Between and within-city variations of PM2.5 oxidative potential in five cities in Colombia
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Abstract
Fine particulate matter (PM2.5) has been shown to cause oxidative stress, which has negative health consequences. The oxidative potential (OP) of PM2.5 was assessed in five Colombian cities using the synthetic respiratory tract lining fluid assay that tracks the depletion of glutathione (GSH) and ascorbate (AA). For this, a set of 91 integrated 2-week ambient PM2.5 samples were collected using Ultrasonic Personal Aerosol Samplers (UPAS) at background (5), traffic (37), industrial (12) and residential (37) sites. Across all site types, mean PM2.5 mass concentration was 20.20 ± 9.36 μg m-3 The oxidative potential varied widely across cities with an average of 2.67 ± 1.27 for AA and 2.93 ± 1.22 % depletion m-3 for GSH. OP metrics among cities were not correlated with PM2.5 mass concentration. Overall, industrial sites showed higher PM2.5 mass concentrations and OPAA. In contrast, OPGSH was not found to differ among industrial, traffic, or residential sites, but was lower for background sites. Our findings provide evidence of substantial between and within-city variations in PM2.5 OP. Further research is needed to assess the association between OP and adverse health effects.
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1. Introduction
Atmospheric particulate matter (PM) is a complex mixture of solid and liquid particles suspended in the air (Seinfeld and Pandis, 2006). PM2.5, particles with a diameter of <2.5 micrometers, have been consistently associated with adverse health effects (WHO, 2021). Measurements of bulk PM mass do not fully capture the complex mixture of chemical constituents present in ambient particles that may exhibit both spatial and temporal variations and can have varying impacts on health. Since inflammation and oxidative stress are the main biological pathways by which ambient air pollutants produce adverse effects on human health (Yu et al., 2021), recent research has focused on PM2.5 oxidative potential (OP) (Gao et al., 2020b). OP has gained considerable attention in recent years (Gao et al., 2020a; Robinson, 2017; Weichenthal et al., 2019). OP describes the ability of PM mixture to produce oxidative stress and is affected by various factors, such as its chemical composition, size, and sources. 
PM2.5 can carry a range of chemical species that can oxidize target molecules generating reactive oxygen species (ROS) (Visentin et al., 2016), which can cause cellular damage and promote oxidative stress in the body. The OP of PM2.5 is the capacity to induce oxidative stress in molecules in biological tissues or cells directly by the reactive oxygen species (ROS) of PM and indirectly by the ROS generated via PM interactions with the biological system (He and Zhang, 2023). The OP of PM2.5 is therefore a measure of its ability to generate ROS and induce oxidative stress (Mudway et al., 2020). Measuring the OP-PM2.5 provides a toxicologically relevant assessment compared to traditional measures of the bulk PM mass. 
There are different methods to measure the OP-PM2.5 with different sensitivity to the ROS generating compounds. These methods include consumption of dithiothreitol (DTT), consumption of ascorbate and glutathione using synthetic respiratory tract lining fluid (RFTL) assays, electron spin resonance (ESR) assays, and reductive acridinium triggering (CRAT) assays. The OP measure is dependent on the method, as they are each sensitive to different components of PM (Yang et al., 2014). Common PM oxidative constituents include redox active metals, organic compounds, peroxides, and humic-like substances (Gao et al., 2020b). Currently, there is no standardized protocol for OP measurement, and OP measurement techniques continue to evolve, as there is a desire to have a high-throughput method to screen PM with a toxicologically relevant metric. Some authors report measurements of OPDTT of PM2.5 only (Jedynska et al., 2017; Patel et al., 2018; Pietrogrande et al., 2019; Puthussery et al., 2020; Simmonetti et al., 2018; Styszko et al., 2017; Velali et al., 2016; Wang et al., 2019; Ma et al., 2021; Yang et al., 2014; Yang et al., 2021), while others (Gao et al., 2020a; Godri et al., 2011; Maikawa et al., 2016; Perrone et al., 2019; Pietrogrande et al., 2019; Ripley et al., 2022; Weichenthal et al., 2016; Weichenthal et al., 2019; Yu et al., 2021) have reported OPAA and/or OPGSH of PM2.5, some of them together with OPDTT .
Understanding the OP of PM2.5 is crucial to identifying the mechanisms through which PM2.5 can affect human health and designing effective strategies to mitigate its harmful effects. Despite the highest average annual concentrations of PM2.5 being concentrated in low-middle income countries (HEI, 2020), few studies have characterized the OP of PM2.5 and its spatial variations in these settings, and none have been conducted in Latin America. Thus, this research aimed to analyze between-city, inter-city and site-type variations of OP of PM2.5 in the five largest cities in Colombia, South America.
2. Methods
2.1 Study areas
The study was conducted in the urban areas of the five largest cities in Colombia: Barranquilla, Bucaramanga, Bogotá, Cali, and Medellín (Figure 1). The population varies across these cities, with Bogotá being the most populated city, estimated to have a population of 7,834,167 million inhabitants in 2021. The estimated total population during 2021 was 1,297,082 for Barranquilla, 614,269 for Bucaramanga, 2,264,748 for Cali, and 2,573,220 inhabitants for Medellín (DANE, n.d.). The altitude and average temperature also vary across cities, with Barranquilla being the warmer and closest to sea level and Bogotá being the coldest and highest city.
2.2 PM2.5 sampling
We conducted sampling campaigns in a total of 120 sites across the five cities in 2021 during the dry and rainy seasons. We sampled 20 locations per city, except for Bogota where we collected samples at 40 locations: Barranquilla (April 19-21 and May 3-5; September 10-24, 18 sites), Bogota (March 17 – 29 and April 5-14; July 14- 30, 20 sites), Bucaramanga (February 24 – March 15; June 15-30, 17 sites), Cali (August 5-20; September 30- October 15, 18 sites) and Medellin (April 28-29 and May 12-14; August 20- September 3, 18 sites). For more information, see Table S1. We selected and categorized sampling sites according to the characteristics of the locations of each city, as background, residential, industrial, and traffic sites. At each site, we used Ultrasonic Personal Air Samplers (UPAS, Access Sensor Technologies) (Volckens et al., 2017) to collect 1-week integrated samples on 37-mm Teflo membrane disc filters 2 μm pore size (Pall Corporation) at a 1 L/min flow rate, during two consecutive weeks (2 filters per sampling period). Prior to the oxidative potential analysis, we determined PM2.5 mass concentrations gravimetrically for all city samples in a single laboratory certified by IDEAM in general requirements for the competence of testing and calibration laboratories (ISO/IEC 17025:1999) (Sartorius Microbalance CPA26P), for which we conditioned the samples for 24-h under constant temperature (20-22°C) and relative humidity (30-40%). Mass measurement was conducted three times, and the average measurement was reported for each filter. For quality control, two blank filters were used for each city. The reported limit of detection was 1.36 µg/m3. The average PM2.5 mass concentration of the two-weekly filters from the same site and campaign was reported as the site concentration.
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Figure 1. Location of the study cities, and number of OP sites per site type in each city.
2.3 Oxidative potential analysis
Oxidative potential analysis was conducted on filter samples with a minimum mass loading of 40 µg on a single filter or on a combination of the two filters corresponding to the same site and measurement campaign. A total of 90 out of the 120 samples had sufficient mass for analysis: 17 from Bucaramanga, 18 from each of Barranquilla, Cali, and Medellín, and 20 from Bogotá (Figure 1). Oxidative potential was evaluated using the RTFL assay to determine ascorbate (AA) and glutathione (GSH) depletion. PM2.5 was extracted from filters using HPLC grade methanol through vortexing and sonication. Methanol was evaporated to dryness under a gentle flow of nitrogen at 37ºC. Samples were reconstituted to a unique mass concentration (75 µg/mL) with 5% HPLC grade methanol in ultrapure water solution. Samples were incubated in triplicate with the synthetic RTLF at 37ºC for 4 h in an ultraviolet-visible plate reader (Molecular Devices SpectraMax 190). The synthetic RTLF contained equimolar concentrations of AA, GSH, and urate (200 µm). Positive controls, consisting of a 1.0 µM Cu(NO3)2 solution, and a 0.02% H2O2 solution, and blanks were run together with each batch of samples. We calculated AA percent depletion based on the initial and final absorbance values at 260 nm, after subtracting blanks. To determine the percent depletion of GSH, we used the glutathione-reductase enzyme assay, and compared the GSH concentrations in samples and positive controls with those in blanks. Finally, we converted OPAA and OPGSH into three metrics: PM2.5-mass normalized percent depletion (% depletion/µg), depletion burden (% depletion/m3), and depletion rate (pmol/min/m3), as described by Maikawa et al. (2016).
3. Results and discussion
This study collected samples from various locations in the urban centers of five major cities in Colombia: Bucaramanga, Medellin, Barranquilla, Cali, and Bogota. The sampling sites included traffic, residential, industrial, and background areas in each city. This comprehensive approach ensured that the study captured a diverse range of air pollution sources and provided a representative understanding of air quality in these urban centers.
Table 1 presents descriptive statistics for the mass concentration and oxidative potential of PM2.5 samples collected in each of the 5 cities. During the dry season campaign, 11 monitoring stations were used to measure the differences in PM2.5 concentrations between the UPAS and local monitoring stations. The resulting average was -1.5 µg/m3, with a 95% confidence interval (CI) of -6.8 to 3.9. The rainy season campaign, which utilized 13 monitoring stations, showed an average difference of -0.05 µg/m3, with a 95% CI of -11.5 to 11.4. These results indicate that the differences in PM2.5 concentrations between the UPAS and local monitoring stations were small during both seasons, with the largest difference occurring during the dry season campaign.
Table 1. Descriptive statistics for PM2.5 (µg/m3), OPAA and OPGSH burden (% depletion/m3) in each city and in the overall data set.
	Variable
	n
	Mean
	SD
	Min
	5th
	25th
	50th
	75th
	95th
	Max

	BARRANQUILLA

	PM2.5
	18
	20.883
	9.338
	10.30
	10.80
	14.80
	18.40
	25.29
	41.32
	42.38

	OPGSH burden 
	18
	2.271
	0.948
	0.968
	1.048
	1.622
	2.274
	2.716
	3.390
	5.078

	OPAA burden
	18
	2.298
	0.724
	1.29
	1.321
	1.716
	2.284
	2.762
	3.561
	3.783

	BOGOTA
	
	
	
	
	
	
	
	
	
	

	PM2.5
	20
	16.971
	8.39
	6.743
	8.913
	10.51
	16.73
	18.63
	33.67
	39.65

	OPGSH burden 
	20
	2.571
	1.42
	0.601
	0.657
	1.667
	2.416
	3.038
	5.102
	5.651

	OPAA burden
	20
	2.547
	1.171
	0.692
	0.942
	1.948
	2.306
	3.166
	3.983
	5.735

	BUCARAMANGA

	PM2.5
	17
	18.234
	7.125
	8.848
	9.58
	12.65
	17.39
	19.93
	29.93
	37.61

	OPGSH burden 
	17
	2.932
	1.134
	1.619
	1.915
	2.213
	2.578
	3.140
	4.727
	5.989

	OPAA burden
	17
	2.978
	0.938
	1.68
	1.817
	2.127
	3.013
	3.303
	4.553
	4.623

	CALI

	PM2.5
	18
	25.535
	10.42
	14.02
	15.55
	17.84
	21.69
	32.70
	39.78
	53.16

	OPGSH burden 
	18
	2.540
	1.148
	0.882
	1.170
	1.777
	2.506
	2.826
	4.975
	5.134

	OPAA burden
	18
	3.842
	1.236
	2.064
	2.179
	3.102
	3.615
	4.263
	5.958
	6.944

	MEDELLIN

	PM2.5
	17
	19.594
	9.730
	9.86
	10.06
	12.93
	15.81
	23.44
	33.19
	48.07

	OPGSH burden 
	17
	3.247
	1.420
	1.742
	1.872
	2.262
	3.150
	3.395
	5.709
	7.511

	OPAA burden
	17
	3.255
	1.198
	0.84
	1.802
	2.343
	2.958
	4.109
	5.245
	5.252

	OVERALL

	PM2.5
	90
	20.200
	9.358
	6.743
	9.565
	13.76
	17.85
	24.23
	38.73
	53.16

	OPGSH burden 
	90
	2.701
	1.249
	0.601
	1.011
	1.924
	2.514
	3.141
	5.109
	7.511

	OPAA burden
	90
	2.971
	1.184
	0.692
	1.304
	2.162
	2.902
	3.516
	5.243
	6.944



Between-city variation
Across the five cities evaluated, Cali was found to have the highest concentrations of PM2.5 and OPAA, while Medellin had the highest values of OPGSH. Conversely, Barranquilla displays the lowest concentrations of both OPAA and OPGSH, and Bogotá was found to have the lowest PM2.5 mass concentration. Notably, Bogotá and Bucaramanga demonstrated similar mean values for PM2.5 mass concentration, while Medellin and Barranquilla also had similar levels. 
In terms of maximum PM2.5 levels, Cali had the highest concentration, albeit with considerable variation. On the other hand, Bucaramanga displayed the lowest maximum value. Regarding OPGSH, Medellin recorded the highest maximum value, while Barranquilla had the lowest. Similarly, for OPAA, Cali registered the highest maximum value, while Barranquilla had the lowest.
Table 2 and Figures S2-S6 provide a comparative analysis between our study and studies from around the world. Our results show that OPAA burden in Colombian cities was, on average, higher than those observed in Canadian cities: OPAA burden was 17% higher than cities across Ontario, Canada (Weichenthal et al., 2016), 14% higher than Toronto in summer, 56% higher than Montreal in summer, and 3 times as high as Montreal in winter (Ripley et al., 2022), 64% higher than Toronto, as reported by Weichenthal et al. (2019). However, it was and lower than those in American and European cities: 0.3 times those in Atlanta (Gao et al., 2020a), Illinois, Indiana, and Missouri (Yu et al., 2021), 0.6 times those in London (Godri et al., 2011), 0.1-0.3 times those in Salento’s peninsula (Perrone et al., 2019), 0.05-0.1 times those in the Po Valley (Pietrogrande et al., 2019). 
On the other hand, OPGSH burden in Colombian cities was much higher than those in Canada: 30% higher than Toronto (Weichenthal et al., 2019), 85% higher than Ontario’s cities (Weichenthal et al., 2016), 5.4 times as high as Toronto in summer, 6.8 times as high as Montreal in summer and 13.5 times as high as Montreal in winter (Ripley et al., 2022). It was just half the OPGSH observed in London, UK (Godri et al., 2011), and in Atlanta (Gao et al., 2020a).
		Study
	City
	Country
	Year
	Period
	n
	OPAA 
%/mg (sd)
	OPGSH 
%/mg (sd)
	OPAA 
%/m3 (sd)
	OPGSH 
%/m3 (sd)
	PM2.5 mg/m3 (sd)

	This study
	Barranquilla
	Colombia
	2021
	Rainy+no rainy (2 week samples)

	18
	0.122 (0.027)
	0.114 (0.005)
	2.298 (0.724)
	2.271 (0.948)
	20.9 (9.4)

	This study
	Bucaramanga
	Colombia
	2021
	
	17
	0.173 (0.029)
	0.164 (0.005)
	2.978 (0.938)
	2.932 (1.134)
	18.2 (7.1)

	This study
	Bogotá
	Colombia
	2021
	
	20
	0.165 (0.037)
	0.158 (0.006)
	2.547 (1.171)
	2.571 (1.42)
	17.0 (8.4)

	This study
	Medellín
	Colombia
	2021
	
	18
	0.183 (0.043)
	0.174 (0.008)
	3.255 (1.198)
	3.247 (1.42)
	19.6 (9.7)

	This study
	Cali
	Colombia
	2021
	
	18
	0.161 (0.039)
	0.105 (0.003)
	3.842 (1.236)
	2.54 (1.148)
	25.5 (10.4)

	This study
	Colombia (5 cities)
	Colombia
	2021
	
	91
	0.161 (0.035)
	0.143 (0.006)
	2.971 (1.184)
	2.701 (1.249)
	20.2 (9.4)

	(Gao et al., 2020a)
	Atlanta
	USA
	2017
	Yearlong sampling (365 days)
	1
	0.900 ()
	0.500 ()
	9.000 ()
	5.000 ()
	10.0 ()

	(Godri et al., 2011)
	London
	UK
	2007-2008
	Winter 2-weeks
	7
	
	
	5.000 ()
	6.000 ()
	

	(Maikawa et al., 2016)
	Montreal
	Canada
	2009
	10-day sampling (249 days)
	249
	0.0004 (0.002)
	0.003 (0.002)
	0.008 (0.040)
	0.060 (0.040)
	19.3 (16.8)

	(Perrone et al., 2019)
	Salento´s peninsula (spring-summer)
	Italy
	2014-2015
	Yearlong (39 samples)
	1
	0.372 (0.041)
	
	9.677 (1.075)
	
	23.0 (1.0)

	(Perrone et al., 2019)
	Salento´s peninsula (autumn - winter)
	Italy
	2014-2015
	
	1
	1.129 (0.161)
	
	22.581 (3.226)
	
	

	(Pietrogrande et al., 2019)
	Po Valley
	Italy
	2018
	March - 21 days
	2
	2.796 (1.075)
	
	41.935 (16.129)
	
	15.0 (7.0)

	(Pietrogrande et al., 2019)
	Po Valley - Urban
	Italy
	2018
	
	2
	3.728 (0.645)
	
	55.914 (9.677)
	
	15.0 (7.0)

	(Pietrogrande et al., 2019)
	Po Valley - Rural
	Italy
	2018
	
	2
	1.935 (0.430)
	
	29.032 (6.452)
	
	15.0 (7.0)

	(Ripley et al., 2022)
	Montreal Summer
	Canada
	2018-2019
	Summer (2 weeks)
	124
	
	
	1.900 (0.519)
	0.400 (0.148)
	

	(Ripley et al., 2022)
	Montreal Winter
	Canada
	2018-2019
	Winter (2 weeks)
	67
	
	
	1.000 (0.444)
	0.200 (0.074)
	

	(Ripley et al., 2022)
	Toronto Summer
	Canada
	2018-2019
	Summer (2 weeks)
	110
	
	
	2.600 (0.667)
	0.500 (0.111)
	

	(Weichenthal et al., 2016)
	Ontario's cities
	Canada
	2012-2013
	Seasonal (132 days)
	30
	0.260 (0.008)
	0.150 (0.070)
	2.540 (0.910)
	1.460 (0.720)
	9.8 (1.59)

	(Weichenthal et al., 2019)
	Toronto
	Canada
	2016-2017
	Summer-winter (2 weeks)
	109 
	0.314 (0.079)
	0.360 (0.179)
	1.810 (0.459)
	2.080 (1.030)
	5.8 (0.76)

	(Yu et al., 2021)
	Illinois, Indiana, and Missouri
	USA
	2018-2019
	Yearlong (241 samples)
	5
	0.978 ()
	
	10.753 ()
	
	11.0 ()





Table 1. Comparative results between our study and around the world.

When considering OPAA and OPGSH in terms of % depletion/μg, they were, on average, lower in Colombian cities than in Canadian (Weichenthal et al., 2016; Weichenthal et al., 2019) American (Gao et al., 2020a; Yu et al., 2021), and European (Perrone et al., 2019; Pietrogrande et al., 2019) sites, ranging from 0.04 to 0.6 times the OPAA, and from 0.3 to 1.0 times the OPGSH. PM2.5 levels in Colombia were 1.3 to 3.5 times higher than those in the cities reported in the cited studies, and only lower than those in Salento’s Peninsula (0.9 times). Therefore, higher OPAA and OPGSH burden in Colombian cities than Canadian cities is associated with higher PM2.5 levels, rather than with OPAA and OPGSH per unit of PM2.5 mass.
These findings suggest that air pollution in Colombia may have a greater impact on the oxidative stress balance in exposed individuals than in Canadian cities, because of higher PM2.5 levels, but a lower impact than in American or European cities. It is important to increase emission controls and enforce the compliance of emission sources with emission regulations, as well as to continue monitoring and assessing air quality, to mitigate health risks associated with air pollution in Colombia.
Figure 2 presents the correlation between PM2.5 mass concentration and OP per unit mass of PM2.5 (% depletion/μg) across various cities. PM2.5 and OP were negatively correlated across all sites. Furthermore, it becomes apparent that the correlation between these two variables is not significant, particularly when considering PM2.5 and OPGSH, as the correlation coefficient appears to be lower. Thus, our observations suggest that OP does not depend on PM2.5 levels, but depend on PM2.5 composition. A positive correlation was found between OPAA and OPGSH (R2 range of 0.46 to 0.66). The highest negative correlation values were observed between OPAA and PM2.5 in Barranquilla (R2 = -0.62) as well as Medellin (R2 = -0.63), while for OPGSH, the strongest negative correlation was observed in Cali (R2 = -0.56) and Medellin (R2 = -0.44). This suggests that in Medellin and Barranquilla, changes in PM2.5 concentrations are more likely to be associated with corresponding changes in OP levels, although there is not a significant correlation. Furthermore, as explained above, what we note is that the association between PM2.5 and OPAA is higher than with OPGSH at all sites.
The lack of correlation observed between OP and PM2.5, mainly for OPGSH, was likely attributed to different PM2.5 composition from various emission sources. Ascorbic acid and glutathione are sensitive to different trace metals and organic pollutants. Thus, emissions in some sites may amplify OPAA rather than OPGSH without affecting the bulk PM2.5, and vice versa. Consequently, we analyze the within-city spatial OP variations for all five cities.
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Figure 2. Correlation between PM2.5 (μg/m3), OPAA (% depletion/μg) and OPGSH (% depletion/μg) in each city and in the overall data set. Negative correlations are depicted in blue, while positive correlations are represented in red.
Within-city and site-type variation
Figure 3 shows the different median PM2.5 and OP burden levels for all cities and site-types. In terms of PM2.5 levels, Cali exhibited the highest overall concentration, although with notable variations. Conversely, Medellín had the lowest median concentration. Meanwhile, Barranquilla, Bogotá, and Bucaramanga had similar estimated median levels, but all cities experienced several outliers with PM2.5 concentrations surpassing 30 µg/m3. When analyzing PM2.5 levels by site type, Bucaramanga had the lowest median concentration for industrial sites, while Barranquilla and Cali had the highest. In the case of residential sites, Bogota had the lowest PM2.5 levels, while Barranquilla and Cali had the highest. When it came to traffic sites, Barranquilla had the lowest median concentration, while the other cities had similar median values. Finally, for background values, we observed similar levels for all cities except for Medellin, which had the lowest concentration.
For OPAA burden (% depletion/m3), Cali had the highest levels, followed by Medellín and Bucaramanga. Barranquilla and Bogotá demonstrated comparable median values, lower than the other three cities. Across site types, we found similar median values for residential and traffic sites in Barranquilla, Bogotá, Bucaramanga, and Medellin, but not in Cali, where OPAA burden levels were higher in residential areas, likely due to their proximity to industrial sources, as we will explain later. For industrial sites, Barranquilla, Bogotá, and Medellin had similar OPAA burden values, while Cali had the highest and Bucaramanga had the lowest. As for background sites, Barranquilla had the lowest levels, while Bucaramanga had the highest. Some sites presented background values higher than other impacted traffic and industrial sites.
OPGSH burden, on the other hand, was the highest in Medellín, while the remaining four cities exhibited similar median levels. Similarly, by site type, Medellin had the highest concentration in residential areas, while Bogota had the highest values in industrial sites. For traffic sites, Bogotá, Bucaramanga, and Medellin had similar median values, while Cali had the lowest. Barranquilla, Bogotá, Bucaramanga, and Medellin had similar OPGSH burden values for both residential and traffic sites, suggesting that vehicles are a possible source of emissions in residential areas as well. In the case of Cali, we observed higher OPGSH burden levels in residential areas, possibly due to the proximity of industrial sources and traffic emissions in those areas. These findings provide a comprehensive overview of air quality across different locations in each city, highlighting the variability of air pollutant concentrations within urban centers.
Figure 4 shows the spatial variation in the five cities for both OP burden metrics. For Medellín (Figure 4a), we observed high values of PM2.5 and OP burden in the South-West of the city (sites 9, 4, and 17), where some brick kilns and asphalt production companies are located. Some traffic sites (11, 13, 14) and near some hospitals (site 18) showed high OP burden values, too. In the north of the city, the highest OPAA burden value was potentially influenced by industrial emissions from a quarry and an aggregate processing plant located 500 m East from site 11, which, in addition, is surrounded by motorways. There are also a meat processing plant and a cosmetic products plant, 1 km South from the site. For OPGSH burden, the highest values were obtained in the south-west of the city. A recent study conducted in 2020 and 2021 in Medellín found that industrial sources and traffic are major contributors to the city's poor air quality (AMVA, 2021). The study found that these sources emit high levels of various heavy metals and polycyclic aromatic hydrocarbons, which are well recognized to be associated with health outcomes. The study found influence of industrial areas and brick kilns, diesel and road dust, where the receptor model showed that some species dominated such as Zn, Cu, Pb, Sb, As in industrial areas, Sn, Cu, Sb from diesel traffic sources and Fe, Zn, Cu, Sb and Mo from brake pads.
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Figure 3. Comparison of PM2.5 (μg/m3), OPAA burden (% depletion/m3) and OPGSH burden (% depletion/m3) across cities (left column) and within-city site types (right column).
For Bogotá (Figure 4b), the highest values for PM2.5 were obtained at industrial (20) and traffic (18, 4) sites. Similarly, the highest OPGSH burden values were also obtained in industrial (20) and traffic sites (18, 16). For OPAA burden, the highest values were obtained in a traffic site (16), while some industrial (6, 20) and residential sites showed medium levels. The spatiality from our measurements of PM2.5, OPAA or OPGSH burden differs from the pattern observed by the city’s air quality monitoring network, which show consistently higher PM2.5 levels in southern and southwestern areas. This difference suggests that our measurements are more strongly affected by local sources because of the instrument’s exposure level. Such sources also affect PM2.5 composition and, therefore, OPAA and OPGSH burden. Vargas et al. (2012) showed differences in PM2.5 composition and source contribution between the northwest (close to our site 8) and southwest (between our sites 3 and 16). The southwestern site showed higher PM10 as well as higher levels of oxidative species such as organic carbon and metals, which is consistent with higher PM2.5, OPAA, and OPGSH burden levels from our measurements. It also showed that the southwestern site had a stronger contribution of industrial facilities, whereas traffic was the main source affecting the northwestern site. In our measurements, industrial sites did show higher levels of OPAA and OPGSH burden in Bogotá.
For Barranquilla (Figure 4c), the highest PM2.5 concentrations were obtained at two residential sites (10, 15) and two industrial sites (11, 12) near the fluvial ports. For OPAA, the highest values were for these two industrial sites (11, 12), while it was the residential site (10) and the traffic site in the city center (3) for OPGSH burden. Probably, the industrial sites and the fluvial ports emit several transition metals (REF), thus enhancing this OP burden. For the residential site and traffic sites, we may observe that the OPGSH burden was higher, even though lower values compared with the other Colombian cities. That is, for low or high PM2.5 concentrations, the OPAA depletion value remains in a range of similar values, with the exception of the industrial sites. Recent studies showed that in this industrial zone, high concentrations of some metals, i.e. Cu and Cr were measured (Gómez-Plata et al., 2022). For OPGSH burden, we may observe high values in several traffic and residential sites, some of them near schools and hospitals.
For Bucaramanga (Figure 4d), the highest PM2.5 values were obtained from industrial (15) and traffic sites (7, 12). For the OPAA values, the highest values were obtained in traffic sites (7, 12) and industrial sites (15; 16), including some residential sites (4; 6) near the industrial sites. The OPGSH sites with the highest values were for traffic (7; 12) in the city center, and a residential site (6). In industrial site 15, elevated levels of black carbon (BC) concentrations have been observed (Lloyd et al., 2021), a characteristic marker of diesel combustion. This finding corroborates the previously observed high OP values at the site, which are indicative of the production of reactive oxygen species (ROS).
For Cali (Figure 4e), the highest PM2.5 values were observed in some industrial sites (17, 18). Although some traffic (4, 10) and residential (1, 2) sites were affected, too, causing high PM concentrations there. We observed high OPAA burden but low OPGSH burden for some industrial sites (16, 18), likely due to the influence of trace elements that affect OPAA but not OPGSH. As a result, we observe high values of OPAA in several traffic and residential sites near these industrial sites.
Overall, our findings indicate that the OP burden in Colombian cities is higher than in Canadian cities and lower than in American and European cities and is more influenced by PM2.5 mass concentrations than by the OP per unit mass of PM2.5. Therefore, reducing PM2.5 concentrations through emissions compliance enforcement will also reduce OP burden in Colombian cities.
[image: ]
Figure 4. Within-city spatial variation of oxidative potential OPAA and OPGSH burden (% depletion/m3) of PM2.5 in five cities in Colombia, 2021.
4. Conclusions
We conducted a spatial monitoring study to identify differences between and within-city spatial variations of PM2.5 mass concentration and its associated OP burden in the five largest cities in Colombia. Our findings showed moderate values for OPAA and OPGSH burden in Colombian cities compared to Canadian, American, and European cities. OP burden varies between and within-cities, according to the site types. Moreover, we observed that OP depletion per unit mass of PM2.5 is negatively, though not significantly, correlated with PM2.5 mass concentrations. In addition, PM2.5, OPGSH and OPAA spatiality from our study differs from that observed by air quality monitoring stations. These findings suggest that current air quality monitoring based only on PM2.5 concentration does not reflect exposure variations and OP burden in these urban settings. Future work is needed to assess the extent to which OP is associated with long-term adverse health effects in these populations.
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Supplementary material



	Period type
	Month – Year (2021)
	City

	Campaign 1

	Dry
	Feb 24 – Mar 15	
	Bucaramanga

	Dry*
	Mar 17 – 29 and Apr 5-14 

	Bogotá

	Dry
	Apr 19-21 and May 3-5 
	Barranquilla

	Rainy
	Apr 28-29 and May 12-14 
	Medellín

	Dry
	Aug 5- 20
	Cali

	Campaign 2

	Rainy
	Jun 15-30 
	Bucaramanga

	Rainy
	Jul 14- 30
	Bogotá

	Dry
	Aug 20 - Sept 3 
	Medellín

	Rainy
	Sept 10-24
	Barranquilla

	Rainy
	Sept 30 - Oct 15 
	Cali


**latest restrictions due to pandemic lockdown as: night curfew and weekend, and weekly identity card restrictions.
Table S1. Sampling campaigns
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Figure S2. Comparison of PM2.5 between Colombian cities and studies around the world with OP studies.
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Figure S3. Comparison of OPAA burden of PM2.5 between Colombian cities and studies around the world.
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Figure S4. Comparison of OPGSH burden of PM2.5 between Colombian cities and studies around the world.
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Figure S5. Comparison of OPAA per unit mass of PM2.5 between Colombian cities and studies around the world.
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Figure S6. Comparison of OPGSH per unit mass of PM2.5 between Colombian cities and studies around the world.
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