]. Polycyclic 
aromatic hydrocarbons may be contents of anthracene, 
phenanthrene, fluoranthene, benzo(a)pyrene, pyrene, 
naphthalene and many other forms [40, 46]. Motor 
vehicles also emit high volatile organic compound 
emissions as primary compounds as the products of 
both complete or incomplete combustion [47]. When 
these particulate matters are inhaled and deposited, the 
reaction with biomolecule cells may trigger reactive 
oxygen species, causing inflammation [21]. 

The reaction may happen in the erythrocytes, too. 
However, there is insufficient information and further 
evidence about this phenomena. In this study, we found 
erythrocyte anomalies such as teardrop-shaped cells, 
helmet-shaped cells, sickle-shaped cells, and elliptocytes 
in which the normal shape that is shown as a dominant 
typical biconcave form and smooth edge [17]. Most 
erythrocyte anomalies in the shape of teardrop-shaped 
cells and elliptocytes were observed when we exposed 
the mice to the filtered particulate smoke. According 
to a recent study, erythrocyte physical damages such 
as teardrop-shaped (dacrocyte) and sickle-shaped 
(drepanocyte, sickle cell and schistocyte cell) can be 
used to track disease progression due to inflammatory 
agents or toxic substances. A lysis of erythrocytes might 
be related for any diseases, such as sickle cell disease 
[21], iron deficiency anemia and thalassemia [22].

Conclusions

In conclusion, car exhaust emission exposures to 
mice affected erythrocyte deformation, which depended 
on the particulate matter concentration with significant 
linear correlation. Smaller particulate matter had a 
greater effect on erythrocytes.
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