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A B S T R A C T

Background: Epidemiological and toxicological studies underscore the adverse health effects of combustion- 
derived particles, such as carbonaceous nanoparticles (CNPs), which translocate to various organs, including 
the kidneys. Given the kidneys play a crucial role in filtering toxins, CNP accumulation may pose a risk to renal 
function. We investigated CNP biodistribution in murine and human kidney tissue to assess potential impacts on 
kidney health.
Methods: In the controlled murine model, wild-type C57BL/6J mice were exposed to CNPs through whole-body 
exposure. Human kidney tissue was analyzed without prior knowledge of exposure history. CNPs in kidney tissue 
were detected using femtosecond-pulsed illumination and quantified via a peak-finding algorithm. Renal com-
ponents – the glomerulus, proximal and distal tubules, and blood vessels – were visualized through immuno-
fluorescence. Colocalization of CNPs with renal structures was quantified using the Just Another Colocalization 
Plugin. Structural differences were evaluated using Kruskal-Wallis tests.
Results: CNPs were detected in all investigated renal structures of both mouse and human kidneys, providing 
direct evidence of their translocation. The relative distribution was comparable between species, with no sta-
tistically significant differences in colocalization (q > 0.05). The percentages of CNPs in mice vs. humans 
colocalized with glomeruli (1.46 % vs. 1.91 %), proximal tubules (13.43 % vs. 16.10 %), distal tubules (2.72 % 
vs. 3.25 %), and blood vessels and capillaries (4.16 % vs. 5.21 %).
Conclusions: Proximal tubules exhibited the highest relative CNP accumulation in both species. This aligns with 
research linking environmental pollutants, such as black carbon, to decreased tubular kidney function, sug-
gesting proximal tubule involvement in particle processing.

1. Background

Epidemiological studies have already established the importance of 
combustion-derived particles, a subcomponent of ambient fine partic-
ulate matter (PM2.5, particles < 2.5 µm in diameter), as an important 
component in driving the adverse effects observed after PM exposure 
(Nemmar et al., 2002, Van Berlo et al., 2014). Various health effects 
have been reported, including cardiovascular diseases (Upadhyay et al., 

2014), pulmonary diseases (André et al., 2006, Saleh et al., 2019), and 
even effects on pregnancy outcomes and birth (Janssen et al., 2017, Zhu 
et al., 2015). In an urban setting, ultrafine PM mainly consists of 
carbonaceous nanoparticles (CNPs), generated from e.g., incomplete 
combustion processes. (Janssen et al., 2012) Moreover, toxicological 
studies have already demonstrated the health hazards of inhaled PM2.5 
and different components of PM2.5 may induce different health effects. 
Moreover, CNPs, including black carbon (BC), are generally not viewed 
as directly toxic components; however, they are thought to serve as 
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universal carriers of harmful substances in the air (Janssen et al., 2012, 
Janssen et al., 2011).

Nemmar et al. (2002) were the first to demonstrate that ultrafine 
carbonaceous nanoparticles can promptly translocate into the systemic 
circulation upon inhalation, potentially reaching distant organs. Later 
studies, in both rodents and humans, confirmed this phenomenon under 
real-life environmental exposure conditions, showing the translocation 
and deposition of CNPs in various organ systems, including the placenta 
(Bové et al., 2019), the brain (Van Berlo et al., 2014, Vanbrabant et al., 
2024), the liver (LeFevre et al., 1982, Bongaerts et al., 2023), spleen 
(LeFevre et al., 1982), and kidneys (Rasking et al., 2023). The kidneys 
hold an essential function in filtering the blood of excess fluid and waste; 
receiving approximately 25 % of cardiac output, they filter the blood up 
to 60 times per day. (Pizzorno, 2015) Nevertheless, certain toxins may 
present challenges during the removal process. For instance, substances 
like cadmium can prove difficult to be eliminated from the blood cir-
culation and excreted into the urine as it can accumulate in the kidney 
and causes damage. (Honda et al., 2010, Johri et al., 2010, Ma et al., 
2023, Thomas et al., 2009) As a result, these toxins tend to accumulate 
in the kidneys over time, increasing the risk of kidney damage as their 
concentration rises. (Pizzorno, 2015) Therefore, accumulated deposi-
tion of CNPs into the kidney may influence kidney function over time. 
We have previously demonstrated the translocation of these CNPs into 
the urine of healthy children (Saenen et al., 2017) and kidneys of 
transplant recipients (Rasking et al., 2023), along with the subsequent 
decline in tubular function associated with CNP exposure (Rasking et al., 
2023).

However, it is not clear in which structural renal component(s) these 
CNPs accumulate, which may provide insight into the adverse effects 
and excretion mechanism(s) of CNPs by the kidneys. Here, we investi-
gated the biodistribution and accumulation of CNPs in kidney tissue 
derived from mice exposed to ultrafine carbonaceous particles (UFPC) 
and in kidney surveillance biopsy tissue derived from kidney transplant 
recipients one-year post-transplantation.

2. Methods

2.1. Mouse exposure and kidney processing

Wild-type C57BL/6J OlaHsd mice were exposed to CNPs at a target 
concentration of 450 µg/m³ during gestation and postnatally, or to 
HEPA-filtered clean air (sham). Mice underwent a total of sixteen 
exposure days: four days during gestation, eight days in early postnatal 
life, and four days in adulthood. A detailed description of this study and 
its exposure periods is provided elsewhere. (Vanbrabant et al., 2024) On 
average, the actual mass concentration was 430 ± 59 μg/m³ for pre-
natal exposure on GD 8, 9, 16, and 17 and 442 ± 82 μg/m³ for postnatal 
exposure on PND 4–7 and 10–13, with an average continuously 
measured particle number concentration of 5.1 × 106 ± 0.4 × 106 

particles per cc and 4.6 × 106 ± 0.4 × 106 particles per cc for the 

prenatal and postnatal exposure periods, respectively.
While the CNP concentrations used in our murine exposure model 

exceed typical ambient levels encountered in European urban environ-
ments (e.g., 3.4 ± 2.3 µg/m³ to a maximum of 5.2 ± 2.8 µg/m³ 
(Savadkoohi et al., 2023)), they were intentionally selected to enable 
detectable tissue-level accumulation within a short experimental time-
frame, as described previously (Vanbrabant et al., 2024). The 4-hour 
exposure duration approximates a daily average of ~70 µg/m³, repre-
senting a proof-of-concept concentration. To support visualization and 
quantification of biodistribution, this elevated dose was used to ensure 
measurable nanoparticle retention within the limited window of 
developmental exposure in mice. This approach facilitates the evalua-
tion of CNP localization during early-life vulnerability without aiming to 
mimic real-world exposure levels directly.

Thirty-six days after the last exposure, the six-month-old mice (PND 
181 to 182) were euthanized; kidney tissues were perfused with a sterile 
PBS solution prior to organ harvesting, dorsally sectioned, fixed in 4 % 
paraformaldehyde for a minimum of 16h and embedded in paraffin. 
Kidney tissue was sectioned at 4 µm using a microtome (Leica Micro-
systems, United Kingdom), floated onto charged glass slides (Super- 
Frost Plus, Fisher Scientific, USA), and dried overnight at 37 ◦C. For this 
study, 10 kidney tissue samples were selected based on their CNP load in 
kidney tissue. All experimental procedures were conducted in accor-
dance with EU Directive 2010/63/EU for animal experiments and were 
approved by the local ethical committee of Hasselt University for animal 
experiments (ID 202148B and 201864A1).

2.2. Human kidneys

Kidney allograft surveillance (‘protocol’) biopsies (n = 10) were 
obtained approximately 12 months post-transplantation. Routine allo-
graft protocol biopsies are performed by a trained physician at the time 
of transplantation, and 3, 12, and 24 months after transplantation, in 
addition to clinical indication biopsies. Here, surveillance biopsies, ob-
tained one year post-transplantation, were fixed in 4 % para-
formaldehyde and embedded in paraffin prior to sectioning at 4 µm. 
Written informed consent was obtained from all patients for the use of 
their kidney biopsy tissue for research purposes following routine 
medical care. Secondary use of these samples was approved by the 
Ethical Committee of the University Hospital of Leuven (S64649).

The Flemish study cohort had a mean age of 53.20 ± 13.15 years, 
with 60 % male participants and a mean body mass index (BMI) of 21.26 
± 2.90 kg/m². The average time interval between transplantation and 
biopsy sampling was 391.9 ± 29.35 days. At the time of biopsy, the 
participants exhibited a mean estimated glomerular filtration rate 
(eGFR) of 46.11 ± 14.38 mL/min/1.73 m².

2.3. Immunofluorescence

Relative biodistribution of CNPs in structural renal components was 
evaluated by staining glomeruli, proximal tubules, distal tubules, and 
blood vessels at least in duplicate (human samples) or triplicate (rodent 
samples). For biodistribution analysis, 4 µm thick kidney paraffin sec-
tions were deparaffinized in 100 % xylene and rehydrated in a graded 
ethanol series (100 % to 50 %). Antigen retrieval was performed using 
sodium citrate buffer (10 mM, pH 6), where sections were cooked in the 
microwave for 15 mins before allowing them to cool to room tempera-
ture. After blocking non-specific binding sites with protein block (10 % 
goat serum, 50062Z, Life Technologies, USA) for 60 mins, tissue sections 
were probed with antibodies against i) synaptopodin to visualize 
glomeruli (SYNPO, 1:400, 21064-1-AP, ProteinTech, China), ii) 
aquaporin-1 to visualize proximal tubules (AQP1, 1:1,500, 20333-1-AP, 
ProteinTech), iii) calbindin to visualize distal tubules (CALB, 1:1,500, 
14479-1-AP, ProteinTech), and iv) smooth muscle actin to visualize 
blood vessels and capillaries (SMA, 1:1,000, ab124964, Abcam, United 
Kingdom) overnight at 4 ◦C. After washing, the tissue sections were 

Glossary

AQP-1 aquaporin-1
BC black carbon
CALB calbindin
CI confidence interval
CNP carbonaceous nanoparticle
JACoP just another colocalization plugin
KIM-1 kidney injury molecule-1
SMA smooth muscle actin
SYNPO synaptopodin
UFPC ultrafine carbonaceous nanoparticle

L. Rasking et al.                                                                                                                                                                                                                                 Journal of Hazardous Materials Advances 19 (2025) 100790 

2 



incubated with an Alexa Fluor® 488 conjugated goat-anti-rabbit sec-
ondary antibody (1:500, A11008, Invitrogen, USA) for two hours at 
room temperature. All antibodies were diluted in 10 % protein block/1x 
PBS. As a nuclear counterstain, SYTOTM 61 Red (1:1,500, S11343, 
Invitrogen, USA) was employed.

2.4. Biodistribution of black carbon and colocalization imaging

Alexa Fluor®-labeled renal structures and SYTOTM 61 Red-labeled 
nuclei were excited using an Argon laser (488 nm) and a He-Ne laser 
(633 nm), respectively. Band-pass filters of 490 – 600 and 650 – 750 nm 
were used for filtering the emission signal from the labeled renal 
structures and nuclei, respectively. CNPs present in kidney tissue were 
detected using a sensitive and specific technique based on the non- 
incandescence-related white light generation of the carbonaceous 
nanoparticles under femtosecond-pulsed illumination, as described in 
detail elsewhere. (Bové et al., 2019, Rasking et al., 2023, Saenen et al., 
2017, Bové et al., 2016) The microscope was equipped with a 
two-photon femtosecond-pulsed laser (150 fs, 80 MHz, MaiTai DeepSee, 
Spectra-Physics, USA) tuned to a central wavelength of 810 nm with a ±
3.5 mW radiant power on average at the sample, employing a 20x/0.8 
(Aprochromat, Carl Zeiss) objective. The number of CNPs in the ob-
tained images is determined using a peak-finding algorithm, which 
counts pixels above a threshold value. Fingerprinting and validation of 
CNPs in human kidney tissue has been performed previously. (Rasking 
et al., 2023)

For the mouse kidney tissue, 10 tile scans of 2 × 2 of paraffin- 
embedded kidney tissue, sectioned at 4 µm, were collected at room 
temperature using a Zeiss LSM880 (Carl Zeiss, Jena, Germany) confocal 
microscope. For the human kidney biopsy tissue, the whole biopsy 
specimen was captured in 2 × 2 tile scans for the proximal and distal 
tubules, and single images of each structure were obtained for all the 
blood vessels and glomeruli present in the biopsy sample. Manders’ 
overlap coefficients, the percentage of CNPs associated with the labeled 
renal structures, were calculated using the Fiji Just Another Colocali-
zation Plugin (JACoP) in Fiji (ImageJ 1.54f, Open source software, 
http://fiji.sc/Fiji). (Schindelin et al., 2012) Prior to analysis, a threshold 
was set to the estimated background value for each renal structure. The 
colocalization coefficient was defined as the percentage of CNPs that 
overlap with the labeled renal structures, reflecting the fraction of CNPs 
within these structures relative to the total CNP signal in the image. 
Channel registration was corrected using TetraSpeck™ Fluorescent Mi-
crospheres (T7279, Invitrogen, USA) and manually aligned to overlap. 
Furthermore, obtained coefficients are not dependent on the relative 
intensities of each channel and cross-talk between the channels was 
found to be negligible (Bongaerts et al., 2021).

For the murine study, both the exposed group and the control group 
were analyzed. As no significant differences were observed in particle 
distribution across renal structures, results were not reported separately. 
Instead, the focus was placed on particle localization.

For the SMA visualization in human kidney biopsy tissue, we omitted 
approximately half of the acquired images (45.5 %) due to the occur-
rence of fibrotic SMA-positive tissue in the sample, potentially rendering 
false-positive results in regards to CNP bioaccumulation in blood vessels 
and capillaries.

2.5. Statistics

Data are represented as mean (95 % confidence interval [CI]) and 
analyzed using the commercially available GraphPad Prism software 
(GraphPad Prism 8, GraphPad Software Inc., USA) and RStudio software 
(RStudio 2022.02.3, USA). Differences between the different renal 
structures were evaluated using Kruskal-Wallis test with multiple testing 
accounted for using the false discovery rate (FDR). Differences were 
considered statistically significant at q < 0.05.

3. Results

The accumulation of CNPs was observed in all of the four investi-
gated renal structures for both species (Fig. 1 and Supplemental Fig. 1). 
In the mouse study, in general, 1.46 % (95 % CI: 0.94 to 1.97) of CNPs 
were observed in the glomeruli, 13.43 % (95 % CI: 11.60 to 15.27) were 
found in the proximal tubules, 2.72 % (95 % CI: 1.57 to 3.87) in the 
distal tubules, and 4.16 % (95 % CI: 2.77 to 5.55) of CNPs were detected 
in the blood vessels and capillaries (Fig. 2A), based on the percentage of 
CNPs colocalized with each structure. Significant differences were 
observed between the proximal tubules and glomeruli, blood vessels and 
capillaries, and distal tubules (q < 0.0001). A borderline significant 
trend was observed between the blood vessels and glomeruli (q =
0.0535) and distal tubules (q = 0.0801); however, no significant dif-
ference could be observed between the glomeruli and distal tubules (q =
0.789).

Similar results were obtained for the biodistribution of CNPs in 
kidney surveillance biopsies one year post-transplantation. Here, we 
observed 1.91 % (95 % CI: 0.54 to 3.28) of CNPs in the glomeruli, 16.10 
% (95 % CI: 10.90 to 21.30) in the proximal tubules, 3.25 % (95 % CI: 
2.12 to 4.37) in the distal tubules, and 5.21 % (95 % CI: 3.07 to 7.34) of 
CNPs overlapped with the blood vessels and capillaries (Fig. 2B). When 
considering the proximal tubules, significant differences were observed 
with glomeruli (q < 0.0001), blood vessels and capillaries (q = 0.0043), 
and distal tubules (q < 0.0001). All other investigated renal structures 
showed significant differences, except when comparing the blood ves-
sels and capillaries and the distal tubules (q = 0.2415).

When addressing the renal structures separately, there was no dif-
ference observed in the percentage of particle colocalizing with e.g., 
proximal tubules, between mice and humans (e.g., proximal tubules: q =
0.946).

4. Discussion

In this study, we investigated the relative biodistribution and accu-
mulation of carbonaceous nanoparticles inside kidney tissue in a murine 
model and in human kidney biopsy tissue. Previous research has already 
indicated that toxins, such as cadmium, may accumulate in the kidney 
over time upon repeated exposure. (Pizzorno, 2015) Earlier, we showed 
that higher BC load in kidney tissue of kidney transplant recipients one 
year post-transplantation is associated with increased acute tubular 
damage, as indicated by increased levels of KIM-1. (Rasking et al., 2023) 
Additionally, we demonstrated that gestational particulate air pollution 
exposure influenced newborn glomerular kidney function. (Rasking 
et al., 2024) Our study reveals that carbonaceous nanoparticles pre-
dominantly accumulate in the proximal tubules of kidney tissue, with 
lesser amounts found in blood vessels and capillaries, distal tubules, and 
glomeruli, providing insights into the potential localization and extent 
of damage observed in previous studies. This conclusion is based on 
semi-quantitative colocalization analysis using Manders’ coefficient, 
which measures the relative overlap of CNP signals with nephron 
segment-specific markers. While this approach does not provide abso-
lute quantification, it reliably indicates a higher relative localization in 
proximal tubules compared to other renal structures. These findings 
were consistently observed in both a murine model and human kidney 
biopsy tissue samples, providing important spatial insights into potential 
sites of CNP interaction within the kidney and laying the groundwork for 
future studies to explore functional consequences in more detail.

In mammals, the kidney is responsible for the elimination of meta-
bolic wastes from the body. The glomerulus filters out waste, excess 
ions, and water, creating the filtrate that enters the tubules. Subse-
quently, the proximal tubules reabsorb approximately 65 to 80 % of the 
glomerular filtrate to achieve homeostasis for water and electrolytes in 
the body. Further reabsorption takes place in the distal tubules. Secre-
tion of exogenous substances, such as toxins, from the tubular cells into 
the tubular lumen, is one of the most important excretory functions of 
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the kidney. (Finco, 1997) However, active toxin excretion pathways 
have a limited capacity, and are easily saturated. (Pizzorno, 2015) Over 
time, the buildup of toxins may disrupt (tubular) cellular function, 
damage mitochondria, and generate oxidative stress, which can impair 
the reabsorption function of the proximal tubules and downstream cause 
kidney damage, proteinuria, and a decrease in overall kidney function. 
In addition, if the mitochondria of the kidneys aren’t working well, the 
active excretion pathways that require ATP do not work as required. The 
kidneys then fail to protect themselves as toxin concentrations builds up 
inside the kidneys. (Pizzorno, 2015) It was already shown that partic-
ulate air pollution exposure causes increased mitochondrial oxidative 
DNA damage. (Gualtieri et al., 2011, Grevendonk et al., 2016)

The blood vessels and capillaries were the second most prominent 
sites of relative CNP accumulation in this study. This finding raises the 
question of whether the observed CNP accumulation arises from pre- 
filtration blood supply or from tubular reabsorption, leading to subse-
quent secretion into the bloodstream. Given the distinct afferent and 
efferent function of kidney blood vessels, investigating the specific 

localization of CNPs within these pathways could provide valuable 
additional insights. (Dalal et al., 2018)

Furthermore, our results show that the well-controlled UFPC expo-
sure during the animal study renders similar results as the heterogenous 
CNP exposure of the transplant recipients. Even though the two are 
physically and chemically distinct substances, UFPC, such as e.g., carbon 
black, are commonly employed to investigate effects of particulate air 
pollution in in vitro or in vivo settings. (Watson and Valberg, 2001) 
Moreover, Watson et al. elucidated that some CNP forms, such as e.g., 
diesel exhaust particles, may have similar aggregate morphology as their 
manufactured counterparts. (Watson and Valberg, 2001) It is important 
to note that the exposure concentrations used in our murine model 
exceed typical ambient levels and were intentionally selected to enable 
detectable biodistribution patterns within a short experimental time-
frame, rather than to replicate real-world exposure scenarios.

Overall, our findings are in line with previous work, which show that 
the proximal tubules are the most affected area in the kidney upon air 
pollution, and more importantly CNP exposure. (Rasking et al., 2023) 

Fig. 1. CNP accumulation observed in all four investigated renal structures. (A) glomeruli (green) are stained with synaptopodin primary antibody (1:400), (B) 
proximal tubules (green) are stained with aquaporin-1 primary antibody (1:1,500), (C) distal tubules (green) are stained with calbindin primary antibody (1:1,500), 
and (D) blood vessels and capillaries (green) were stained with smooth muscle actin (1:1,000). Syto61 Red (red) was used as a nuclear counterstain. Carbonaceous 
nanoparticles are depicted with white arrowheads. Scale bar = 10 µm. Abbreviations: AQP-1, aquaporin-1; CALB, calbindin; CNPs, carbonaceous nanoparticles; SMA, 
smooth muscle actin; SYNPO, synaptopodin.
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Our study has several strengths. First, we are able to visualize and 
relatively quantify CNP accumulation in a label-free setting, without the 
need for extensive labelling, as is required with general common fluo-
rophores. (Bové et al., 2016) Second, our results are validated through 
cross-species analysis, revealing similar patterns of CNP accumulation in 
renal structures across both murine and human models, reinforcing the 
translational relevance of our results. Lastly, a key strength of this study 
is the use of pure UFPC in the mouse model, while the human study 
examines complex CNPs derived from ambient air pollution, which are 
not considered ‘pure’ and consist of a carbon core with additional 
compounds bound to its shell such as e.g., benzene or polycyclic hy-
drocarbons; this dual approach allows us to assess particle accumulation 
across a spectrum of controlled and real-world exposure conditions, 
respectively.

While our findings shed light on the localization of carbonaceous 
nanoparticles in the kidney, it is important to emphasize that this study 
focused specifically on their biodistribution rather than on functional or 
pathological outcomes. Although kidney health is influenced by 
numerous factors—such as inflammation (Keller et al., 2007, Puthu-
mana et al., 2021), fibrosis (Mansour et al., 2017), or systemic toxicity 
(Prozialeck and Edwards, 2010)—which can be assessed through bio-
markers or histopathological evaluation (Miettinen et al., 2014), these 
were outside the scope of the current work. Our aim was to provide 
spatial insight into where these particles accumulate, serving as a 
foundational step toward understanding potential downstream effects. 
At present, it remains unclear whether the levels of CNP accumulation 
we observed in the kidney—and in particular in the proximal tubu-
les—reach toxicological thresholds that impair renal function. However, 
the fact that proximal tubules showed the highest relative CNP burden 
load is notable, especially given previous studies in transplant recipients 
showing that increased CNP load is associated with elevated KIM-1 
levels, a biomarker of proximal tubular dysfunction. (Rasking et al., 
2023) These findings underscore the need for future studies to establish 
exposure thresholds at which particle burden translates into functional 
toxicity, ideally by integrating biodistribution data with histopathology 
and markers of renal function, such as eGFR, creatinine, or blood urea 

nitrogen. Furthermore, the human kidney biopsy tissue samples are not 
derived from generally healthy individuals, as kidney transplant re-
cipients are on immunosuppressive medication to prevent graft rejec-
tion, potentially increasing their susceptibility to environmental toxins. 
(Chang et al., 2021) However, similar results were observed in healthy 
C57BL/6 mice in this study, suggesting that CNP accumulation may 
occur regardless of baseline health status.

5. Conclusion

Our findings reveal that the proximal tubules exhibit the highest 
percentage of CNP colocalization among renal structures in both mouse 
and human kidney tissue samples. This observation aligns with prior 
research, indicating that proximal tubules are a key site of pollutant- 
induced damage and dysfunction due to their exposure to environ-
mental pollutants, such as CNPs. Moreover, the consistency of CNP 
accumulation patterns between murine and human models support the 
translational relevance of these results.
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et al., 2024. Impact on murine neurodevelopment of early-life exposure to airborne 
ultrafine carbon nanoparticles. Part. Fibre Toxicol. 21, 51.

Savadkoohi, M., Pandolfi, M., Reche, C., Niemi, J.V., Mooibroek, D., Titos, G., et al., 
2023. The variability of mass concentrations and source apportionment analysis of 
equivalent black carbon across urban Europe. Environment international. 178, 
108081.
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Bové, H., Steuwe, C., Fron, E., Slenders, E., D’Haen, J., Fujita, Y., et al., 2016. 
Biocompatible label-free detection of carbon black particles by femtosecond pulsed 
laser microscopy. Nano Lett. 16 (5), 3173–3178.

Keller, C., Odden, M., Fried, L., Newman, A., Angleman, S., Green, C., et al., 2007. Kidney 
function and markers of inflammation in elderly persons without chronic kidney 
disease: the health, aging, and body composition study. Kidney Int. 71 (3), 239–244.

Puthumana, J., Thiessen-Philbrook, H., Xu, L., Coca, S.G., Garg, A.X., Himmelfarb, J., 
et al., 2021. Biomarkers of inflammation and repair in kidney disease progression. 
J. Clin. Invest. 131 (3).

Mansour, S.G., Puthumana, J., Coca, S.G., Gentry, M., Parikh, CR., 2017. Biomarkers for 
the detection of renal fibrosis and prediction of renal outcomes: a systematic review. 
BMC nephrology 18, 1–13.

Prozialeck, W.C., Edwards, JR., 2010. Early biomarkers of cadmium exposure and 
nephrotoxicity. Biometals 23, 793–809.

Miettinen, J., Helin, H., Pakarinen, M., Jalanko, H., Lauronen, J., 2014. Histopathology 
and biomarkers in prediction of renal function in children after kidney 
transplantation. Transpl. Immunol. 31 (2), 105–111.

Chang, S-H, Merzkani, M., Murad, H., Wang, M., Bowe, B., Lentine, K.L., et al., 2021. 
Association of ambient fine particulate matter air pollution with kidney transplant 
outcomes. JAMA Netw. Open 4 (10) e2128190-e. 

L. Rasking et al.                                                                                                                                                                                                                                 Journal of Hazardous Materials Advances 19 (2025) 100790 

7 

http://refhub.elsevier.com/S2772-4166(25)00201-3/sbref0032
http://refhub.elsevier.com/S2772-4166(25)00201-3/sbref0032
http://refhub.elsevier.com/S2772-4166(25)00201-3/sbref0032
http://refhub.elsevier.com/S2772-4166(25)00201-3/sbref0033
http://refhub.elsevier.com/S2772-4166(25)00201-3/sbref0033
http://refhub.elsevier.com/S2772-4166(25)00201-3/sbref0033
http://refhub.elsevier.com/S2772-4166(25)00201-3/sbref0034
http://refhub.elsevier.com/S2772-4166(25)00201-3/sbref0034
http://refhub.elsevier.com/S2772-4166(25)00201-3/sbref0034
http://refhub.elsevier.com/S2772-4166(25)00201-3/sbref0035
http://refhub.elsevier.com/S2772-4166(25)00201-3/sbref0035
http://refhub.elsevier.com/S2772-4166(25)00201-3/sbref0035
http://refhub.elsevier.com/S2772-4166(25)00201-3/sbref0036
http://refhub.elsevier.com/S2772-4166(25)00201-3/sbref0036
http://refhub.elsevier.com/S2772-4166(25)00201-3/sbref0037
http://refhub.elsevier.com/S2772-4166(25)00201-3/sbref0037
http://refhub.elsevier.com/S2772-4166(25)00201-3/sbref0037
http://refhub.elsevier.com/S2772-4166(25)00201-3/sbref0038
http://refhub.elsevier.com/S2772-4166(25)00201-3/sbref0038
http://refhub.elsevier.com/S2772-4166(25)00201-3/sbref0038

	Relative biodistribution and accumulation of carbonaceous nanoparticles inside the murine and human kidney
	1 Background
	2 Methods
	2.1 Mouse exposure and kidney processing
	2.2 Human kidneys
	2.3 Immunofluorescence
	2.4 Biodistribution of black carbon and colocalization imaging
	2.5 Statistics

	3 Results
	4 Discussion
	5 Conclusion
	Funding
	Data sharing
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Supplementary materials
	Data availability
	References


