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ABSTRACT  

The placenta was initially seen as an impenetrable barrier, protecting the fetus against toxicants. 

However, recent evidence demonstrated accumulation of black carbon (BC) particles in human 

placentae following real-life exposure. As it remains unknown whether BC particles can cross the 

placenta and reach the fetal circulation, we aim to detect these particles in cord blood. Cord and 

maternal blood samples from low (n=10) and high (n=10) exposed mother-newborn pairs enrolled in 

the ENVIRONAGE birth cohort were screened for the presence of BC particles. Direct and label-

free detection of BC was performed using white-light generation under femtosecond pulsed laser 

illumination. Additionally, BC uptake in key placental cells was determined by immunofluorescence. 

BC particles were detected in all screened placentae and blood samples. Results revealed a higher BC 

load in placentae (p=0.0164), maternal (p=0.0002) and umbilical cord blood (p<0.0001) of the high 

exposed mothers. In addition, Pearson correlation coefficients demonstrated positive correlations 

between residential BC exposure during pregnancy and the measured BC load in placenta (r=0.48, 

p=0.034), maternal (r=0.66, p=0.002) and cord blood (r=0.90, p<0.0001). Furthermore, BC particles 

accumulated in all examined placental cell types; however, trophoblasts showed the highest 

accumulation (p=0.0038). We demonstrate that BC particles are internalized by key placental tissue 

cells and cross the placenta to reach the fetal circulation. These findings provide insight into real-life 

fetal exposure to combustion-derived particles during the most susceptible period of life, suggesting 

a potential link between prenatal air pollution exposure and adverse health outcomes in later life. 

 

 

 

INTRODUCTION 

In 2019, annual levels of particulate matter with an 

aerodynamic diameter less than 2.5 µm (PM2.5), 

exceeded the air quality guideline of 10 µg/m3 set 

by the World Health Organization in more than 

90% of the world’s population (1). In this regard, 

ambient air pollution exposure is responsible for 

6.67 million premature deaths worldwide each year, 

accounting for 12% of the  

 

 

 

total number of deaths (Figure 1) (1). From the 

latter, we conclude that air pollution is the number 

one environmental risk factor for premature death, 

with only high systolic blood pressure (10.8 

million), tobacco smoke (8.71 million), and dietary 

risks (7.94 million) bearing a superior risk (1). 
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Air pollution comprises a heterogeneous 

mixture, of which particulate matter (PM) is a key 

component regarding adverse health effects. PM 

encompasses solid matter (e.g., particles), 

microscopic liquid droplets, and gases. Sulfates, 

nitrates, ammonium, elemental and organic 

carbons, biological materials (e.g., bacteria, 

viruses), dust, metals, organic chemicals, acids, 

hydrocarbons, nitric oxide, and carbon monoxide, 

amongst others, can be defined as PM (2-4). 

Particles are categorized, based on their size, as 

ultrafine particles or PM0.1 (aerodynamic diameter 

< 0.1 μm), fine particles or PM2.5 (aerodynamic 

diameter < 2.5 μm), and coarse particles or 

PM10 (aerodynamic diameter < 10 μm) (3, 5). This 

master’s thesis focuses on the most toxic 

component of PM2.5, black carbon (BC) (6). BC is 

the light-absorbing component of PM2.5 and 

comprises elemental and organic carbon (7-9). 

These particles are the product of incomplete 

combustion of fossil- and biofuels, and therefore, 

traffic (especially diesel-driven vehicles) is a major 

source (9). Additionally, industrial and residential 

emissions, as well as open biomass burning (e.g., 

forest fires and agricultural waste burning), 

contribute to BC emissions (9, 10).  

 

Among BC particles, there exists a lot of 

heterogeneity regarding physicochemical 

characteristics, including shape, size, mass, surface 

area and zeta potential (5, 11). The toxic character 

of BC particles is attributable to their strong surface 

reactivity, chemical composition and physical 

properties (12). Their small size results in a high 

surface-to-volume ratio which makes these  

 

particles easy accessible for the adhesion of 

impurities, such as  polycyclic aromatic 

hydrocarbons (PAHs), benzene, and transition 

metals after emission in the atmosphere (10, 13-16). 

In addition, the zeta potential of the particles 

ensures the adsorption of these particles on cell 

membranes, pursued by their uptake inside the cell 

(11). Here, they can potentially bind to cellular 

proteins, lipids and DNA, damaging the cell and 

leading to mutations (17). Furthermore, they can 

lead to the induction of oxidative stress, lipid 

peroxidation and inflammation processes (17-19). 

The International Agency for Research on Cancer 

(IARC) categorized BC as a 2B carcinogen (20). 

Furthermore, BC is known to cause pulmonary and 

cardiovascular disorders (10, 21). Accordingly, 

Wang et al. found augmented BC exposure 

associated with a greater increase in the progression 

of emphysema over a median of ten years (22). 

Janssen et al. found that reducing a unit of BC 

(µg/m3) exposure coming from traffic exhaust will 

lengthen life four to nine times more than reducing 

a comparable amount of PM2.5 mass, pinpointing 

how toxic BC exposure is (8). 

 

Estimated BC emissions amount to a total of 

8111 gigagrams each year (Gg/yr), with the United 

States and Europe contributing 321 Gg/yr and 301 

Gg/yr, respectively (10). Subsequently, BC 

particles are omnipresent in our environment, and 

people are continuously exposed (8, 23). The 

particles infiltrate into the human body via 

inhalation or digestion (21). Inhaled particles with 

a diameter smaller than 2.5 µm can enter the lungs 

and pass through the lung-blood barrier, which 

 

Fig. 1 – A - Ranking of risk factors in function of the total number of deaths (millions) in 2019. Only high systolic blood 

pressure, tobacco smoke, and dietary risks cause more premature deaths than air pollution. B - Percentage of deaths attributable 

to classes of individual air pollutants. Ambient PM2.5 is responsible for 7% of total premature deaths. ‘Other risk factors’ refers 

to those listed in figure A (e.g., high systolic blood pressure, tobacco, dietary risk, etc.). Abbreviations: LDL – low-density 

lipoprotein, PM2.5 – particulate matter with an aerodynamic diameter < 2.5 µm. Source: Health effects Institute, 2020 (1). 
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transfers them to the systemic circulation and 

eventually to various distant organs, the placenta, 

and the blood-brain barrier (Figure 2) (5, 8, 21, 

24).  

 

 A healthy person breathes 10 – 20 m3 of air 

per day, depending on body constitution and 

physical activity (24). Pregnant women have a 20 

% higher oxygen consumption and a 40-50 % 

increase in ventilation (24, 26). In addition, the 

developing fetus is extremely vulnerable to 

toxicant exposure due to high levels of cell 

proliferation, growth, and organ development (21, 

24, 27). Consequently, pregnant women and their 

unborn children are especially vulnerable to BC 

exposure. Prenatal BC exposure is associated with 

adverse birth outcomes, such as low birth weight, 

intrauterine growth restriction, and altered 

duration of gestation in singleton pregnancies (4, 

28, 29). Furthermore, studies showed an 

association between exposure to PM2.5 and BC 

during pregnancy and higher newborn blood 

pressure (30, 31). The mechanisms responsible 

for these altered birth outcomes concern direct and 

indirect pathways. Direct toxicity occurs when 

particles cross the placental barrier and directly 

interact and damage fetal tissues. Due to their high 

surface reactivity, particles can generate reactive 

oxygen species (ROS) and inflammation processes, 

amongst others (18). Direct effects on fetal tissues 

have been observed for a variety of particles in 

several in vitro and in vivo studies (18). However, 

particles can also indirectly interfere with fetal 

development, without direct contact with the fetus 

(18). The indirect pathway  involves maternal and 

placental mediated toxicity and denotes the 

deposition and interaction of particles in maternal 

and placental tissue. Particles that interact with 

maternal tissues might cause the generation of ROS 

and eventually inflammation. Subsequently, 

inflammatory mediators and signaling molecules 

are released, which can reach the placenta or fetus 

and provoke toxicity. In addition, particles that 

reach and accumulate in the placenta also generate 

ROS and inflammation, thereby compromising its 

function and signaling processes (18, 32). Placental 

inflammation can reduce placental perfusion, 

thereby limiting nutrient and oxygen supply to the 

fetus, affecting fetal development (4, 29, 33). 

Buerki-Thurnherr et al. demonstrated that 

pulmonary exposure of pregnant mice to TiO2 and  

 

CeO2 nanoparticles (NP) induced fetal growth 

restriction in the offspring without detectable 

particles in fetal tissue (32). These prenatal 

exposures are known to program the fetus for 

increased health risks in later life, a phenomenon 

known as the Developmental Origins of Health and 

Disease (DOHaD) (24, 34). Thereof, prenatal air 

pollution exposure was highlighted as a stimulus 

for the early programming of asthma and allergy 

(27). Martens et al. showed that an increase of 5 

µg/m3 in PM2.5 exposure during pregnancy resulted 

in shorter telomeres in both cord blood and 

placenta, predisposing the child for accelerated 

biological aging in later life (35). 

 

The placenta, a multi-layered maternal-fetal 

organ, is a temporary structure that provides a 

natural barrier between mother and child and 

fulfills a plethora of essential and critical functions 

(36-39). Its main functions consist of providing the 

fetus with oxygen and nutrients (e.g., amino acids, 

carbohydrates, vitamins) and removing waste 

products (e.g., carbon dioxide) (36, 37). Exchange 

of these substances occurs at the top of villous 

structures, located in the intervillous space (Figure 

3A) (36). Maternal blood enters the intervillous 

space via spiral endometrial arteries, soaks the villi 

and drains back via endometrial veins. Oxygen 

 
Fig. 2 – Different PM sizes and their infiltration in the human 

body. A mixture of PM is inhaled through the nose and enters the 

superior airways. PM10 deposits in structures such as the nose 

cavity, larynx, and pharynx. PM2.5, including BC particles, is 

able to pass on to the inferior airways via the trachea and enter 

lung structures such as the bronchi and bronchioli. The smallest 

particles (PM0.1) reach and penetrate the alveoli end enter the 

systemic circulation. Abbreviations: PM – particulate matter, BC 

– black carbon, µm - micrometer. Source: figure was adapted 

from Castelo et al., 2017 (25).    
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deficient fetal blood enters via the umbilical and 

chorionic arteries in the villi. After the exchange, 

oxygenated fetal blood returns via the chorionic and 

umbilical veins back to the fetus (36). The maternal 

blood in the villi is divided from the fetal blood by 

four distinct cell layers. Syncytiotrophoblasts, 

cytotrophoblasts, connective tissue of the villus, 

and endothelium cells lining the fetal capillaries 

(Figure 3B) (36, 38). Aside from exchange 

processes, the placenta was thought of as an 

impenetrable barrier that protects the fetus against 

xenobiotics, such as dietary substances (e.g., 

alcohol and medicines) and environmental 

substances (e.g., air pollutants, infections), but also 

from substances of maternal origin (e.g., immune 

and hormones) (36, 38, 40). However, evidence has 

opposed this idea and demonstrated that NPs could 

reach and even translocate across the placental 

barrier in in vitro, ex vivo, and in vivo models (41). 

A study by Bernal-Melendez et al. exposed 

pregnant dams to diesel exhaust particles (DEP) via 

inhalation from gestational day (GD) 3-27 (42). At 

GD 28, fetal olfactory mucosa, olfactory bulbs, and 

whole brains were collected. NPs were found in 

olfactory neurons from the olfactory mucosa and in 

cells in the olfactory bulb of exposed fetuses, 

proving that the NPs crossed the placental barrier 

and reached the developing fetus (42). Another 

study demonstrated the presence of NPs in maternal 

blood, fetal blood, and trophoblast cells of exposed 

pregnant female rabbits to DEPs close to urban 

pollution levels, confirming transplacental transfer 

(43).  

 

Only recently, it was shown that BC particles 

accumulate in human placental tissue under real-

life exposure conditions. Bové et al. demonstrated 

the presence of BC particles in human placentae 

using femtosecond pulsed laser illumination 

microscopy (46). Placental tissue generates second 

harmonic generation (SHG) and two-photon 

excited autofluorescence (TPAF) signals 

generating from collagen type I and structures such 

as placental cells, elastin and red blood cells, 

respectively (46). Due to the particles’ absorptive 

nature and heterogeneity, they generate white light 

when illuminated with a femtosecond pulsed laser. 

Moreover, this technique has proven efficiency in 

the detection of BC particles in urine (46, 47). 

Besides accumulation in placental tissue, Bove et 

al. demonstrated a positive correlation between 

residential BC exposure of the mother during 

pregnancy and BC load in the placenta (46). 

Nevertheless, it is not known yet if BC particles 

 

Fig. 3 – A - Part of the placental architecture and the maternal-fetal circulation. The placenta composes a maternal and a fetal unit 

called the basal and chorionic plate, respectively. The chorionic plate imports fetal chorionic blood vessels connected with the 

umbilical cord vessels, whereas the basal plate supplies the maternal blood vessels. Both plates surround the intervillous space, 

which encompasses villous structures containing the fetal blood vessels (36). Maternal-fetal exchange occurs at the top of these villi 

(36). B - Cross-section of a villus (as shown in figure A) with its different cell types. The maternal blood in the villi is divided from 

the fetal blood by four distinct cell layers; syncytiotrophoblasts (blue), cytotrophoblasts (purple), connective tissue of the villus, and 

endothelium cells (red) lining the fetal capillaries (36, 38). Figure B was adapted from Bongaerts et al. and created with 

Biorender.com. Source: Lofthouse et al., 2014, Bongaerts et al., 2021 (44, 45).  
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cross the human placental barrier to reach the fetal 

circulation. Therefore, we hypothesize that BC 

particles cross the placental barrier from the 

maternal circulation to the fetal circulation and can 

be detected in umbilical cord blood in humans. To 

explore this hypothesis, we aim to detect BC 

particles from ambient exposure in whole umbilical 

cord blood and whole maternal blood from 10 low 

and 10 high exposed mothers enrolled in the 

ENVIRONAGE (ENVIRonmental influence ON 

Early AGEing) birth cohort. The detection of the 

particles will be performed by the previously 

mentioned microscopy technique that allows the 

detection of BC particles in different biological 

matrices as previously validated for placental tissue 

and urine (9). This technique offers direct 

visualization of the BC particles (i.e., you image the 

particle and not fluorophores attached to the 

particle) without the need for sample preparation. 

Furthermore, particles are only identified as BC 

when their emission signal lies above a certain 

threshold and their emission ranges across the 

entire visible spectrum (48). In addition, the 

biological context is preserved, allowing for 

differentiation between cellular structures. Inherent 

to the technique are its high sensitivity and 

specificity (49). Detection of the BC particles in 

cord blood would imply exposure of the fetus to BC 

particles. The possible associations between 

ambient BC load averaged over the entire 

pregnancy and during the third trimester, placental 

BC load, maternal blood BC load, and umbilical 

cord blood BC load will be examined along with 

their presence.  

 

In addition to the accumulation of particles in 

placentae, our research group detected DEPs inside 

three key placental cell types, i.e., Hofbauer cells, 

endothelial cells, and trophoblasts, after ex vivo 

placental perfusion with medium containing DEPs 

for 6 hours (49). Trophoblasts form the outer layer 

of the blastocyst, providing nutrients to the embryo 

and develop into the main placental framework, the 

syncytium (38, 50). Hofbauer cells (i.e., 

macrophages of fetal origin) reside in the placental 

chorionic villi and maintain a pro-angiogenic 

function; they manage homeostasis and 

morphogenesis and protect the fetus against 

infection (38, 51). In this regard, we will determine 

whether BC particles accumulate in the 

aforementioned placental cells after real-life human 

exposure (49). A previous study demonstrated that 

exposure of these placental cells to PM2.5 (i.e., 

PAHs and metals carried by PM2.5) is thought to 

cause cell cycle arrest in these cells and inhibit 

trophoblast migration and invasion, implying 

placental malfunction during pregnancy (52).  

 

This research foresees to detect BC particles in 

both umbilical cord blood and maternal blood from 

high and low exposed mothers. Moreover, it is 

expected that a higher residential BC exposure 

during pregnancy will correlate with a higher BC 

particle load in umbilical cord blood. Additionally, 

BC particles are anticipated to be internalized in 

specific placental resident cells. Especially 

trophoblasts are expected to accumulate BC 

particles as they are one of the first cell lineages in 

placental development and form the maternal-

placental interface (39, 53). Furthermore, this study 

will add significance to epidemiological research 

since it will provide an internal and therefore 

personal measurement of exposure to BC particles 

from real-life BC exposure. Moreover, first time 

evidence will be provided for the translocation of 

BC particles from the mother to the unborn child, 

gaining insights into direct fetal exposure to BC 

during its most susceptible period of life. These 

findings can be used to form the foundation for 

appropriate policies to reduce BC emissions on a 

global scale, as there exists no specific guideline for 

BC emissions yet. Today’s BC emission standards 

are included in those for PM2.5, even though BC is 

acknowledged as the most toxic component (7). 

Subsequently, this study will raise awareness of the 

dangers of ambient air pollution in pregnant women 

and form a base for further research into the 

DOHaD phenomenon caused by environmental 

exposures. 

 

EXPERIMENTAL PROCEDURES 

Study design, study population and sample 

collection  -  Participants for this study were 

selected from the ongoing and prospective 

ENVIRONAGE birth cohort (2010), which enrolls 

mother-child pairs in the East-Limburg Hospital 

(Limburg, Belgium) (54). Solely women without a 

scheduled caesarian section are enrolled in the 

cohort and recruited newborns are found healthy 

and free from anomalies (pre- and postnatal), as 

confirmed by a medical doctor (30, 54). All women 

provide written informed consent and complete a 
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questionnaire in Dutch regarding alcohol and 

medication use, in-house environment, education, 

occupancy, health status, stress, smoking, lifestyle 

habits, residential address, physical activity and 

ethnicity (30, 54, 55). Information regarding 

neonatal sex, birth date, parity, time of delivery, 

birth weight and length, gestational age, method of 

delivery and pregnancy complications were 

retrieved from medical records (30, 54). The cohort 

adheres to the Declaration of Helsinki and is 

approved by the Ethics Committee of Hasselt 

University and the East-Limburg Hospital (30, 35).  

 

20 mother-child pairs were selected from the 

cohort for this research project. Based on residential 

BC exposure during pregnancy and distance to a 

major road, these mother-child pairs are subdivided 

into low and high BC exposure groups. Participants 

were categorized as ‘low’ when their residential BC 

exposure was lower or equal to the 25th percentile 

(trimester 3 (0.90 µg/m3) and whole (0.97 µg/m3) 

BC exposure during pregnancy) in regard to the 

ENVIRONAGE birth cohort, and they lived further 

than 500 meters from a major road (E- and N-

roads). On the contrary, ‘high’ was defined as a 

residential BC exposure higher or equal to the 75th 

percentile (trimester 3 (1.49 µg/m3) and whole 

(1.43 µg/m3) BC exposure during pregnancy) in 

regard to the ENVIRONAGE birth cohort and they 

lived within the proximity of 500 meters of a major 

road. Additionally, a selection of four placental 

samples was made to perform colocalization 

experiments. This study worked exclusively with 

non-smoking women.  

 

Women donated a blood sample, umbilical 

cord blood, placental tissue (term placentae) and a 

urine sample. The collection of these samples is 

described elsewhere (35, 46, 54, 55). Briefly, 

placentae and the umbilical cords were compiled 

within 10 minutes after birth. Biopsies were 

collected from each quadrant of the fetal side of the 

placenta and one biopsy from the maternal side of 

the placenta (Supplementary, Figure S1) (35, 54). 

Umbilical cord blood (42 ml) was collected 

immediately after delivery in BD Vacutainer® 

plastic whole blood tubes with spray-coated 

K2EDTA (BD, USA) (35, 54). The maternal blood 

(20 ml) and urine were collected the day after birth 

in an EDTA tube and sterile container, respectively. 

Samples were preserved at -80 °C until further 

analysis, except for the placentae involved in the 

colocalization experiments. These placentae were 

immediately fixated and paraffin-embedded after 

collection (35, 54, 55).  

 

BC kinetics: placenta, maternal blood, 

umbilical cord blood and urine - Placental tissue 

was imaged as described by Bové et al. (46) and BC 

particles were calculated per mm3 tissue. Umbilical 

cord blood, maternal blood and urine samples were 

thawed to room temperature and vortexed for 10 

seconds. Next, the samples were aliquoted between 

a glass slide and coverslip, built as an imaging 

chamber. Capillary forces spread the sample 

equally over the entire chamber, upon which the 

imaging chamber was sealed to prevent drying. The 

resulting samples were imaged with a Zeiss LSM 

880 META NLO (Carl Zeiss, Germany) at room 

temperature, where they were subjected to 

illumination with a femtosecond pulsed laser (150 

fs, MaiTai DeepSee, USA) set to a wavelength of 

810 nm. A 20x/0.8 objective (EC Plan_Neofluar, 

Carl Zeiss) was used. Emission was detected within 

the SHG (400 - 410 nm) and TPAF (450 - 650 nm) 

detection channels (46). Three repeats of a 10x10 

tile scan (i.e., 100 images) were made for each 

blood sample, resulting in an imaged area of 4499 

x 4499 µm. Images of the urine samples were 

acquired with five repeats of a 3x3 tile scan (i.e., 9 

images), yielding an imaged area of 1349 x 1349 

µm. All images were analyzed with ZEN Black 2.0 

software (Carl Zeiss, Germany). The number of BC 

particles in each tile scan was evaluated with a 

peak-finding algorithm in Matlab (Matlab 2010, 

Mathworks, The Netherlands), which counts pixels 

above an experimentally determined intensity 

threshold. Particles identified as BC when their 

emission signal was present in both channels (SHG 

and TPAF) and the intensity of emitted white light 

exceeded the threshold value, given in an output 

figure (Supplementary, Figure S2). Based on the 

number of particles in the imaging volume, the 

number of particles per mL of blood or urine was 

calculated. Additionally, urine osmolality was 

analyzed with the K-7400S semi-micro osmometer 

(Knauer, Germany).  

 

BC biodistribution: Colocalization 

experiments - The general placental structure was 

analyzed with a Hematoxylin-Eosin stain 

(Supplementary, Figure S3). The distribution of BC 
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particles in placental tissue was examined by 

staining endothelial cells, Hofbauer cells and 

trophoblasts as described by Bongaerts et al. (44). 

Briefly, tissues were dehydrated in increasing 

ethanol (EtOH) (VWR Chemicals, USA) 

concentrations (75-100%) and embedded in molten 

paraffin (62°C). After tissue embedment, 4 µm 

thick sections were made using a microtome (Leica 

Biosystems, Germany) and then processed for 

immunohistochemistry analysis. In short, sections 

were deparaffinized in xylene (Merck, Germany) 

and rehydrated in decreasing EtOH concentrations 

(100-95-80-70-50%). Heat-induced antigen 

retrieval was applied by incubating the samples in 

a 10 mM sodium citrate buffer (pH 6) at 97°C for 

40 minutes. The endogenous peroxidase activity of 

the tissue was blocked by a 0.3% H2O2 solution and 

subsequently, sections were incubated with 100% 

protein block (56) for 60 minutes (Agilent DAKO, 

USA). Thereafter, sections were incubated 

overnight with monoclonal mouse anti-human 

CD68 clone KP1 antibody (1:100, M0814, Agilent, 

USA), mouse anti-human CD31 antibody (1:100, 

M0823, Agilent, USA) and monoclonal mouse 

anti-human cytokeratin EA1/EA3 antibody (1:50, 

N1590, Agilent, USA). Next, the conjugated 

secondary goat anti-mouse Alexa Fluor® 555 

antibody (1:500, A2122, Invitrogen, USA) was 

applied to the sections for 60 minutes, followed by 

incubation for 7 minutes with Syto™ 61 Red 

fluorescent (1:1000, S11343, Invitrogen, USA) as a 

nuclear counterstain. Between every step, sections 

were washed with phosphate buffered saline (PBS). 

All antibodies were diluted in 10% PB-PBS. 

Sections were stained in triplicate and primary, 

secondary and endogenous controls were included.  

 

The stained sections were imaged with a Zeiss 

LSM 880 confocal microscope (Carl Zeiss, 

Germany). Placental cells were visualized using the 

20x/0.8 objective (Plan-Apochromat, Carl Zeiss). 

Alexa Fluor® 555-labeled placental cells were 

visualized with a 543 He-Ne laser and the 

counterstain SytoTM 61 Red was visualized with a 

633 He-Ne laser. BC particles were detected as 

previously described. Three repeats of 3x3 tile 

scans were made per placental section (i.e., three 

locations/section) and nine sections per ID were 

screened. All images were achieved by ZEN Black 

2.0 software (Carl Zeiss, Germany). To quantify the 

colocalization of BC with the placental cells, 

Mander’s overlap coefficients were determined by 

the open source software Fiji, using Just Another 

Colocalization Plugin (JACoP) (Image J v 1.53i) 

(57). 

 

Residential BC exposure - The residential BC 

exposure (µg/m3) was determined with a validated 

spatiotemporal interpolation method incorporating 

regional and local air pollution aspects in Flanders 

(58). Satellite images that generate land cover data 

(CORINE landcover data set) and pollution data of 

multiple official fixed monitoring stations are used 

to estimate hourly pollutant concentrations in a 4x4 

km2 receptor grid (54, 58, 59). Hence, daily 

exposure values are provided by combining the 

interpolation method with a dispersion model using 

emissions from line sources, point sources and 

Belgian telemetric air quality networks (54, 58, 59). 

Additionally, distance to a major road (500 meters) 

(E- and N-roads) and traffic density were two traffic 

indicators taken into account, using the Geographic 

Information System (ArcGIS 10 software) (54). 

Maternal BC exposure was already calculated and 

available for each trimester, last week/month/year 

of pregnancy, and the entire pregnancy. Address 

changes during pregnancy were considered.   

 

Statistical analysis - Statistical analysis was 

performed with R-studio version 3.6.2 (2019) © 

and GraphPad Prism 9.1.0 software (60, 61). 

Continuous variables are expressed as mean ± 

standard deviation (SD), categorical variables are 

expressed as number and percentage (%). Data 

were logarithmically transformed to meet the 

assumptions for normality and homoscedasticity. 

Groups of high and low exposure were compared 

using a Student t-test (Welch’s correction) or 

Mann-Whitney test. Furthermore, the correlation 

was determined by calculating the Pearson 

correlation coefficient to look for associations 

between modelled BC exposure and BC load in the 

different biological matrices (i.e., blood, urine and 

placenta). Multiple regression analysis was 

performed to look at associations between BC load 

in blood and covariates. In the biodistribution 

analysis, Mander’s coefficients were calculated and 

a one-way ANOVA with post-hoc Tukey Multiple 

Comparisons test was adopted to compare the BC 

load between the different placental cell types. 

Significance was assessed at 5%. 
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RESULTS 

Study population characteristics – The study 

population of this research comprised 20 mother-

child pairs from the ENVIRONAGE birth cohort. 

Based on the BC levels at the mothers’ residence 

and distance to a major road, mothers were 

classified as being exposed to low BC levels (n = 

10) or high BC levels (n=10) during pregnancy. The 

average BC exposure measured over the entire 

pregnancy was 0.97 µg/m3 and 1.43 µg/m3 for the 

low and high exposed mothers, respectively. 

Characteristics of the study population are shown in 

table 1. Briefly, neonates had an average birth 

weight of 3444.45 gram and measured 50.02 

centimeter. 55% of the studied neonates were male 

and 75% was European. Mothers delivered at the 

mean age of 30.55 years old and all of them gave 

already birth to at least one child. The average 

duration of gestation was 278.85 days. 55% of the 

selected mothers had a high education (college or 

Table 1 – Characteristics of the ENVIRONAGE study population.  

Neonatal characteristics Low exposure (n=10) High exposure (n=10) Total (n=20) P-value 

Birth weight (g) 3261.40 ± 478.14 3627.50 ± 459.62 3444.45 ± 493.59 P = 0.0979 

Birth length (cm)  49.28 ± 28 50.75 ± 1.70 50.02 ± 2.36 P = 0.1687 

Gender - Boy 5 (50%) 6 (60%) 11 (55%) P > 0.9999 

Ethnicity - European 8 (80%) 7 (70%) 15 (75%) P > 0.9999 

Maternal characteristics Low exposure (n=10) High exposure (n=10) Total (n=20) P-value 

Age 29.20 ± 4.18 31.90 ± 4.53 30.55 ± 4.47 P = 0.1833 

Education 

Low 

Middle  

High 

 

1 (10%) 

4 (40%) 

5 (50%) 

 

3 (30%) 

1 (10%) 

6 (60%) 

 

4 (20%) 

5 (25%) 

11 (55%) 

P = 0.7915 

Ever smoked before 0 (0%) 0 (0%) 0 (0%) NA 

Parity 

1 child 

2 children 

>3 children 

 

4 (40%) 

5 (50%) 

1 (10%) 

 

3 (30%) 

4 (40%) 

3 (30%) 

 

7 (35%) 

9 (45%) 

4 (20%) 

P = 0.1815 

Duration of gestation (days) 278.60 ± 8.57 279.10 ± 6.56 278.85 ± 7.43 P = 0.8851 

Season of delivery 

Winter 

Spring 

Summer 

Autumn 

 

2 (20%) 

3 (30%) 

3 (30%) 

2 (20%) 

 

4 (40%) 

5 (50%) 

0 (0%) 

1 (10%) 

 

6 (30%) 

8 (40%) 

3 (15%) 

3 (15%) 

P = 0.1460 

BC exposure during 

pregnancy 

Trimester 1 

Trimester 2 

Trimester 3 

Total pregnancy 

 

 

0.91 ± 0,24 

0.80 ± 0.16 

0.90 ± 0.08 

0.97 ± 0.12  

 

 

1.56 ± 0.39 

2.15 ± 0.53 

1.49 ± 0.29 

1.43 ± 0.31 

 

 

1.23 ± 0.46 

1.48 ± 0.79 

1.29 ± 0.65 

1.33 ± 0.58 

 

 

P = 0.0003 

P < 0.0001 

P < 0.0001 

P < 0.0001 

Distance to major road (m) 1543.35 ± 407.67 169.94 ±150.08 856.65 ± 765.36 P < 0.0001 
Table 1. Characteristics of the mother-child pairs enrolled in the ENVIRONAGE birth cohort. Continuous data are shown as mean ± SD, 

categorical data are given as number and percentage (%). Neonatal characteristics are shown for birth weight (gram), birth length (centimeter), 

gender (boy) and ethnicity. Maternal characteristics comprise age (years), education, smoking history, parity, duration of gestation (days), 

season of delivery and BC exposure during pregnancy (µg/m3). Classification of ethnicity is based on the native country of the neonates' 

grandparents as either European (two out of four grandparents were European) or non-European (at least three grandparents were of non-

European origin, e.g., Turkey, Morocco, etc.). Maternal education was coded “low”, indicating the mother has no diploma or a lower education 

(lower secondary (1st – 3rt middle school)).  Education was coded “middle”, meaning the mother has finished higher secondary education and 

education was classified “high”, indicating the mother has a college or university degree. History of smoking was coded as never smoked, 

stopped a while ago or current smoker. Parity was categorized into giving live birth to one, two or more than three children. Statistics: Student 

t-test (with Welch’s correction) or Mann-Whitney test. Significance at p <0.05. The groups did not significantly differ from each other, except 

for BC exposure during pregnancy. Abbreviations: n – sample size, SD - standard deviation, NA – not applicable. 
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university degree). None of the selected women 

smoked or had a smoking history. No significant 

differences were observed for the described 

characteristics between the groups of low and high 

BC exposure, except for the BC exposure during 

pregnancy (Table 1). 

 

BC kinetics: placenta, maternal blood and 

umbilical cord blood - To study whether BC 

particles cross the placental barrier, placentae, 

umbilical cord blood and maternal blood samples 

were analyzed for their BC load using LSM 880 

confocal microscope. Detection of BC particles was 

based on the white light generation of carbonaceous 

particles under femtosecond pulsed laser 

illumination (48). 

 

BC load was measured in placentae from both 

exposure groups (i.e., low and high) and particles 

could be detected in all screened placentae. Results 

show an average BC load (SD) of 3.02 x 103 (3.17 

x 103) particles per mm3 in the low exposure group 

and 6.77 x 103 (7.35 x 103) particles per mm3 in the 

high exposure group. High exposed mothers had a 

significant higher number of BC particles 

accumulated in their placenta compared to those 

with a low exposure (p = 0.0164) (Figure 4).  

 

Next, maternal and umbilical cord blood 

samples of low and high exposed mothers were 

screened for BC particles. All screened blood 

samples contained BC particles. Maternal blood 

samples had an average BC load (SD) of 7.49 x 104 

(5.64 x 104) in the low exposure group and 3.03 x 

105 (2.34 x 105) in the high exposure group. The BC 

load in umbilical cord blood was lower and 

accounted 1.66 x 104 (7.24 x 103) BC particles per 

mL blood in low exposed mothers and 1.31 x 105 

(9.98 x 104) particles per mL blood in high exposed 

mothers. Differences in BC load were found 

statistically significant between maternal and 

umbilical cord blood samples within the low 

exposed (p = 0.0013) and high exposed group (p = 

0.0201) (Figure 5A). Furthermore, we looked at 

differences in BC load for the low and high exposed 

groups for both maternal and umbilical cord blood. 

Higher BC load was detected in maternal (p = 

0.0002) and umbilical cord blood (p <0.0001) 

samples for high exposed individuals (Figure 5B). 

No statistical significant correlations were found 

between BC load in umbilical cord blood and birth  

 

length (p = 0.9523), birth weight (p = 0.2974), 

duration of gestation (p = 0.4781) and season of 

delivery (p = 0.0596).  

 

BC kinetics: urine - In regard of BC particles 

entering the maternal circulation, we measured BC 

load in urine samples of exposed mothers. In 

addition, osmolality was measured. One urine 

sample was not available and for one urine sample 

we were not able to measure osmolality, resulting 

in the analysis of 18 urine samples. All examined 

urine samples were corrected for osmolality. 

 

BC detection in urine samples resulted in an 

average BC load (SD) of 6.00 x 105 (6.83 x 105) and 

1.28 x 106 (2.15 x 106) particles per mL urine for 

the low and high exposed mothers, respectively. 

The high and low exposed groups did not 

significantly differ from each other after correction 

for osmolality (p = 0.5460). Pearson correlation 

coefficient showed a positive, although not 

significant, correlation between modelled and 

measured BC load (r = 0.46, p = 0.0603).  

 

Residential BC exposure - Mothers were either 

categorized as low or high exposed, based on the 

BC levels at their residence. Maternal residential 

BC exposure was calculated via exposure models 

 
Fig. 4 –  Column graph with individual points representing 

the BC load for placentae. Number of BC particles per mm3 

tissue for the low and high BC exposure groups. Five 

repeats of 3x3 tile scans were made by femtosecond pulsed 

laser illumination. All data are logarithmically transformed. 

Data are shown as mean ± SD.  Horizontal line indicates 

mean. A Student-test was performed * p <0.05. 

Abbreviations: no. - number, mm3 – cubic millimeter.  
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previously discussed. Low and high exposure levels 

were identified as BC levels measured during the 

third trimester and BC levels averaged over the 

whole pregnancy below the 25th percentile or above 

the 75th percentile, respectively, in regard to the 

entire ENVIRONAGE study population. Low 

exposed mothers had a residential BC load lower or 

equal to 0.97 µg/m3 averaged over the entire 

pregnancy and 0.90 µg/m3 in the last trimester of 

their pregnancy. In addition, they lived more than 

500 meters away from a major road. On the other 

hand, mothers with a high residential BC load had 

an estimated BC exposure higher or equal to 1.43  

µg/m3 averaged over their entire pregnancy and 

1.49 µg/m3 in the last trimester of their pregnancy. 

Moreover, they lived within the proximity of 500 

meters of a major road. Mothers classified as low 

exposed lived on average (SD) 1543 (408) meters 

away from a major road and mothers classified as 

high exposed lived 170 (150) meters from a major 

road.  

 

A significant difference was observed between 

high and low residential BC exposure (p <0.0001) 

(Table 1). Pearson correlation coefficients 

demonstrate that residential BC exposure positively 

correlates with the measured BC load averaged 

over the entire pregnancy in placentae (r = 0.48, p  

 

= 0.034), maternal (r = 0.66, p = 0.002) and 

umbilical cord blood (r = 0.90, p <0.0001) (Figure 

6A). Furthermore, a positive correlation was 

established between placental BC  load and 

maternal blood BC load (r =0.51, p = 0.023) and 

placental BC load and umbilical cord blood BC 

load (r = 0.56, p = 0.011). In addition, maternal and 

umbilical cord blood BC load showed an even 

higher correlation (r = 0.65, p = 0.002).  

 

Furthermore, we looked at correlations 

between measured BC load in umbilical cord blood 

and BC exposure during the different trimesters, 

while correcting for the trimesters not considered 

(Figure 6B). Modelled BC exposure demonstrated 

positive correlations between measured BC load in 

umbilical cord blood in trimester 1 (r = 0.06, p = 

0.79), trimester 2 (r = 0.70, p = 0.0009), and 

trimester 3 (r = 0.26, p = 0.28).  

 

BC biodistribution: colocalization 

experiments - To examine the cellular 

biodistribution of BC particles in placental tissue, 

we colocalized BC particles with three native 

placental cell types, i.e., trophoblasts (TB), 

endothelial cells (EC) and Hofbauer cells (HC) 

(Figure 8). Characteristics of the examined  

 

Fig. 5 – Bar plots showing BC load measured in maternal and umbilical cord blood according to residential BC exposure. A - 

Number of BC particles per mL blood for the high and low BC exposure groups, subdivided for maternal and umbilical cord blood. 

Three repeats of 10x10 tile scans were made. B - Number of BC particles measured per mL blood for maternal and umbilical cord 

samples, subdivided in low and high residential BC exposure. Three repeats of 10x10 tile scans were made. All data are 

logarithmically transformed. Data are shown as mean ± SD. A Student-test was performed. * p <0.05, ** p <0.01, *** p <0.001, 

**** p <0.0001. Abbreviations: UC – Umbilical cord, no. - number, mL - milliliter. 
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placental samples can be found in the 

supplementary Table S1. BC particles were  

 

 

visualized in tissue samples from four placentas 

with the white light generation microscopic 

technique. Next, we determined the percentage 

overlap between these placental cell types and BC 

particles by calculating the Manders’ overlap 

coefficients. This coefficient renders two 

percentages, M1 and M2. M1 indicates the 

percentage of stained cells that  contain the BC 

particles and M2 indicates the percentage of BC 

particles within the stained cells. 

 

BC particles were detected in all four screened 

placentae. The average BC load (SD) accounted 

5.57 x 104 (9.63 x 103), 3.22 x 104 (1.44 x 104), 2.56 

x 104 (1.10 x 104) and 2.78 x 104 (1.51 x 104) 

particles per mm3 tissue. Moreover, we determined 

the percentage overlap between these placental cell 

types and BC particles by calculating the Manders’ 

overlap coefficients. Internalization was observed 

in all four screened samples. The mean overlap 

(SD) was 2.24 % (2.77) for the endothelial cells, 

2.95% (3.96) for the Hofbauer cells and 5.08 % 

(4.84) for trophoblasts. Trophoblasts exhibited the 

highest accumulation of  BC particles compared to 

endothelial cells (p=0.0055) and Hofbauer cells 

(p=0.0280). No difference in uptake was observed  

between the endothelial and the Hofbauer cells (p 

>0.9999) (Figure 7).  

  

 
Fig. 6 – Scatterplot of residential BC levels (µg/m3) in function of the number of measured BC particles in blood samples. A - Maternal blood (green) and 

umbilical cord blood (blue). A positive correlation was found between residential BC levels and all measured BC loads. B – BC load in umbilical cord blood 

showed a positive correlation with modelled BC exposure during the third trimester, however this correlation was not found significant. Data were 

logarithmically transformed. Pearson correlation coefficients were determined. Abbreviations: BC – black carbon, UC – umbilical cord, µg – microgram, 

mL - milliliter. 

 
Fig. 7 – Bar plot representing the percentage of BC particles 

that colocalize with placental endothelial cells, Hofbauer 

cells and trophoblasts. BC particles were imaged under 

femtosecond pulsed laser illumination and Mander’s 

coefficients were calculated to determine percentage (%). 

Trophoblasts showed most accumulation of BC particles 

(%). No significant difference was observed between 

internalization of BC particles in endothelial cells and 

Hofbauer cells. Data represent the colocalization coefficient 

and SD. One-way ANOVA with post-hoc Tukey Multiple 

Comparisons test. *p <0.01, **p<0.001. Abbreviations: EC 

– endothelial cells, HC – Hofbauer cells, TB – trophoblasts, 

BC – black carbon, ANOVA: analysis of variance, ns – not 

significant, SD – standard deviation. 
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DISCUSSION 

BC kinetics: BC detection in placentae, 

maternal and umbilical cord blood - In the prospect 

that BC particles translocate from the maternal  

circulation towards the placentae, we screened 

maternal and umbilical cord blood samples for their  

BC load to determine whether these particles are 

able to cross the placental barrier and enter the fetal 

circulation. BC particles were detected in all 

analyzed placental and blood samples, 

demonstrating that the placenta is not an 

impenetrable barrier and particles in fact reach the 

fetal circulation. We observed a higher BC load in 

maternal blood compared to umbilical cord blood, 

indicating that BC particles reach the fetal 

circulation, albeit in limited amounts (Figure 5).  

 

Our results are corresponding with previous 

studies that looked at the transfer of NPs and 

combustion-derived particles in various ex vivo, in  

vitro and in vivo models (42, 64). However, these 

models are not a complete representation of the 

real-life human situation, as the placenta is a 

species-specific organ and the studied models (e.g., 

mice, rats, rabbits) have a different placental 

structure (i.e., multiple trophoblast layers compared 

to one continuous layer), which makes 

extrapolation to the human situation difficult (32, 

65, 66). Therefore, animal models are not the 

optimal model to study placental translocation 

processes. Furthermore, ex vivo and in vitro studies   

 

often use human tissue. Wick et al. showed via an 

ex vivo placental perfusion model that polystyrene 

NPs with a diameter less than 240 nm cross the 

placental barrier and reach the fetal circulation (67). 

However, these models lack proper anatomical 

architecture and blood flow (65). Placental blood 

flow decreases during the transition from spiral 

arteries (i.e., 70 mm Hg) towards the capillaries in 

the intervillous space (i.e., 10 mmHg), allowing for 

efficient and effective perfusion of the intervillous 

space with maternal blood (68). Likewise, blood 

flow falls during the transition from the umbilical 

vessels (i.e., 50 mm Hg) towards the villous 

capillaries (i.e., 30 mm Hg). Subsequently, blood 

pressure in the umbilical vessels and their villous 

branches is greater than within the intervillous 

space, affecting transfer of substances (68). Human 

studies are therefore preferred and of high 

importance. Our research group recently 

demonstrated the accumulation of BC particles in 

human placentae and the transfer of limited 

amounts of DEPs through an intact placental 

barrier, providing evidence from real-life human 

exposures (44, 46). 

 

BC particles were identified based on the 

white light generation when illuminated with a 

femtosecond pulsed laser. On the contrary, the 

magnitude of studies analyzing combustion derived 

particles used light, electron (i.e., scanning and 

transmission), fluorescence and confocal 

 
Fig. 8 -  Distribution of BC particles in fresh paraformaldehyde fixed placental tissue. Images of placental sections with the stained structures of interest. 

A - Trophoblasts are stained with anti-cytokeratin (yellow). B - Endothelial cells are stained with anti-CD31 (green).  C - Hofbauer cells are stained with 

anti-CD68 (blue). Nuclei were stained with Syto-61 Red (red) (A-C). BC particles were imaged under femtosecond pulsed laser illumination and indicated 

by the white arrows.  Scale bar is set to 30 µm. Abbreviations: µm – micrometer.  
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microscopy, often at very high magnifications (e.g., 

x5800), to study morphological (shape, size, color, 

etc.) characteristics (38, 69-72). In addition, 

techniques such as inductively coupled plasma - 

mass spectrometry (ICP - MS), Brunauer – Emmett 

- Teller, EDX, Raman- and electron energy loss 

spectroscopy are applied for chemical and 

elemental characterization (38, 69-72). These 

techniques require extensive sample preparation 

(i.e., fluorescent labeling, preparation of TEM 

grids, etc.), cause damage to the sample (e.g., 

electron beam in electron microscopy) and samples 

are lost after analysis (e.g., ICP-MS). Furthermore, 

visualization of particles relies on their size and 

shape and identification of combustion-derived 

particles is often a consequence of the observation 

of black inclusions, notwithstanding this could be 

other than BC particles. Correspondingly, these 

techniques are time consuming, expensive and lack 

sensitivity and specificity. Our detection technique 

has various advantages over aforementioned 

techniques. No sample preparation is required and 

BC particles are directly visualized (i.e., you image 

the particle and not a fluorophore) based on their 

emission pattern and signal intensity (48). In 

addition, the biological context is preserved and 

samples can be measured multiple times. Detection 

occurs with a high specificity and sensitivity and is 

less time-consuming and cost-efficient in the long-

term. 

 

Residential BC exposure - Residential BC 

exposure was measured with a validated spatial and 

temporal interpolation method that provides daily 

exposure values for the entire pregnancy (46, 54, 

58, 73). The modelled BC exposure at the mothers’ 

residence positively correlated with the BC load 

measured in placentae, maternal and umbilical cord 

blood (Figure 6A). Furthermore, higher exposure 

during pregnancy resulted in a higher BC load in 

both maternal and umbilical cord blood. This 

indicates that a higher exposure leads to higher 

accumulation of BC in the maternal circulation, 

resulting in a higher fraction being transferred to the 

fetal circulation. Dose and duration of exposure are 

therefore important characteristics determining 

particle transfer (65). Notably, we found a higher 

correlation between modelled BC exposure and BC 

load in umbilical cord blood compared with 

maternal BC load. It was expected that modelled 

BC exposure would show a higher correlation with 

maternal BC load as the mother is directly exposed 

to the BC particles through inhalation. This 

observation is remarkable and can thus far not be 

explained. 

 

Additionally, a positive correlation was 

established between BC load in umbilical cord 

blood and modelled BC exposure during the 

different trimesters of pregnancy (Figure 6B). 

However, only the modelled exposure during the 

second trimester was found to be significantly 

correlated with measured BC load in umbilical cord 

blood. This is not what we expected, as the 

trophoblast layer becomes thinner towards the end 

of pregnancy (65). Therefore, we expected to find a 

significant and positive correlation between 

measured BC load and BC exposure in the third 

trimester, as translocation of substances is most 

convenient during this period as the placental 

barrier is at its thinnest (65).  

 

These findings emphasize the need to reduce 

exposure of the fetus against BC particles, as we 

detected these particles in all examined placental 

and blood samples. Furthermore, we highlight the 

potential of BC to mediate direct toxic effects, as 

the developing fetus is especially vulnerable due to 

low levels of xenobiotic-metabolizing and 

detoxifying enzymes, which make tissues more 

sensitive to oxidative stress (74). Accordingly, this 

can lead to adverse birth outcomes and diseases  in 

later life.   

 

BC biodistribution experiments - Given the 

ability of BC particles to cross the placental barrier 

and reach the fetal circulation, we also analyzed 

whether these particles are internalized in key 

placental tissue cells, namely trophoblasts, 

Hofbauer cells and endothelial cells. Particles were 

likewise detected with the previously discussed 

white light detection technique under femtosecond 

pulsed laser illumination. Results showed 

accumulation in all three cell types in all examined 

placentae. Moreover, trophoblasts showed the 

highest accumulation, followed by Hofbauer and 

endothelial cells (Figure 7). These results align with 

the observations found in a study published by our 

research group. Bongaerts et al. demonstrated the 

accumulation of DEPs in an ex vivo placental 

perfusion model. A significant uptake of DEPs into 

human placental tissue after 6 hours of perfusion 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/oxidative-stress
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was found in all three cell types. Furthermore, 

DEPs were detected inside fetal micro vessels (44). 

 

Previous studies already showed that particles 

are taken up by trophoblasts (38, 75, 76). The high 

accumulation can be explained by the fact that 

trophoblast are the first cells to develop after 

implantation of the embryo, meaning they are 

exposed from the early beginning of pregnancy (39, 

66, 77). In addition, they form a physical barrier 

(i.e., syncytium) between maternal and fetal 

circulations, organized in villous structures (39, 66, 

77). The continuous nature of these cells, decrease 

paracellular transport thereby favoring the uptake 

of particles in cells (44). Moreover, trophoblasts 

contain efflux and influx transporters on both 

membranes facing the maternal and fetal side, 

therefore, these cells can efficiently mediate 

maternal-fetal disposition of exogenous 

compounds (39). Familari et al. showed via an in 

vitro approach that both PM10 and PM2.5 are 

internalized by endocytosis in HTR-8/SVneo 

human trophoblast cells (75). Additionally, 

Rattanapinyopituk et al. demonstrated an increased 

number of endocytic vesicles in the cytoplasm of 

syncytiotrophoblasts after the administration of 

gold NPs to pregnant mice (78). Besides 

accumulation in trophoblasts, second most 

accumulation was observed in Hofbauer cells, 

which can be explained by their specialized role in 

the human placenta. Hofbauer cells initiate the 

placentas’ immune response via the recognition of 

foreign substances. These cells act by 

phagocytosing these substances and secreting 

inflammatory cytokines (79).  Multiple studies 

have previously shown that carbon was taken up in 

airway macrophages, often associated with 

environmental BC exposure (80-83). In addition, 

PM accumulation was also observed in placental 

macrophages, established by in vitro and in vivo 

approaches (38). Lastly, BC particles colocalized 

with placental endothelial cells, demonstrating that 

BC particles are in very close contact with the fetal 

circulation. Research already demonstrated the 

uptake of NPs and carbon black (CB) particles in 

endothelial cells via endocytosis (71, 78, 84). 

However, the uptake of particles depends on the 

prevailing shear stress and flow conditions (85). 

  

An optimized immunofluorescence protocol 

was performed to visualize the cells of interest. 

Placental endothelial strongly expresses CD31 in 

the fetal vessels (86, 87), however, Yue et al. 

showed that the expression of CD31 significantly 

was suppressed in mice who were exposed to PM2.5 

towards the end of gestation (88). Therefore, 

alternative markers, such as anti-CD34, which 

showed no decreased expression when exposed to 

PM2.5 can be applied (88). The additional use of 

caveolin-1 has the potential to suggest endocytosis-

mediated particle transfer from the maternal to the 

fetal circulation (78). In addition to visualizing 

trophoblasts with anti-cytokeratin to determine 

colocalization with BC particles, it would be 

interesting to use an additional marker for the 

detection of the protein clathrin. Clathrin is 

associated with endocytosis in syncytiotrophoblasts 

in mouse placenta (78). Therefore, visualization of 

both cytokeratin and clathrin would suggest uptake 

of BC particles in trophoblasts via endocytosis (78). 

An alternative for the visualization of Hofbauer 

cells are the markers CD163 and DC-SIGN, as their 

expression is restricted to the macrophage lineage 

under chorioamnionitis conditions (89).  

 

These results demonstrate that inhaled BC 

particles do not only translocate to the placenta, but 

are also taken up in native placental tissue cells in 

an in vivo, real-life exposure condition. This has 

implications for the native tissue cells and 

indirectly towards the developing fetus. Our study 

did not look at possible effects of BC particles on 

these cells, but multiple studies have demonstrated 

that exposure to NP and combustion-derived 

particles has damaging effects on these cells. The 

cells may respond to the particles itself or the 

impurities in their surface (e.g., PAHs and metals) 

by the induction of reactive oxygen 

species, autophagy and necrosis (71, 90). 

Furthermore, particles caused cytotoxic injury, 

inflammatory responses, inhibition of cell growth 

and apoptosis (75, 90, 91).  

 

BC detection in maternal urine samples - In 

regard of BC particles entering the maternal 

circulation, urine samples were analyzed for their 

BC load. BC particles were detected in all screened 

urine samples, but no difference in BC load was 

observed between the low- and high exposed 

mothers. Furthermore, a positive correlation could 

be established between modelled BC exposure and 

urinary BC load. This was also demonstrated by 
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Saenen et al., who showed that urinary black carbon 

load represents the accumulation of chronic 

exposure to combustion-related air pollution (73). 

In addition, these findings serve as an indication 

that systemic BC particles are effectively cleared 

from the circulation into the urine (73). Additional 

studies previously showed clearance of inhaled PM 

and BC via the kidney (73, 75). Furthermore, not 

only the kidneys play a role in the clearance of 

particles from the systemic circulation. Airway 

macrophages and the gastrointestinal tract are also 

involved in clearing inhaled PM (75, 80). A study 

has shown that CB particles can remain up to seven 

years in airway macrophages after several years of 

exposure in highly polluted areas. In less polluted 

areas, a half-life time of these particles was 

observed of two till four months (80). Clearance 

mechanisms may differ between individuals, 

possibly explaining the different BC load in urine 

samples.  

 

Presence of BC particles into the urine implies 

direct exposure of the kidneys to these particles. 

Again, this indicates that various distant organs are 

a target for potential interaction and damage of 

these particles. In this regard, exposure to 

particulates can lead to chronic kidney disease and 

decline in renal function, further demonstrating the 

need for reducing current PM and BC emissions 

(92).   

 

Limitations - We acknowledge some 

limitations of this study. First, sample sizes were 

small for both the BC kinetics and biodistribution 

experiments. Therefore, this study should be seen 

as a pilot study. Power calculations were performed 

with the statistical program G*Power (93) to 

determine the optimal sample size. Power was set 

to 0.85 and significance level to 0.05 for all sample 

size calculations. Effect sizes (d) were based on the 

mean and SD of the current pilot study. Follow-up 

studies should include 74 (d = 0.71) placental 

samples, 60 (d= 0.80) mother-newborn blood 

samples and up to 620 (d = 0.20) urine samples. 

Biodistribution experiments should be performed 

on 156 (d = 0.27) placental samples. Second, we 

were not able to determine the size of the detected 

BC particles, because of the diffraction limit in 

optical microscopy (73). Therefore, no conclusions 

can be made on the size of the particles that reach 

the fetal circulation. Size of the translocated 

particles may play a role in eliciting toxicity on the 

exposed tissues and therefore worth considering in 

further research (94). Third, contamination of BC 

particles in the air could have occurred. By using a 

clean room with filtered air to handle the samples, 

we avoid potential external contamination of 

carbon particles. Fourth, the modelled BC exposure 

relies only on outdoor residential exposure. 

Nevertheless, almost 70% of women in today’s 

society are engaged in paid employment, making it 

interesting to also take into account occupational 

BC exposures (95, 96). In addition, indoor 

exposures have also a major contribution to 

personal BC exposure. Therefore, our modelled BC 

exposure estimates represent an underestimation of 

actual BC exposure.  

 

Future perspectives – Placental inflammation 

in animal models was shown to increase 

translocation of NPs to the fetus (97). Inflammation 

of the placenta is characterized by the infiltration of 

the placenta by maternal cells such as lymphocytes, 

macrophages and plasma cells (98). Inflammation 

can be established during pregnancy by 

determining leukocyte differential counts, C-

reactive protein concentrations and neutrophil to 

lymphocyte ration. All of the aforementioned 

parameters are increased in women with placental 

inflammation. These non-invasive markers for 

placental inflammation have sufficient accuracy, 

sensitivity and specificity to assess inflammation 

status in pregnant women and can be performed via 

simple blood collection (99). In addition, 

inflammation can also be determined after birth. A 

major characteristic of placental inflammation is 

the infiltration of CD8 positive T-cells in placental 

structures. Therefore, immunofluorescence could 

be performed to target these cells (anti-CD8 

antibodies), providing an indication whether the 

mother endured placental inflammation (98). 

 

Further research is necessary to study whether 

translocated BC particles accumulate and target 

fetal tissues. However, due to ethical concerns this 

is very challenging. Furthermore, our birth cohort 

includes mother-newborn pairs at birth and 

performs follow-up of these children at the age 4 - 

6 years old and a follow-up at the age of 10 -12 

years old is now also considered. This creates the 

opportunity to establish possible health and 

developmental effects of prenatal BC exposure. 



                           Senior internship - 2nd master BMS 

16 
 

This can lead to perspectives on the direct effects of 

prenatal BC exposure and provide insight into the 

DOHaD phenomenon.  

 

CONCLUSION 

In conclusion, BC particles are present in 

maternal and umbilical cord blood, suggesting the 

translocation from the maternal circulation to the 

fetal circulation. Accordingly, the fetus endures 

direct exposure to the most toxic component of 

environmental particulate matter during its most 

susceptible period of life. Further investigation is 

necessary to establish the mechanism by which the 

transferred BC particles influence development and 

birth outcomes. In addition, BC particles were 

internalized in key placental tissue cells, including 

endothelial cells. Accumulation of these particles 

can interfere with normal cell function and 

eventually impair placental function and barrier 

integrity. We observed a positive correlation 

between modelled BC exposure and BC load in all 

examined biological samples, implying that a 

higher exposure result in a higher amount of 

particles that translocate towards various distant 

organs. This emphasizes the need for reducing BC 

emissions on a global scale.   
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S1. Sampling of placental tissue 

 

 
Fig. S1. Sampling scheme for placental tissue. The placenta is faced upwards and four fetal sided biopsies are taken from each 

quadrant (A-D) and one maternal sided biopsy is acquired, corresponding with fetal sided biopsy A. Biopsies are taken 4 cm away 

from the umbilical cord and 1.5 cm underneath the chorio-amniotic membrane. Source: adapted from Janssen et al., 2014 (52).  
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S2. Overview of the protocol for detection of BC particles in blood samples 

 

 
Fig. S2. Schematic representation of the experimental procedures for detection of BC particles in blood samples with femtosecond 

pulsed laser illumination. Sample preparation. Blood samples are aliquoted between a glass slide and a cover slip, built as an 

imaging chamber. Capillary forces spread the sample equally over the entire chamber. Confocal microscopy. The resulting samples 

are subjected to illumination with a femtosecond pulsed laser and imaged with a confocal microscope. Emission is detected within 

the SHG (400 - 410 nm) and TPAF (450 - 650 nm) detection channels. The imaged area is recorded as tile scans. Data analysis. 

The number of BC particles in each tile scan is evaluated using a peak-finding algorithm in Matlab (Matlab 2010, MathWorks, The 

Netherlands). Matlab software counts pixels above an experimentally determined intensity threshold. Particles identify as BC when 

their emission signal is present in both channels (SHG and TPAF) and the intensity of emitted white light lies above the threshold 

value. Based on the number of particles per imaging volume, the number of particles per mL is calculated. Source: figure was 

adapted from Bové et al. (44). 
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S3. Determination of number of repeats 

 

To determine the type and number of repeats of tile scans to achieve reproducible results for each blood 

sample, we spiked whole adult blood samples with conductive carbon black (CCB) particles. A 

concentration range of 0.039 – 40 µg CCB particles per mL blood was applied.  

 

First we looked at the variance between 3x3 and 10x10 tile scans regarding the measured number of CCB 

particles. Therefore, we calculated the coefficient of variation for a 3x3 and 10x10 tile scan for the spiked 

blood samples. Results showed a lot of fluctuations and were therefore ambiguous. However, we choose to 

work with 10x10 tile scans as a bigger surface is screened. Furthermore, we looked whether there was a 

difference in measurements when five or three tile scans (repeats) were made for blood samples. Bland-

Altman plots revealed no significant differences between five or three repeats, except for the highest CCB 

concentration (i.e., 40 µg/mL) (Figure S3A). However, 95 % of our measurements are within the limits of 

agreement and therefore, no difference in measured CCB load is observed when five or three repeats are 

considered. Furthermore, results showed a high correlation between the concentration of CCB particles and 

measured CCB load in blood for confocal microscope LSM 880 (r = 0.9426, p <0.0001) (Figure S3B).  

 

 
Fig. S3. A - Bland-Altman plot showing the difference in CCB load between five and three repeats of 10 x 10 tile scans. Green and 

blue dotted line represent the upper and lower limit of agreement, respectively. Red crosses represent the average of the measured 

CCB particles for the repeats, with five repeats being the reference. B – Scatterplot showing the correlation between the spiked 

CCB concentrations and the measured CCB load in whole adult blood. Data were logarithmically transformed. Mean values are 

shown. Pearson correlations were determined between spiked CCB concentration and measured CCB load in whole adult blood.  

Abbreviations: CCB – conductive carbon black, no. – number, µg – microgram, mL – milliliter. 
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S4. Colocalization experiments 

 

S4.1. Characteristics of the studies placentae 

 

S4.2. Protocol 

 

Colocalization experiments were performed on one fetal-sided placental biopsy as it was previously shown 

by Bové et al. that no difference in BC load exists between different placental biopsies (46). Fresh placental 

biopsies were immediately fixated in 4% paraformaldehyde (Sigma-Aldrich, USA) and kept on ice for 24 

hours. Tissues were then dehydrated in increasing ethanol (EtOH) (VWR Chemicals, USA) concentrations 

(75-100%) and afterwards embedded in molten paraffin (62°C). After tissue embedment, 4 µm thick 

sections were made using a microtome (Leica Biosystems, Germany). Subsequently, these sections were 

processed for immunohistochemistry. Briefly, the sections are deparaffinized in xylene (Merck, Germany) 

(2x5 min) and rehydrated in decreasing EtOH concentrations (2x5 min - 100% and 1x5 min - 95-80-70-

50%), followed by washing with deionized water (1x5 min). Heat-induced antigen retrieval is applied by 

incubating the samples in 10 mM sodium citrate buffer (pH 6) in a 97°C water bath (Thermo Fisher 

Scientific, USA) for 40 minutes. Afterwards, the samples are cooled down to room temperature (30 min) 

and washed with phosphate buffered saline (PBS) (2x5 min) on a shaker (Fisher Scientific, USA). The 

endogenous peroxidase activity of the tissue is blocked by a 0.3% H202 solution (1x10 min), pursued by 

washing in PBS (2x5 min) and deionized water (1x5 min). Subsequently, sections are incubated with 100% 

protein block (56) for 60 minutes (Agilent DAKO, USA), followed by incubation overnight in a humid 

chamber (4°C) with the primary antibody diluted in 10% PB-PBS. The primary antibodies used for this 

experiment are the monoclonal mouse anti-human CD68 clone KP1 antibody (M0814, Agilent, USA) 

(1:100), mouse anti-human CD31 antibody (M0823, Agilent, USA) (1:100) and primary monoclonal mouse 

anti-human cytokeratin EA1/EA3 antibody (N1590, Agilent, USA) (1:50). Next, sections are incubated for 

60 minutes with the conjugated secondary goat anti-mouse Alexa Fluor® 555 antibody (A2122, Invitrogen, 

USA) (1:500) diluted in 10% PB-PBS in a humid chamber. After washing with PBS (3x5 min), sections 

are incubated in a humid chamber (10 min) with Syto™ 61 Red fluorescent (S11343, Invitrogen, USA) 

diluted in 10% PB-PBS (1:1000) as a nuclear counterstain. Both primary and secondary controls were 

included.  

 

 

 Placenta 1 Placenta 2 Placenta 3 Placenta 4 

Age mother 32 29 30 28 

Education high middle high low 

Ever smoked before no no no no 

Parity 2 1 2 2 

Duration of gestation (days) 280 251 286 276 

Season of delivery winter winter winter winter 

BC exposure during  pregnancy 

Trimester 1 

Trimester 2 

Trimester 3 

Total pregnancy 

 

0.96 

1.41 

1.58 

1.31 

 

1.20 

1.69 

1.55 

1.47 

 

0.78 

1.14 

1.26 

1.05 

 

0.74 

1.07 

1.07 

0.96 

Table S1 - Characteristics of the placental samples included in the biodistribution experiments.  

Table S1. Characteristics of the placental samples from the ENVIRONAGE birth cohort. Placental characteristics comprise of the mother (years), 

education, smoking history, parity, duration of gestation (days), season of delivery and BC exposure during pregnancy (µg/m3). Maternal 

education was coded “low”, indicating the mother has no diploma or a lower education (lower secondary (1st – 3rt middle school)).  Education 

was coded “middle”, meaning the mother has finished higher secondary education and education was classified “high”, indicating the mother has 

a college or university degree. History of smoking was coded as never smoked, stopped a while ago or current smoker. Parity was categorized 

into giving live birth to one, two or more than three children.  
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S4.3. Hematoxylin-Eosin staining of placental tissue 

 
Fig. S4. Villous structures in placental tissue. Placental sections were stained with a Hematoxylin-Eosin staining to visualize the 

main placental architecture. A – Image acquired at 40x magnitude. Following structures are indicated on the image: SCT – 

syncytiotrophoblasts, MBC – maternal red blood cells, IS – intervillous space. Scale bar indicates 50 µm. B – Image at 20x 

magnitude. Three different villi are shown. Scale bar is set at 100 µm. C – Image at 10x magnitude. Following structures are 

denoted: SCT – syncytiotrophoblasts, CT – cytotrophoblasts, FC – fetal capillary. Scale bar is set at 200. 


