

  toxics-12-00246




toxics-12-00246







Toxics 2024, 12(4), 246; doi:10.3390/toxics12040246




Article



Hemolytic Properties of Fine Particulate Matter (PM2.5) in In Vitro Systems



Jiahui Bai 1, Mengyuan Zhang 2,*, Longyi Shao 1,*, Timothy P. Jones 3, Xiaolei Feng 1, Man Huang 1 and Kelly A. BéruBé 4





1



State Key Laboratory of Coal Resources and Safe Mining, College of Geoscience and Surveying Engineering, China University of Mining & Technology, Beijing 100083, China






2



Postdoctoral Research Base, School of Resource and Environment, Henan Institute of Science and Technology, Xinxiang 453000, China






3



School of Earth and Environmental Sciences, Cardiff University, Museum Avenue, Cardiff CF10 3YE, UK






4



School of Biosciences, Cardiff University, Museum Avenue, Cardiff CF10 3AX, UK









*



Correspondence: zhangmy@hist.edu.cn (M.Z.); shaol@cumtb.edu.cn (L.S.)







Citation: Bai, J.; Zhang, M.; Shao, L.; Jones, T.P.; Feng, X.; Huang, M.; BéruBé, K.A. Hemolytic Properties of Fine Particulate Matter (PM2.5) in In Vitro Systems. Toxics 2024, 12, 246. https://doi.org/10.3390/toxics12040246



Academic Editor: Renjie Chen



Received: 12 February 2024 / Revised: 22 March 2024 / Accepted: 25 March 2024 / Published: 27 March 2024



Abstract

:

Epidemiological studies have suggested that inhalation exposure to particulate matter (PM) air pollution, especially fine particles (i.e., PM2.5 (PM with an aerodynamic diameter of 2.5 microns or less)), is causally associated with cardiovascular health risks. To explore the toxicological mechanisms behind the observed adverse health effects, the hemolytic activity of PM2.5 samples collected during different pollution levels in Beijing was evaluated. The results demonstrated that the hemolysis of PM2.5 ranged from 1.98% to 7.75% and demonstrated a clear dose–response relationship. The exposure toxicity index (TI) is proposed to represent the toxicity potential of PM2.5, which is calculated by the hemolysis percentage of erythrocytes (red blood cells, RBC) multiplied by the mass concentration of PM2.5. In a pollution episode, as the mass concentration increases, TI first increases and then decreases, that is, TI (low pollution levels) < TI (heavy pollution levels) < TI (medium pollution levels). In order to verify the feasibility of the hemolysis method for PM toxicity detection, the hemolytic properties of PM2.5 were compared with the plasmid scission assay (PSA). The hemolysis results had a significant positive correlation with the DNA damage percentages, indicating that the hemolysis assay is feasible for the detection of PM2.5 toxicity, thus providing more corroborating information regarding the risk to human cardiovascular health.
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1. Introduction


In recent years, due to the rapid development of industry and the increasing demand for energy such as coal and petroleum, China has been in a period of frequent occurrences of air pollution incidents with PM2.5 (airborne particulate matter with an aerodynamic diameter of 2.5 microns or less) as the dominant pollutant. The severe haze episodes occurred frequently during the heating seasons (autumn and winter), especially in Beijing [1,2]. At present, domestic and foreign research has investigated the sources of atmospheric PM2.5 from the aspects of ground dust and biomass combustion, its transformation, and physical and chemical properties [3]. Many studies have inferred that the impact of inhaling atmospheric particulates on human health is detrimental [4,5,6,7]. In 2013, the International Agency for Research on Cancer defined air pollutants, including PM2.5, as Class I carcinogens, that is, “identified human carcinogens”, which has aroused the public’s concern about air pollutants and health [8].



As an important part of air pollution, PM2.5 in the atmosphere has caused widespread concern for its impact on human health [9,10]. There is a large body of epidemiological evidence stating that a significant positive correlation exists between long-term exposure to airborne PM and increased health risk and mortality from cardiovascular diseases [11,12,13]. The composition of PM2.5 is very complex and diverse, containing a range of toxic substances such as heavy metals, polycyclic aromatic hydrocarbons (PAHs), sulfates, bacteria, and viruses [14,15]. The sub-micron toxic substances can enter the respiratory system and penetrate the intima or enter the capillary lumen via endocytosis [16]. Shimada et al. found that PM2.5 could enter blood circulation in a short time through the “interstitial permeation pathway” induced by the air–blood barrier. PM2.5, which enters into circulation, can interact directly with blood cells and vascular tissues, affecting the quality of blood cells, body tissues, and organs [17,18,19]. In spite of this, the biological plausibility of the adverse health effects of ambient particles remains unclear. Many methods have been used to assess the toxicity of particles, incorporating both in vivo [20,21] and in vitro methods [22,23,24]. Due to complicated experimental processes, long test periods, and high costs of in vivo methods, researchers are now utilizing in vitro protocols for rapid toxicological analysis of atmospheric PM, such as the hemolysis assay [25,26], plasmid scission assay (PSA) [27], and apoptosis assay [22,23].



Hemolysis assay is a convenient and rapid in vitro toxicological test that determines the toxicity of PM2.5 by evaluating the hemolysis of a suspension of red blood cells (RBCs) in contact with PM2.5 [28,29,30]. Due to its small particle size and large specific surface area, PM2.5 adsorbs a large number of oxidizing substances [31,32]. These oxidizing substances can generate reactive oxygen species (ROS) in aqueous solutions [33]. ROS is cytotoxic, and when in contact with the RBC membrane, it will increase its fluidity and permeability and induce lipid peroxidation, culminating in hemolytic activity (i.e., destruction of RBC membranes) [34]. Destruction of RBCs can lead to adverse effects such as anemia, jaundice, and other pathological conditions [34]. Since PM2.5 cannot be completely removed by the human body in a short time, a small part will accumulate in the lungs or be transferred to regional lymph nodes [35]. It can be inferred that if people are exposed to the atmospheric environment polluted by PM2.5 for extended periods of time, the toxic effects of particles will become a significant health risk.



In this study, outdoor PM2.5 samples were collected in Beijing under different pollution levels, and the hemolysis test was performed on PM2.5 to reveal the toxicology of the particles. PSA was also undertaken on the PM2.5 samples, and the results were compared with the hemolysis results to verify the feasibility of the hemolysis test. The combination of two methods can provide more corroborating information regarding the risk to human cardiovascular health.




2. Sampling and Experiments


2.1. Sample Collection


The sampling site (116°20′45.6″ E, 39°59′37.1″ N) was located at the China University of Mining and Technology (Beijing) in northwestern Beijing. The sampling point was 17.8 m above the ground, approximately 1 km from Beijing’s north 4th Ring Road. This collection site is part of a typical university campus and residential area in Beijing, with no large, heavy industrial pollution sources.



A TSP-PM10-PM2.5 Sampler (KB-120E, Qingdao, China) and quartz microfiber filters (90 mm, Whatman, China) were used to collect PM2.5 at a flow rate of 100 L/min. A Pocket Weather Tracker (Kestrel 5500 Weather LiNK, Minneapolis, MN, USA) was used to record meteorological data during sampling. Before sampling, the quartz fiber filters were heated at 450 °C for 4 h in a muffle furnace (ZK-6XY-1400, Beijing, China) and placed in a constant temperature and humidity chamber (Hitachi, Japan; temperature: 20 ± 5 °C; relative humidity: 45 ± 5%).



The mass concentrations of PM2.5 were obtained using the gravimetric method. The fiber filters were weighed using an electronic balance (Sartorius CP225D, Göttingen, Germany) with an accuracy of 0.01 mg. The formula calculating the mass concentration, as defined by Feng et al. (2022), was employed [36]. According to the mass concentration of PM2.5, the pollution degree was divided into low (0–74 μg·m−3), medium (75–150 μg·m−3), and heavy pollution levels (>150 μg·m−3; Table 1). Sample G is a special case where the rain resulted in an average PM2.5 concentration below 150 μg·m−3. However, data from nearby monitoring sites from Beijing Municipal Ecology and Environment Bureau showed that the average concentration during the first 11 h of the sampling period exceeded 155 μg·m−3. Considering the overall pollution situation, we categorized sample G as having a heavy pollution level.




2.2. Preparation of PM2.5 Suspensions


The filters (including the blank filter) were cut into 5 mm2 and put into a 15 mL centrifuge tube (Corning, NY, USA). A measured amount of phosphate-buffered saline (PBS, Sigma, Dorset, UK) was added to the centrifuge tube to make a particle dosage of 100 μg/mL. The centrifugal tube was placed into a platform shaker (VORTEX-GENIE2, Scientific Industries, New York City, NY, USA) and mixed for 20 h to obtain a PM2.5 suspension.




2.3. Hemolysis Assay


The cytoplasm of erythrocytes is rich in hemoglobin. When RBC ruptures (i.e., hemolysis), the hemoglobin is released into the plasma, changing the plasma from being relatively colorless to having a red tint. The percentage of hemolysis can be measured by separating the plasma from the RBCs and analyzing the amount of cell-free hemoglobin using a spectrophotometer [28]. The degree of hemolysis is reflective of the toxicity of the PM samples.



The rabbit blood samples (Xinglong Laboratory Animal Breeding Plant, China) were centrifuged at 1500 rotations per minute (rpm) (Martin Christ, Osterode, Germany) at 4 °C for 10 min; the supernatant and a thin layer of platelets were removed from the blood and discarded. The blood samples were re-suspended with PBS to make them back up to 7 mL; this was repeated 2–3 times. The final working solution was 2% RBC suspension diluted with PBS.



The PM2.5 samples were suspended in PBS and diluted into 5 doses: 1000 μg/mL, 500 μg/mL, 400 μg/mL, 200 μg/mL, 100 μg/mL), 2 parallel samples per dose. The PM2.5 suspensions (125 μL) were added to the prepared blood (125 μL) in a 96-well (Cole Palmer, Cambridgeshire, UK) plate, which was then sealed with adhesive plastic and placed on a platform shaker (HX-3000, YOUNING, Jinan, China) for 60 min at room temperature. The plate was then centrifuged at 200 rpm for 5 min, after which 200 μL of supernatant was removed and placed into a corresponding well of a new 96-well plate. The negative control contained PBS, and the positive control contained sodium dodecyl sulfate (SDS, 1.3 g/L) mixed with the prepared blood. The plate containing the supernatant had its optical density read using the Tecan Infinite® 200 PRO plate reader at 540 nm. Each sample was measured 3 times, and the results were averaged. The absorbance readings in optical density from the plate reader were converted into percentage of hemolysis with the following formula:


% hemolysis = [(sample OD − negative control OD)/(positive control OD − negative control OD) × 100]












2.4. Plasmid Scission Assay


The PSA is an in vitro method for quantitatively measuring the oxidative damage capacity of ROS to plasmid DNA. Its basic principle is that free radicals carried on the surface of particles will cause oxidative damage to supercoiled DNA, initially causing supercoiled DNA to relax, and further damage will induce DNA linearization [3]. The relative electrophoretic mobility of supercoiled, relaxed, and linearized DNA in the gel analysis system (Synoptics Ltd., Cambridge, UK) was used to calculate the percentages of the three forms of plasmid DNA. The total percentages of the relaxed and linearized DNA were taken as the oxidative damage capacity. The detailed experimental procedures were conducted as described in Feng et al. (2022) [36].



Different doses of PM2.5 suspensions (i.e., 1000 μg/mL, 500 μg/mL, 400 μg/mL, 200 μg/mL, 100 μg/mL, 50 μg/mL) were prepared to determine the DNA damage rate. A total of 41 μL of the sample supernatant and 2 μL of the plasmid X174-RF DNA (Promega, Madison, WI, USA) was added to a 1.5 mL centrifuge tube. This was oscillated horizontally for 6 h to ensure a good mixing (HX-3000, YOUNING, Jinan, China). Agarose (molecular biology grade; Sigma-Aldrich, Beijing, China) was dissolved in 100 X Tris/Borate/EDTA (TBE) buffer solution (Thermo Fisher Scientific, Waltham, MA, USA), and the solution was heated to transparency. Ten microliters of ethidium bromide (EB; Sigma-Aldrich, China) was added to the agarose solution when cooled to 78 °C, and this formed a gel on the electrophoresis plate (DYCP34C; LIUYI, Beijing, China).



Seven microliters of bromophenol blue stain (Sigma-Aldrich, China) were added to the mixture of the sample supernatant, and DNA was injected into the solidified gel wells. Each gel well was injected with 20 μL of the final solution. The electrophoresis apparatus (DYY-6C, LIUYI, China) was operated at 30 V for 16 h at room temperature.



The variation in DNA morphologies was observed and quantified by the UV gel imaging system (ChemiDoc, Biored, Shanghai, China) and the Syngene Genetools software (version 4.0; Syngene, Cambridgeshire, UK).




2.5. Toxicity Index (TI)


The toxicity index (TI) of PM2.5 refers to the degree of damage to erythrocyte hemolysis exhibited by the PM mass per unit volume of air; that is, the greater the exposure toxicity index, the higher the health risk for human exposure, which is:


TI = ρ × Z



(1)







In the formula, TI is the toxicity index of PM2.5 exposure, ρ is the mass concentration of PM2.5 (μg/m3), and Z is the hemolysis percentage at 500 μg/mL PM2.5 dose.




2.6. Quality Assurance/Quality Control


Appropriate blanks and parallel samples were analyzed with each set of samples. The blank control in the hemolysis assay was PBS, and 3 parallel samples were set for each concentration. If its hemolysis was not higher than 0.5%, the result was considered meaningful. The blank control in the PSA was ultrapure water, and 2 parallel samples were set for each concentration. If the DNA damage rate was not higher than 1%, the result was considered meaningful.




2.7. Statistical Analysis


All analyses were performed using SPSS Statistics (version 26.0) and Excel 2010 software for Windows.





3. Results


3.1. Hemolysis of PM2.5 during a Pollution Episode


The hemolysis values are shown in Table 2. Hemolysis ranged from 1.98% to 7.75%, with sample G having the lowest value, with 1.98% at a dose of 150 μg/mL, and sample B having the highest value, with 7.75% at a dose of 1000 μg/mL. The hemolysis rate of samples collected at heavy pollution levels was significantly lower than that of low pollution levels, which indicated that the toxicity of PM2.5 was independent of the level of pollution. This is consistent with a previous study, which concluded that the unit toxicity of PM2.5 is related to its chemical composition (such as the content of heavy metal elements), regardless of the weather conditions [27].




3.2. DNA Damage of PM2.5 during a Pollution Episode


PM2.5 samples from low, medium, and heavy pollution levels were analyzed using PSA to determine the DNA damage rate across a range of doses (i.e., 50, 100, 200, 400, 500, and 1000 μg/mL; Table 3 and Figure S1). DNA damage rate ranged from 17.06% to 39.19%, with sample G having the lowest value, with 17.06% at a dose of 50 μg/mL, and sample D having the highest value, with 39.19% at a dose of 1000 μg/mL. The DNA damage rate of samples collected at heavy pollution levels is obviously lower than that of low pollution levels.





4. Discussion


4.1. Comparison of Hemolysis Assay and Plasmid Scission Assay


PSA has been proven in a number of studies to accurately reflect the toxicity of PM [3,36]. Therefore, this study was conducted to verify the feasibility of the hemolysis method for PM toxicity detection using the DNA damage rate. A comparison of the results of the PSA and hemolysis assay is shown in Figure 1. The results showed that for the same PM2.5 sample of the same pollution process, the results obtained by two different toxicological methods showed the same trend, i.e., medium pollution level > low pollution level > high pollution level. The results of a linear regression line fitting showed that the R2 values were in the range of 0.82–0.94, close to 1, indicating a significant positive correlation between DNA damage and hemolysis rates. This positive correlation demonstrated that the hemolysis assay is feasible for the detection of PM2.5 toxicity, and the experimental results obtained were of scientific significance.




4.2. Dose–Response Relationship between Hemolysis and PM2.5


The results of linear regression line fitting (Figure 2) showed that hemolysis was positively correlated with the doses of PM2.5 (R2 = 0.74–0.95), which demonstrated that the hemolysis rate increased with the concentration of PM2.5. A similar study in the Mexico–US border region reflected the same consistency in an increasing trend in the RBC hemolysis rate and PM2.5 concentrations [37]. Similar results have been reported in an in vivo study: oxidative and metabolic damage occurred in a dose-dependent manner with increasing particle concentration [16]. Studies show that PM2.5 will not be completely removed by the human body in a short time, and a small part will accumulate in the lungs or be transferred to regional lymph nodes [35]. Therefore, due to the dose–response relationship between hemolysis and PM2.5, the hemolytic effect induced by PM2.5 will increase the health risk to humans with the accumulation of time.



The TD10 (toxic dose causing 10% hemolysis) of PM2.5 samples was calculated to characterize the toxicity of PM2.5 samples, and a lower TD10 means a higher toxicity. PM2.5 in Beijing during a pollution episode had a TD10 value ranging from 1803.27 μg/mL to 3224.48 μg/mL, with an average of 2432.48 μg/mL. The TD10 of PM2.5 in this study was significantly higher than that in a previous study in Tehran, which concluded that the mean value TD10 of PM10 during a dust storm was 150 μg/mL and the mean value TD10 of PM10 during a weather inversion was 220 μg/mL [26]. This indicated that thanks to the implementation of a series of pollution prevention and control measures from 2013 to 2017, the source structure of PM2.5 in Beijing has changed, and its chemical composition has also changed, resulting in a decrease in toxicity.




4.3. Exposure Risk of PM2.5 during a Pollution Episode


Although the toxicity per unit of PM in heavily polluted weather was low, the overall exposure toxicity caused by the large concentration of PM was higher than that of unpolluted weather. Therefore, the PM2.5 exposure toxicity index (TI) was introduced to characterize the overall exposure health risks of people under different pollution levels (USEPA 2014).



As shown in Table 4, the TI of PM2.5 collected during a medium pollution level (average value was 815) was much higher than that during a low pollution level (average value was 537) and a heavy pollution level (average value was 631). In a pollution episode, as the mass concentration increased, the toxicity index first increased and then decreased (Figure 3), that is, TI (low pollution levels) < TI (heavy pollution levels) < TI (medium pollution levels). Previous studies have shown that there is no correlation between the concentration of PM2.5 during the sampling period and its unit toxicity [36]. The toxicity of PM2.5 is only related to its composition and, furthermore, to the source of PM2.5 [28]. Therefore, two factors should be considered together when assessing the exposure risk of PM2.5: (1) the concentration of PM2.5 and (2) the unit toxicity of PM2.5. A high toxicity with a low concentration and a low toxicity with a high concentration are not necessarily indicative of high exposure risk; rather, it is the situation where both are at medium levels, which we are most likely to overlook, that may pose a greater risk to population health. It implies that in the future, not only heavy pollution but also medium pollution weather should be included as a key concern when making environmental regulations.



Although this study confirms the hemolysis effect of PM2.5, the current work still has certain limitations. More samples of the pollution process need to be analyzed to make the conclusion more convincing. Nevertheless, our findings revealed the dose–response relationship between hemolysis and PM2.5 and quantified the exposure risk of the PM2.5 hemolysis effect during pollution. It provides a warning for the cardiovascular health of people living in severely air-polluted areas.





5. Conclusions


In this investigation, we tested the feasibility of using the hemolysis assay as a viable test to assess the toxicity of PM samples. In a pollution episode, the hemolysis of PM2.5 ranged from 1.98% to 7.75% and demonstrated a clear dose–response relationship. PSA was utilized to verify the results obtained by the hemolysis assay. The DNA damage rates obtained by PSA had a significant positive correlation with the results from the hemolysis assay, indicating that the hemolysis assay is feasible for the detection of PM2.5 toxicity. The toxicity index (TI) was utilized to estimate the overall risks to human health (i.e., respiratory toxicity) following PM exposures at different pollution levels. In a pollution episode, as the mass concentration increased, the toxicity index first increased and then decreased, that is, TI of low pollution levels < TI of heavy pollution levels < TI of medium pollution levels.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/toxics12040246/s1, Figure S1: chromatograms of electrophoretic by PSA.





Author Contributions


Conceptualization, L.S.; methodology, M.H.; validation, M.Z. and X.F.; writing—original draft preparation, J.B. and M.Z.; writing—review and editing, L.S., T.P.J. and K.A.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China, grant number 42075107, the Science Fund for Creative Research Groups of the National Natural Science Foundation of China, grant number 42321002, and the Fundamental Research Funds for the Central Universities, grant number BBJ2023019.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article and Supplementary Materials.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Xu, X.; Zhang, T. Spatial-temporal variability of PM2.5 air quality in Beijing, China during 752 2013–2018. J. Environ. Manag. 2022, 262, 110263. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.J.; Shao, L.Y.; Wang, W.H.; Li, H.; Wang, X.M.; Li, Y.W.; Li, W.L.; Jones, T.; Zhang, D.Z. Air quality improvement in response to intensified control strategies in Beijing during 2013–2019. Sci. Total Environ. 2022, 744, 140776. [Google Scholar] [CrossRef] [PubMed]

	



Lv, L.L.; Wei, P.; Hu, J.N.; Chen, Y.J.; Shi, Y.P. Source apportionment and regional transport of PM2.5 during haze episodes in Beijing combined with multiple models. Atmos. Res. 2022, 266, 105957. [Google Scholar] [CrossRef]

	



Guo, C.; Liu, T.; Zhao, X.H. Adverse health effects and mechanism of airborne fine particulate matter and the antagonistic effects of bioactive substances: A review of recent studies. J. Environ. Health 2014, 31, 185–188, (in Chinese with English abstract). [Google Scholar]

	



Xiang, H.L.; Yang, J.; Qiu, Z.Z.; Lei, W.X.; Zeng, T.T.; Lan, Z.C. Health risk assessment of tunnel workers based on the investigation and analysis of occupational exposure to PM10. Environ. Sci. 2015, 36, 2768–2774, (in Chinese with English abstract). [Google Scholar]

	



Song, X.Y.; Shao, L.Y.; Yang, S.H.; Song, R.Y.; Sun, L.M.; Cen, S.T. Trace elements pollution and toxicity of airborne PM10 in a coal industrial city. Atmos. Pollut. Res. 2015, 6, 469–475. [Google Scholar]

	



Xiao, Z.H.; Shao, L.Y.; Zhang, N.; Wang, J.; Chuang, H.C.; Deng, Z.Z.; Wang, Z.; BeruBe, K. A toxicological study of inhalable particulates in an industrial region of Lanzhou City, northwestern China: Results from plasmid scission assay. Aeolian Res. 2014, 14, 25–34. [Google Scholar] [CrossRef]

	



Loomis, D.; Grosse, Y.; Lauby-Secretan, B.; El Ghissassi, F.; Bouvard, V.; Benbrahim-Tallaa, L.; Guha, N.; Baan, R.; Mattock, H.; Straif, K. The carcinogenicity of outdoor air pollution. Lancet Oncol. 2013, 14, 1262–1263. [Google Scholar] [CrossRef]

	



Lin, H.; Tao, J.; Du, Y.; Tao, L.; Qian, Z.; Tian, L.; Zeng, W. Particle size and chemical constituents of ambient particulate pollution associated with cardiovascular mortality in Guangzhou, China. Environ. Pollut. 2016, 208 Pt B, 758–766. [Google Scholar] [CrossRef]

	



Li, Y.W.; Shao, L.Y.; Wang, W.H.; Zhang, M.Y.; Feng, X.L.; Li, W.J.; Zhang, D.Z. Airborne fiber particles: Types, size and concentration observed in Beijing. Sci. Total Environ. 2020, 705, 135967. [Google Scholar] [CrossRef]

	



Hayes, R.B.; Lim, C.; Zhang, Y.; Cromar, K.; Shao, Y.; Reynolds, H.R.; Silverman, D.T.; Jones, R.R.; Park, Y.; Jerrett, M.; et al. PM2.5 air pollution and cause-specific cardiovascular disease mortality. Int. J. Epidemiol. 2020, 49, 25–35. [Google Scholar] [CrossRef]

	



Liu, T.; Meng, H.; Yu, M.; Xiao, Y.; Huang, B.; Lin, L. Urban-rural disparity of the short-term association of pm2.5with mortality and its attributable burden. Innovation 2021, 2, 100171. [Google Scholar] [PubMed]

	



Slawsky, E.; Ward-Caviness, C.K.; Neas, L.; Devlin, R.B.; Cascio, W.E.; Russell, A.G.; Huang, R.; Kraus, W.E.; Hauser, E.; Diaz-Sanchez, D.; et al. Evaluation of PM2.5 air pollution sources and cardiovascular health. Environ. Epidemiol. 2021, 5, 157. [Google Scholar] [CrossRef]

	



Cui, X.Q.; Zhou, T.; Shen, Y.; Rong, Y.; Zhang, Z.H.; Liu, Y.W.; Xiao, L.L.; Zhou, Y.; Li, W.; Chen, W.H. Different biological effects of PM2.5 from coal combustion, gasoline exhaust and urban ambient air relate to the PAH/metal compositions. Environ. Toxicol. Pharmacol. 2019, 69, 120–128. [Google Scholar] [CrossRef] [PubMed]

	



Jin, L.; Xie, J.W.; Wong, C.K.C.; Chan, S.K.Y.; Abbaszade, G.; Schnelle-Kreis, J.; Zimmermann, R.; Li, J.; Zhang, G.; Fu, P.Q.; et al. Contributions of City-Specific Fine Particulate Matter (PM2.5) to Differential In Vitro Oxidative Stress and Toxicity Implications between Beijing and Guangzhou of China. Environ. Sci. Technol. 2019, 53, 2881–2891. [Google Scholar] [CrossRef]

	



Tian, Y.X.; Li, Y.X.; Sun, S.J.; Dong, Y.R.; Tian, Z.J.; Zhan, L.S.; Wang, X.H. Effects of urban particulate matter on the quality of erythrocytes. Chemosphere 2023, 313, 137560. [Google Scholar] [CrossRef] [PubMed]

	



Marín-Palma, D.; Fernandez, G.J.; Ruiz-Saenz, J.; Taborda, N.A.; Rugeles, M.T.; Hernandez, J.C. Particulate matter impairs immune system function by up-regulating inflammatory pathways and decreasing pathogen response gene expression. Sci. Rep. 2023, 13, 12773. [Google Scholar] [CrossRef]

	



Kamonpan, F.; Supat, C.; Varunee, D.; Vipa, T.; Duangjai, S.; Ponlapat, R.; Tsukuru, U. Particulate Matter 2.5 and Hematological Disorders from Dust to Diseases: A Systematic Review of Available Evidence. Front. Med. 2021, 8, 692008. [Google Scholar]

	



Hermosillo-Abundis, C.; Angulo-Molina, A.; Méndez-Rojas, M.A. Erythrocyte Vulnerability to Airborne Nanopollutants. Toxics 2024, 12, 92. [Google Scholar] [CrossRef]

	



Marchini, T.; Wolf, D.; Michel, N.A.; Mauler, M.; Dufner, B.; Hoppe, N.; Beckert, J.; Jackel, M.; Magnani, N.; Duerschmied, D.; et al. Acute exposure to air pollution particulate matter aggravates experimental myocardial infarction in mice by potentiating cytokine secretion from lung macrophages. Basic Res. Cardiol. 2016, 111, 44. [Google Scholar] [CrossRef]

	



Jin, S.P.; Li, Z.; Choi, E.K.; Lee, S.; Kim, Y.K.; Seo, E.Y.; Chung, J.H.; Cho, S. Urban particulate matter in air pollution penetrates into the barrier-disrupted skin and produces ROS-dependent cutaneous inflammatory response in vivo. J. Dermatol. Sci. 2018, 91, 175–183. [Google Scholar] [CrossRef]

	



Velali, E.; Papachristou, E.; Pantazaki, A.; Choli-Papadopoulou, T.; Planou, S. Redox activity and in vitro bioactivity of the water-soluble fraction of urban particulate matter in relation to particle size and chemical composition. Environ. Pollut. 2016, 208, 774–786. [Google Scholar] [CrossRef] [PubMed]

	



Bahadori, F.; Kocyigit, A.; Onyuksel, H.; Dag, A.; Topcu, G. Cytotoxic, Apoptotic and Genotoxic Effects of Lipid-Based and Polymeric Nano Micelles, an in Vitro Evaluation. Toxics 2018, 6, 7. [Google Scholar] [CrossRef] [PubMed]

	



Du, X.M.; Gao, S.X.; Hong, L.L.; Zheng, X.; Zhou, Q.Y.; Wu, J.H. Genotoxicity evaluation of titanium dioxide nanoparticles using the mouse lymphoma assay and the Ames test. Mutat. Res.-Gen. Tox. Environ. 2019, 838, 22–27. [Google Scholar] [CrossRef] [PubMed]

	



Quintana, R.; Serrano, J.; Gómez, V.; de Foy, B.; Miranda, J.; GarciaCuellar, C. The oxidative potential and biological effects induced by PM10 obtained in Mexico City and at a receptor site during the MILAGRO campaign. Environ. Pollut. 2011, 159, 3446–3454. [Google Scholar] [CrossRef] [PubMed]

	



Faraji, M.; Pourpak, Z.; Naddafi, K.; Nodehi, R.N.; Nicknam, M.H.; Shamsipour, M.; Osornio-Vargas, A.R.; Hassanvand, M.S.; Alizadeh, Z.; Rezaei, S.; et al. Chemical composition of PM10 and its effect on in vitro hemolysis of human red blood cells (RBCs): A comparison study during dust storm and inversion. J. Environ. Health Sci. Eng. 2019, 17, 493–502. [Google Scholar] [CrossRef] [PubMed]

	



Feng, X.L.; Shao, L.Y.; Xi, C.X.; Jones, T.; Zhang, D.Z.; BeruBe, K. Particle-induced oxidative damage by indoor size-segregated particulate matter from coal-burning homes in the Xuanwei lung cancer epidemic area, Yunnan Province, China. Chemosphere 2020, 256, 127058. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, M.Y.; Shao, L.Y.; Jones, T.; Hu, Y.; Adams, R.; BéruBé, K. Hemolysis of PM10 on RBCs in vitro: An indoor air study in a coal-burning lung cancer epidemic area. Geosci. Front. 2022, 13, 101176. [Google Scholar] [CrossRef]

	



Pluciennik, K.; Sicinska, P.; Duchnowicz, P.; Bonarska-Kujawa, D.; Meczarska, K.; Solarska-Sciuk, K.; Miłowska, K.; Bukowska, B. The effects of non-functionalized polystyrene nanoparticles with different diameters on human erythrocyte membrane and morphology. Toxicol. In Vitro 2023, 91, 105634. [Google Scholar] [CrossRef]

	



Mesdaghinia, A.; Pourpak, Z.; Naddafi, K.; Nodehi, R.N.; Alizadeh, Z.; Rezaei, S.; Faraji, M. An in vitro method to evaluate hemolysis of human red blood cells (RBCs) treated by airborne particulate matters (PM10). MethodsX 2019, 6, 156–161. [Google Scholar] [CrossRef]

	



Georgakakou, S.; Gourgoulianis, K.; Daniil, Z.; Bontozoglou, V. Prediction of particle deposition in the lungs based on simple modeling of alveolar mixing. Respir. Physiol. Neurobiol. 2016, 225, 8–18. [Google Scholar] [CrossRef] [PubMed]

	



Olawoyin, R.; Schweitzer, L.; Zhang, K.Y.; Okareh, O.; Slates, K. Index analysis and human health risk model application for evaluating ambient air-heavy metal contamination in Chemical Valley Sarnia. Ecotoxicol. Environ. Saf. 2018, 148, 72–81. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Q.Y.; Yang, H.; Tang, M.; Kong, L. Toxic effect of nanosized silica on erythrocytes in vitro. J. Environ. Occup. Med. 2009, 26, 53–56, (in Chinese with English abstract). [Google Scholar]

	



Tong, Y.P.; Ni, X.B.; Zhang, Y.X.; Cheng, F.; Qiu, Z.J.; Tu, T.C.; Yao, S.D.; Zhang, G.L.; Ye, S.H. The study on free radical toxicological mechanism of aerosols. Acta Sci. Circum. 2001, 21, 654–659, (in Chinese with English abstract). [Google Scholar]

	



Kreyling, W.G.; Semmler-Behnke, M.; Takenaka, S.; Moller, W. Differences in in the Biokinetics of Inhaled Nano-versus Micrometer-Sized Particles. Acc. Chem. Res. 2013, 46, 714–722. [Google Scholar] [CrossRef] [PubMed]

	



Feng, X.L.; Shao, L.Y.; Jones, T.; Li, Y.W.; Cao, Y.X.; Zhang, M.Y.; Ge, S.Y.; Yang, C.X.; Lu, J.; BeruBe, K. Oxidative potential and water-soluble heavy metals of size-segregated airborne particles in haze and non-haze episodes: Impact of the “Comprehensive Action Plan” in China. Sci. Total Environ. 2022, 814, 152774. [Google Scholar] [CrossRef]

	



Osornio-Vargas, A.R.; Serrano, J.; Rojas-Bracho, L.; Miranda, J.; Garcia-Cuellar, C.; Reyna, M.A.; Flores, G.; Zuk, M.; Quintero, M.; Vazquez, I.; et al. In vitro biological effects of airborne PM2.5 and PM10 from a semi-desert city on the Mexico-US border. Chemosphere 2011, 83, 618–626. [Google Scholar] [CrossRef]








[image: Toxics 12 00246 g001] 





Figure 1. Comparative analysis of hemolysis rate and DNA damage rate under different pollution levels. 
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Figure 2. Correlation analysis between PM2.5 concentration and hemolysis: (a) low PM2.5 pollution level; (b) medium PM2.5 pollution level; (c) high PM2.5 pollution level. 
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Figure 3. Toxicity index (TI) of PM2.5 samples at different mass concentrations. 
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Table 1. Sampling information.






Table 1. Sampling information.





	Sample Number
	Sampling Date
	SamplingTime
	Sampling Duration
	Pollution Level
	Weather
	PM2.5

Mass Concentration (μg·m−3)





	A
	12 October 2018
	18:30–7:30
	13 h
	Low
	Sunny
	71



	B
	13 October 2018
	8:30–16:30
	8 h
	Low
	Sunny
	84



	C
	13 October 2018
	18:30–7:30
	13 h
	Medium
	Sunny
	107



	D
	14 October 2018
	8:30–16:30
	8 h
	Medium
	Sunny
	137



	E
	14 October 2018
	18:30–7:30
	13 h
	Heavy
	Sunny
	173



	F
	15 October 2018
	8:30–16:30
	8 h
	Heavy
	Sunny
	160



	G
	15 October 2018
	18:30–7:30
	13 h
	Heavy
	Rain
	125










 





Table 2. Quantification of hemolysis induced by PM2.5 (%).






Table 2. Quantification of hemolysis induced by PM2.5 (%).





	
Sample Number

	
Dose Concentration (μg /mL)




	
100

	
200

	
400

	
500

	
1000






	
A

	
5.55 ± 0.97

	
5.58 ± 0.51

	
6.39 ± 0.54

	
6.93 ± 0.64

	
7.38 ± 0.20




	
B

	
5.47 ± 0.82

	
5.66 ± 0.67

	
6.46 ± 0.21

	
6.94 ± 0.49

	
7.75 ± 0.51




	
C

	
5.11 ± 0.03

	
5.82 ± 0.22

	
6.24 ± 0.42

	
6.39 ± 0.62

	
7.13 ± 0.75




	
D

	
5.49 ± 0.38

	
6.23 ± 0.38

	
6.65 ± 0.04

	
6.9 ± 0.96

	
7.13 ± 0.80




	
E

	
2.26 ± 0.68

	
2.78 ± 0.20

	
3.62 ± 0.57

	
4.73 ± 0.62

	
5.97 ± 0.93




	
F

	
2.14 ± 0.34

	
2.45 ± 0.14

	
3.56 ± 0.48

	
3.97 ± 0.83

	
4.45 ± 0.64




	
G

	
1.98 ± 0.59

	
2.14 ± 0.90

	
3.33 ± 0.96

	
3.51 ± 0.25

	
4.14 ± 0.86











 





Table 3. Plasmid DNA damage rate induced by PM2.5 (%).
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Sample Number

	
Dose Concentration (μg/mL)




	
50

	
100

	
200

	
400

	
500

	
1000






	
A

	
28.74

	
31.00

	
33.48

	
33.64

	
34.50

	
-




	
B

	
21.82

	
34.41

	
35.18

	
35.77

	
38.31

	
-




	
C

	
-

	
21.40

	
21.59

	
27.51

	
32.80

	
34.29




	
D

	
-

	
22.68

	
27.94

	
30.32

	
31.58

	
39.19




	
E

	
-

	
28.21

	
31.81

	
33.13

	
34.07

	
35.01




	
F

	
-

	
26.7

	
30.48

	
31.71

	
33.48

	
33.64




	
G

	
17.06

	
18.73

	
20.24

	
22.83

	
24.04

	
-








Note: “-” means “not analyzed”.













 





Table 4. Hemolysis rate and toxicity index (TI) at different PM2.5 concentrations.






Table 4. Hemolysis rate and toxicity index (TI) at different PM2.5 concentrations.





	Sample Number
	Mass Concentration (μg/m3)
	The Hemolysis of the Sample at a Dosage of 500 μg/mL for Samples
	Toxicity Index (TI)





	A
	71
	6.36
	492.03



	B
	84
	6.48
	582.96



	C
	107
	6.94
	683.73



	D
	137
	6.9
	945.3



	E
	173
	4.73
	818.29



	F
	160
	4.02
	635.2



	G
	125
	3.97
	438.75
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
Hemolysis (%)

W

Hemolysis (%)

Hemolysis (%)

, . A ~ o
nh L L N L d L o L O

~
~

7.5

6.5

5.5

4.5

(a)

0 200 400 600 800 1000 1200
PM, 5 concentration (pg/ml)

(b)

0 200 400 600 800 1000 1200
PM, 5 concentration (pg/ml)

(c)

200 400 600 800 1000 1200
PM, 5 concentration (pg/ml)





nav.xhtml


  toxics-12-00246


  
    		
      toxics-12-00246
    


  




  





media/file2.png
Hemolysis (%)

® Low pollution level
® Medium pollution level

High pollution level

y =0.1146x + 2.9928
R>=0.9415

. oooooooo.oooo..coo.::..'
@ :
e @
y=0.404x - 7.8318
R2 e 0,8187

y =0.4094x — 9.4371
R*>=0.8256

21

23 25 27

29 31 33 35

DNA damage (%)

37





media/file5.jpg
() uonenudUO) sseuw SN

g £ 8 ¢ & =

125

g 8 8 8 § °

(1L) xapur Auorxo).

PM, ; samples





media/file7.png





m