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Abstract

Perfluorooctane sulfonate (PFOS), a class of synthetic chemicals detected in various 

environmental compartments, has been associated with dysfunctions of the human central 

nervous system (CNS). However, the underlying neurotoxicology of PFOS exposure is largely 

understudied due to the lack of relevant human models. Here, we report bioengineered human 

midbrain organoid microphysiological systems (hMO-MPSs) to recapitulate the response of a 

fetal human brain to multiple concurrent PFOS exposure conditions. Each hMO-MPS consists 

of an hMO on a fully 3D printed holder device with a perfusable organoid adhesion layer for 

enhancing air-liquid interface culturing. Leveraging the unique, simply-fabricated holder devices, 

hMO-MPSs are scalable, easy to use, and compatible with conventional well-plates, and allow 

easy transfer onto a multiple-electrode array (MEA) system for plug-and-play measurement of 

neural activity. Interestingly, the neural activity of hMO-MPSs initially increased and subsequently 

decreased by exposure to a concentration range of 0, 30, 100, to 300 μM of PFOS. Furthermore, 

*Corresponding author. fengguo@iu.edu (F. Guo). 

CRediT authorship contribution statement
Chunhui Tian: Writing – original draft, Investigation, Data curation. Hongwei Cai: Writing – review & editing, Validation, 
Methodology, Investigation. Zheng Ao: Writing – review & editing, Methodology, Data curation. Longjun Gu: Writing – 
review & editing, Methodology, Investigation. Xiang Li: Methodology, Investigation. Vivian C. Niu: Visualization, Data curation. 
Maria Bondesson: Writing – review & editing, Data curation. Mingxia Gu: Writing – review & editing, Data curation. Ken 
Mackie: Writing – review & editing, Data curation. Feng Guo: Writing – review & editing, Supervision, Funding acquisition, 
Conceptualization.

Declaration of competing interest
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.scitotenv.2024.174478.

HHS Public Access
Author manuscript
Sci Total Environ. Author manuscript; available in PMC 2024 October 15.

Published in final edited form as:
Sci Total Environ. 2024 October 15; 947: 174478. doi:10.1016/j.scitotenv.2024.174478.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PFOS exposure impaired neural development and promoted neuroinflammation in the engineered 

hMO-MPSs. Along with PFOS, our platform is broadly applicable for studies toxicology of 

various other environmental pollutants.
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1. Introduction

Perfluoroalkyl substances (PFAS) are a group of synthetic organic pollutants characterized 

by environmental bioaccumulation and persistence as well as high toxicity to human beings 

(Fábelová et al., 2023; De Silva et al., 2021; Glüge et al., 2020). PFAS are widely used in 

daily products such as food packaging, non-stick cookware, personal care products, textiles, 

paper, etc., and are detected in at least 45 % of U.S. tap water, putting people at risk of 

PFAS exposure (Wee and Aris, 2023; Smalling et al., 2023). Evidence of accumulation 

of PFAS in human brain tissue raises concerns about the health impact of PFAS on the 

brain (Pérez et al., 2013; Cao and Ng, 2021; Maestri et al., 2006). Among the many PFAS, 

perfluorooctane sulfonate (PFOS) stands out as particularly concerning due to its high 

toxicity and widespread detection in the global environment (Wee and Aris, 2023; Saikat 

et al., 2013). Substantial evidence shows that PFOS is detected in biological samples from 

people, including vulnerable pregnant women (Matilla-Santander et al., 2017; McAdam 

and Bell, 2023; Whitworth et al., 2012; Rovira et al., 2019). Because PFOS can cross the 
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placenta barrier actively or passively, it may adversely affect the developing embryo (Yao et 

al., 2023; Pan et al., 2017; Wang et al., 2019). Epidemiological studies provide evidence of 

a positive association between prenatal PFOS exposure and cognitive disorders in children 

(Vuong et al., 2021; Lenters et al., 2019). However, the precise developmental toxicity of 

PFOS is still largely understudied in humans.

Several models have been used to study the neurotoxicity of pollutants including PFOS. 

To date, two-dimensional (2D) in vitro neuron cultures illuminate that PFOS exposure 

generates reactive oxygen species (ROS), alters neuronal calcium load and morphology, and 

causes neuronal apoptosis (Liu et al., 2011; Pierozan and Karlsson, 2021; Li et al., 2017; 

Wang et al., 2015; Dusza et al., 2018; Fang et al., 2018). Studies in animal models reveal 

detrimental impacts of PFOS on the brain's dopaminergic system including reduced numbers 

of dopaminergic neurons and decreased levels of the dopamine neurotransmitter (Foguth 

et al., 2019; Kalyn et al., 2023; Grønnestad et al., 2021). These perturbations combined 

cause defective learning and memory in the brood (Grønnestad et al., 2021; Jantzen et al., 

2016; Starnes et al., 2022). The 2D in vitro and animal models clearly demonstrate that 

PFOS exposure results in neurotoxicity. However, studies regarding the exact mechanisms 

of prenatal PFOS exposure in developing human brains are still limited. Whereas 2D 

in vitro models lack the intricate microenvironment of the brain and cannot faithfully 

replicate developmental processes, animal models do not fully recapitulate human biology 

and responses to PFOS exposure (Jucker, 2010; Kandratavicius et al., 2014). Thus, there is 

a tremendous need to develop three-dimensional (3D) human brain models to examine the 

effects of PFOS exposure on the developing human brain.

Human brain organoids, 3D brain-like tissues derived from human stem cells, recapitulate 

key physiological features of the developing human brain (Lancaster et al., 2013; PaŞca 

et al., 2015; Birey et al., 2017; Velasco et al., 2019; Pavon et al., 2024; Karzbrun et al., 

2018). The human brain organoid models provide a promising solution to study the impact 

of toxicants on the developing fetal brain with the following advantages: (1) Current human 

brain organoids replicate the cell diversity of a developing human brain containing neurons, 

astrocytes, and neural progenitors (Di Lullo and Kriegstein, 2017; Karzbrun and Reiner, 

2019); (2) Human brain organoids recapitulate structure and function of the developing 

human brain as well as its response to treatments (Trujillo et al., 2019; Pasca, 2018); and 

(3) Human brain organoids derived from human induced pluripotent stem cells (iPSCs) 

preserve an individual's genetic background and mutations (Birey et al., 2017; Qian et al., 

2016; Iefremova et al., 2017). Different human brain organoids including cerebral organoids 

(Zhu et al., 2017; Bu et al., 2020; Huang et al., 2021; Bilinovich et al., 2021; Huang et 

al., 2024; Jiang et al., 2020; Liu et al., 2022), cortical organoids (Caporale et al., 2022; 

Adams et al., 2023; Chen et al., 2023), and forebrain organoids (Cao et al., 2023) have 

been applied to investigate the neurotoxicity of toxicants such as alcohol (Zhu et al., 

2017; Adams et al., 2023), acrylamide (Bu et al., 2020), cadmium (Huang et al., 2021; 

Huang et al., 2024), diesel particulate matter (Bilinovich et al., 2021), endocrine disrupting 

chemicals (Caporale et al., 2022), nanoplastics (Chen et al., 2023), graphene oxide (Liu et 

al., 2022), and bisphenol A (Cao et al., 2023). However, current human brain organoids 

impose certain challenges including random cellular diversity and ratios, poor penetration 

of oxygen and nutrients, variable reproducibility, and low throughput. To address these 
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organoid challenges and promote neurotoxicity research, engineered organoid chips and 

microphysiological systems have been developed (Karzbrun et al., 2018; Wang et al., 2018a; 

Yin et al., 2018; Ao et al., 2020). By using a microfabricated compartment device, the 

Reiner group reported the first human brain organoids on a chip system for understanding 

the folding during the development of an embryonic human brain (Karzbrun et al., 2018). 

By employing microfabricated microfluidics, the Qin group developed a brain organoid-on-

a-chip platform to study prenatal exposure to nicotine (Wang et al., 2018a). Moreover, 

they developed microfabricated pillar-array devices to culture human brain organoids for 

modeling impaired neurogenesis caused by cadmium (Yin et al., 2018). We have previously 

incorporated microfabricated devices with a human cerebral organoid protocol for a one-stop 

assembly of organoids to explore the neurotoxicity of prenatal cannabis exposure (Ao et al., 

2020). Despite these recent advances in neurotoxicity research using brain organoid models, 

some limitations still exist including (1) The absence of a midbrain brain organoid model 

for examination of neurotoxicity on the dopaminergic system, which is crucial for memory, 

learning, attention, reward, and other cognitive functions (Wise, 2004); and (2) Inability to 

stably and reproducibly measure neural activity of brain organoids.

Here, we describe the development of innovative human midbrain organoid 

microphysiological systems (hMO-MPSs) to model the impact of prenatal PFOS exposure 

on human brain development. Our system boasts several unique features. Firstly, the 

utilization of hMOs within the system elucidates the impact of PFOS on the developing 

dopamine system in the human brain, an opportunity not possible in previous research. 

Secondly, the system supports the cultivation of many hMOs, facilitating the concurrent 

investigation of multiple conditions, such as different concentrations of PFOS important 

for the assessment of dose-toxicity relationships. Additionally, the incorporation of MEA 

plates in the system enables monitoring of neural activity in hMOs exposed to varying 

concentrations of PFOS, offering an intuitive view of the overall impact of toxicants on brain 

development. Utilizing this novel hMO-MPS, we simulate prenatal exposure to PFOS and 

demonstrate its adverse effects on human brain development.

2. Materials and methods

2.1. Preparation of PFOS solutions

Perfluorooctanesulfonic acid potassium salt (AK Scientific Inc) was dissolved in 

dimethylsulfoxide (DMSO) (Sigma) to a concentration of 600 mM and stored at 4 °C. 

The solution was placed in a sonicator (Branson) for five minutes to fully dissolve the 

perfluorooctanesulfonic acid potassium salt. The 600 mM stock solution was diluted to final 

concentrations with culture media before use.

2.2. Generation of human midbrain organoids

The human embryonic stem cell line used in this study was WA09 purchased from WiCell 

Institute. The application of the cell line strictly abides by the laws and regulations of 

WiCell Institute and Indiana University. The cells were cultured in Matrigel (Corning) 

pre-coated 6-well plates (Corning) with mTESR plus medium (Stemcell Technologies) 

changed three times a week. The cell culture plates were placed in an incubator which 
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maintained a constant temperature of 37 °C with 5% CO2 (Thermo Fisher). ReLeSR 

(Stemcell Technologies) was used for the cell passage which occurred every five days. The 

hMOs were cultured according to a previously reported protocol (Jo et al., 2016). In brief, 

embryonic bodies (EBs) were generated by WA09 cells assembled in 96-well U bottom 

microplates (Corning) (around 9000 cells per well) and cultured under differentiation media 

with Matrigel embedding and orbital shaking (Jo et al., 2016).

2.3. Design and fabrication of holder devices

The device was first designed in AutoCAD software and then printed using 3D Printer 

(Phrozen) (Ao et al., 2022; Ao et al., 2021a; Cai et al., 2020a; Wu et al., 2020; Cai et al., 

2023a). Design details of the device are shown in Fig. S1.

2.4. Culturing hMOs on holder devices

Organoids were loaded on the device after they were embedded in Matrigel. The seven-day 

Matrigel-embedded organoids were carefully aspirated with a pipette and placed on holder 

devices. The systems were cultured in ultra-low-attachment 24-well plates (Corning). The 

mesh of the device then presses the organoid underneath to increase the contact area of the 

organoid with the medium, which reduces hypoxia and necrosis. 600 μL culture medium 

was added into each well and was changed every other day to maintain midbrain organoids. 

The culture medium used for midbrain organoids was as described above.

2.5. Characterization of organoid neural activity

Two months old hMOs were used for electrical signal measurement using MEA plates 

(Axion) with electrodes in the center area (Cai et al., 2023b). The basal electrical signal was 

measured before PFOS addition. In the second set of experiments, organoids were cultured 

using Brain-Phys (Stemcell Technologies) in the absence or presence of 30, 100, or 300 μM 

PFOS. Culture media with 0.05 % DMSO was used for vehicle control treatments (0 μM 

PFOS). The measurements were conducted daily over one week, and each treatment group 

had six hMOs. The culture medium was changed daily to maintain the organoids during 

neural activity measurement.

2.6. Measurement and quantification of calcium levels

Cal-520 (Abcam) was used to measure calcium levels in hMOs. After seven days of PFOS 

treatment, hMOs (two months old) were transferred into fresh culture medium and incubated 

with Cal-520 at a dilution of 1:1000. After culturing in a 37 °C incubator with 5 % 

CO2 supply for 1 h, hMOs were washed three times with 1× phosphate-buffered saline 

(PBS) (Corning). Next, hMOs were transferred to a 96-well glass bottom plate (Thermo 

Fisher) with a transparent culture medium. There were five organoids in each group. 

The fluorescence intensity of each group was measured using an inverted fluorescence 

microscope (Olympus IX-83). The quantification of fluorescence intensity was performed 

with ImageJ (v 1.54f).
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2.7. Measurement of dopamine

Dopamine concentrations of PFOS-exposed hMOs were measured using a Dopamine ELISA 

Kit (Abnova). After seven days of PFOS treatment, organoids (five months old) were 

transferred into a fresh culture medium with 200 μL medium per organoid. After 48 h of 

culturing in an incubator at 37 °C and 5 % CO2, 150 μL supernatant was collected with a 

pipette. After centrifuging at 300g for 10 min, 100 μL supernatant was diluted to 1000 μL 

for dopamine concentration measurements according to the manufacturer's protocol. Each 

ELISA assay sample utilized 100 μL of diluted supernatant, and the results were read by a 

Synergy H1 plate reader from BioTek.

2.8. Cryo-sectioning of organoids

For cryosectioning of hMOs, samples were initially washed twice with 1× PBS and fixed 

in 4 % paraformaldehyde (Thermo Fisher) in 1× PBS at 4 °C overnight. Following fixation, 

samples underwent cryo-protection by immersion in 30 % sucrose (Sigma) in 1× PBS (w/v) 

at 4 °C overnight. The prepared samples were then embedded in the O.C.T. compound 

(Fisher Scientific) in a cryomold (Sakura Finetek) and frozen on dry ice. Subsequently, the 

frozen samples were sectioned to a thickness of 30 μm using a cryostat (Leica) and collected 

on superfrost plus slides (VWR) (Ao et al., 2021b; Cai et al., 2021).

2.9. Immunofluorescence staining

Immunofluorescence staining was performed on cryosection slides. Initially, the slides 

underwent two 5-min washes with 1× PBS to eliminate O.C.T. compound residue. 

Subsequently, the slides were subjected to antigen retrieval (Thermo Fisher) via steam for 20 

min. After cooling, they were rinsed with 1× PBS, followed by a 1-h incubation in blocking 

buffer (5 % normal serum (Jackson), 0.3 % Triton™ X-100 (Sigma) in 1× PBS) (Ao et 

al., 2021c). Primary antibodies, diluted in blocking buffer, were then applied to the slides 

and incubated overnight at 4 °C in a humidified, dark box. On the following day, slides 

underwent a 5-time, 10-min 1× PBS wash before a 2-h incubation with secondary antibodies 

(diluted in blocking buffer) in a humidified, dark box. The final steps involved a 3-time, 

10-min 1× PBS wash and a 10-min incubation with DAPI (Thermo Fisher) diluted in 1× 

PBS. Detailed information on the antibodies used in the experiment is provided in Table S1. 

One month old organoids were used to stain FOXA2, ZO-1, Tuj1, and SOX2 expression. 

Two months old organoids were used to stain with antibodies towards TH, OTX2, GFAP, 

and MAP2.

2.10. qPCR analysis

To analyze the gene expression profile of hMOs, organoids were initially washed twice 

with 1× PBS, and RNA was extracted using the Quick RNA MicroPrep Kit (Zymo). 

The extracted RNA was promptly reverse-transcribed into complementary DNA using the 

qScript cDNA synthesis kit (Quantabio). Subsequently, cDNA was subjected to qPCR 

analysis using the SYBR Green real-time PCR master mix (Thermo Fisher). The detailed 

qPCR primer sequences are provided in Table S2 of the Supporting Information. Data 

analysis was performed using the ΔΔCt method, where the delta Ct value was calculated by 

subtracting the target gene Ct value in the organoids from the target gene Ct value in day 1 
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embryoid body (EB). The ΔCt was then normalized against the housekeeping gene GAPDH 

(Cai et al., 2020b). Each qPCR reaction was repeated three times.

2.11. Quantification of expression of neural progenitor cell, early-stage neurons, 
midbrain floor plate progenitor cells, and dopaminergic neurons

All the quantification was conducted based on immunofluorescence slides stained with 

corresponding antibodies (Table S1). Two staining slides per organoid were selected for 

quantification. The visualization was conducted using an inverted fluorescence microscope 

(Olympus IX-83). The quantification of cell ratio and fluorescence intensity was performed 

with ImageJ (v 1.54f). The averaged value obtained from two slides per organoid were 

presented as one data point in the results.

2.12. Quantification of astrocyte activation and neuron apoptosis

Astrocyte activation quantification was conducted based on immunofluorescence slides 

stained with an anti-GFAP antibody (Table S1). Neuron apoptosis was quantified with 

immunofluorescence slides stained with anto-NeuN and TUNEL assay. One staining slide 

per organoid was selected for quantification. The visualization was conducted using an 

inverted fluorescence microscope (Olympus IX-83). The quantification of fluorescence 

intensity and cell ratio was performed with ImageJ (v 1.54f). The value obtained from 

one slide per organoid were presented as one data point in the results.

2.13. Measurement and quantification of ROS

After seven days of PFOS treatment, the levels of ROS produced by hMOs (two months 

old) were measured using Total Reactive Oxygen Species (ROS) Assay Kit 520 nm (Life 

Technologies) according to the manufacturer's protocol. Briefly, the ROS Assay Stain 

solution in the kit was added to the PFOS-free culture medium of each organoid and 

co-cultured for one hour. Then the medium with ROS Assay Stain solution was aspirated 

and replaced with fresh media containing different concentrations of PFOS (30, 100, or 300 

μM PFOS or vehicle control). There were five organoids in each group. The fluorescence 

intensity of each group was measured using an inverted fluorescent microscope (Olympus 

IX-83). The quantification of fluorescence intensity was performed with ImageJ (v 1.54f).

2.14. TUNEL staining

After immunofluorescence staining for NeuN, TUNEL staining was conducted on 

cryosection slides to visualize cell apoptosis using the In Situ Cell Death Detection Kit 

from Roche, following the provided protocol. In brief, the slides were initially fixed with 

a solution containing 4% paraformaldehyde in 1× PBS for 20 min at room temperature, 

followed by a 30-min wash with 1× PBS. Subsequently, the slides were incubated with 

Permeabilization solution (0.1 % Triton X–100, 0.1 % sodium citrate (Sigma)) on ice for 2 

min. Following this, the slides were incubated with the TUNEL reaction mixture at 37 °C in 

a dark, humidified box for 1 h. Finally, the slides were embedded with antifade (Invitrogen) 

before visualization on a confocal microscope (Leica Stellaris 8).
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2.15. Measurement and quantification of neurites in hMOs

For promoting the outgrowth of neurites, hMOs (two months old) were allowed to attach to 

fibronectin (Corning)-coated glass coverslips for 4 h in the presence of 10 μg/mL laminin 

(Sigma). The attached hMOs were subsequently incubated on coverslips for seven days 

under PFOS treatment and stained with Cal-520 (Abcam) to visualize neurons. Neurite 

outgrowth and coverage area were then captured using an inverted microscope (Olympus 

IX-83) and quantified by the ImageJ (v 1.54f).

2.16. Statistical analysis

Kolmogorov-Smirnov test and F test were used to evaluate normality and compare 

variances. The statistical comparisons of each group were performed by unpaired t-test with 

GraphPad Prism 8. The statistical significance of differences in values is denoted: *p < 0.05, 

**p < 0.01, ***p < 0.005. ****p < 0.001.

3. Results

3.1. Engineering human midbrain organoid microphysiological systems to model 
prenatal PFOS exposure

Toxic substances such as PFOS are pervasive in various environments integral to 

human existence, which has led to the presence of PFOS in pregnant women (Matilla-

Santander et al., 2017). A prior study showed that PFOS can cross the placental barrier, 

potentially leading to harmful effects in the fetus, particularly in the developing brain 

(McAdam and Bell, 2023). Prenatal exposure to PFOS may cause several detrimental 

effects on the developing fetal brain (Fig. 1a). We engineered human midbrain organoid 

microphysiological systems (hMO-MPSs) to model PFOS exposure under multiple 

conditions in parallel (Fig. 1b). Each hMO-MPS consists of a hMO derived from human 

stem cells and a fully 3D-printed holder device with a perfusable layer. hMOs adhere onto 

the perfusable layer and are cultured in the holder device, which facilitates culturing in 

an air-liquid interface as well as mediates the formation of a flattened organoid shape. 

hMO-MPSs are cultured in conventional well plates in a concentration range of PFOS to 

investigate concentration-dependent toxicity. Due to the unique simply-fabricated holder 

devices, hMO-MPSs are easily transferred to the multiple-electrode array (MEA) system for 

plug-and-play measurement of neural activity. The flat organoid shape covers more MEA 

electrodes than round ones, allowing concurrent testing of multiple conditions of PFOS 

exposure.

We generated hMO-MPSs and characterized their biological composition, development, 

and maturation using cryosection and immunofluorescence staining (Fig. 1c). In one-month-

old hMOs, two groups of staining highlight the organization of midbrain developmental 

structures, including the ventricular zone (VZ)-like area and sub-ventricular zone (SVZ)-like 

area. These include zonula occludens-1 (ZO-1) staining of tight junctions and forkhead 

box protein A2 (FOXA2) staining of midbrain floor plate progenitors, as well as SRY-box 

2 (SOX2) staining of neural progenitors and class III beta-tubulin (Tuj1) staining of early-

stage neurons. In two-month-old hMOs, tyrosine hydroxylase (TH), a canonical marker of 

dopaminergic neurons was detected in the organoids, indicating successful development of 
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these neurons. Along-side TH, orthodenticle homeobox 2 (OTX2) staining was detected, 

indicating the presence of midbrain intermediate progenitors. Furthermore, the presence of 

astrocytes as well as mature neurons was indicated by glial fibrillary acidic protein (GFAP) 

and microtubule-associated protein 2 (MAP2) staining, respectively.

3.2. PFOS impairs neural function

To investigate the effects of PFOS exposure on neural function, we first measured the neural 

activities of hMOs using a MEA system. Two-month-old organoids were utilized in the 

experiments since they are mature and exhibit robust neural activity at this stage (Jo et al., 

2016). We characterized the neural activity of hMO after seven days of treatment with four 

concentrations of PFOS (0, 30, 100, and 300 μM), and obtained raster plots of neuronal 

depolarization for each concentration (Fig. 2a). We quantified the neural activity of hMOs 

along the time course in terms of mean firing rate, burst frequency, and synchrony index 

(Fig. 2b). We found that all doses of PFOS initially induced hyperexcitability in hMOs, 

followed by a gradual decrease in neural activity. The peak values of neural activity of 

hMOs treated with 30, 100, or 300 μM PFOS occurred at the third-, second-, and first-day 

post-exposure, respectively. The neural activities in the 30 μM PFOS-treated organoids 

dropped back to a slightly lower level compared to the vehicle control (0 μM) hMOs, 

whereas the neural activities in hMOs treated with 100 and 300 μM PFOS decreased rapidly 

after reaching a peak. hMOs treated with 300 μM PFOS had close to zero neural activity 

after seven days of PFOS exposure. These results demonstrated PFOS's initial and long-term 

excitotoxic effect on the neurons.

We also characterized the impact of PFOS on other neural functions of hMOs after seven 

days of exposure, including calcium levels and dopamine production. The fluorescence 

intensity of Cal-520 staining was used to characterize the levels of calcium, a crucial 

intracellular messenger in mammalian neurons (Fig. S2a). The results showed that the 

calcium levels in two-month-old hMOs decreased during the elevated PFOS exposure 

concentrations (Fig. S2b). The concentration of dopamine, a neurotransmitter playing key 

roles in pleasure, motivation, and learning (Klein et al., 2019), was measured using ELISA 

in five-month-old hMOs, due to their significant dopamine release at this stage (Fig. 2c). 

Similar to the calcium levels, the dopamine concentrations correlated inversely with the 

PFOS-exposure concentrations. Notably, only the 100 and 300 μM PFOS exposures resulted 

in significant decreases in calcium levels and dopamine concentrations, while 30 μM did not.

3.3. PFOS affects neural development

Since functional perturbations were observed in hMO-MPSs, especially at the high 

concentrations of PFOS treatment, we studied the impacts of 300 μM PFOS exposure on 

neural development. After 300 μM PFOS treatment for seven days, we characterized the 

changes of neural progenitor cells, early-stage neurons, midbrain floor plate progenitor 

cells in one-month-old hMOs, and dopaminergic neurons in two-month-old hMOs using 

immunofluorescence staining (Fig. 3a). We found a significant decrease of neural progenitor 

cells (SOX2) and differentiating early-stage neurons (Tuj1) in hMOs exposed to 300 

μM PFOS compared to vehicle control, indicating PFOS's toxicity towards neurogenesis. 

Moreover, we found fewer midbrain floor plate progenitor cells (FOXA2) and dopaminergic 
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(TH) neurons in organoids treated with 300 μM PFOS, which is consistent with a previous 

report demonstrating that PFOS exposure reduces the number of dopaminergic neurons 

(Foguth et al., 2019). The above observations were confirmed by qPCR results (Fig. 3b). 

The relative gene expression of neural progenitor cell marker SOX2 and Paired Box protein 

6 (PAX6), early-stage neuron maker Tuj1, midbrain layer marker nuclear receptor related 1 

protein (NURR1), midbrain floor plate progenitor cells marker FOXA2, and dopaminergic 

neuron marker TH were all significantly decreased in organoids treated with 300 μM PFOS. 

Those findings indicate the detrimental impacts of high-concentration PFOS treatment on 

neural development.

3.4. PFOS induces neuroinflammation

Besides the impacts of PFOS on neural development, we also investigated its effect on 

neuroinflammation in hMO-MPSs. After seven days of treatment with no or 300 μM 

PFOS, we characterized the generation of ROS and astrocyte activation of hMO-MPSs 

with two-month-old hMOs using a ROS assay kit, immunofluorescence staining, and qPCR. 

The production of ROS, a key signal of the progression of inflammatory disorders (Kong 

et al., 2020), was quantified by fluorescence intensity after staining with a ROS indicator 

dye (Fig. 4a). We found that the generation of ROS significantly increased with 300 μM 

PFOS exposure (Fig. 4b). GFAP staining of astrocytes, a key regulator of inflammatory 

responses in the central nervous system, was conducted to detect astrocyte activation (Kang 

et al., 2014; Wang et al., 2018b) (Fig. 4c). PFOS exposure induced thicker and brighter 

astrocytes (Fig. 4c) and significantly higher fluorescence intensity of GFAP in hMOs 

compared to control, indicating possible astrocyte activation (Fig. 4d). This finding was 

confirmed by qPCR analysis showing that mRNA expression of GFAP increased in 300 

μM PFOS-exposed hMOs (Fig. 4e). The elevated levels of ROS generation and astrocyte 

activation demonstrate PFOS's likely role in producing a neuroinflammatory state in the 

developing brain.

Finally, we measured neuron apoptosis and alteration of neurite morphology in two-month-

old hMOs, which could be correlated with PFOS-induced neuroinflammation. hMOs were 

analyzed after seven days of exposure to no or 300 μM PFOS for apoptosis, neuronal 

structure, and calcium levels by immunofluorescence and Cal-520 staining. Co-staining 

for NeuN, which stains neural nuclei, and apoptosis stain by the TUNEL assay, indicated 

neuronal apoptosis (Fig. 5a). A clear vision of separated images was shown in Fig. S3. 

Quantification of the results revealed a higher percentage of TUNEL positive neurons in 300 

μM PFOS-exposed organoids compared to control, indicating neuron apoptosis caused by 

PFOS exposure (Fig. 5b). The finding was confirmed by qPCR analysis for the expression 

of MAP2, which significantly decreased in PFOS-exposed hMOs (Fig. 5c). Furthermore, 

PFOS-induced perturbations of neurite morphology were explored with organoids attaching 

to glass bottom of plates to allow visualization of neurite outgrowth. Cal-520 was used 

to identify neurites (Fig. 5d). Both neurite density and coverage area were significantly 

decreased after 300 μM PFOS treatment (Fig. 5e).
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4. Discussions

The neurotoxicity of PFOS has been studied using animal models, 2D in vitro cultures of 

animal cells, and 2D in vitro cultures of human cells. However, human brain organoids 

derived from human stem cells, especially human midbrain organoids, are not used for 

studying the neurotoxicity of PFOS yet, due to the challenges of using current organoids 

including high heterogeneity, poor reproducibility, low throughput, intensive manual 

handling, and limited perfusion of oxygen and nutrients. In this study, we anticipated the 

development of hMO-MPSs via the engineering innovations including 3D printed scaffolds 

for enhancing perfusion and integration of MEA measurement for electrophysiological 

response of PFOS in parallel. Compared to the 2D in vitro cultures of human neurons, our 
hMO-MPSs can provide 3D brain-like microenvironments. Compared to the animal model, 

our hMO-MPSs can recapitulate human biology but still lack some cell identities such as 

microglia, and oligodendrocytes and the capability of modeling the systemic responses to 

PFOS exposure.

The concentration, frequency, and duration of PFOS exposure vary in the real-world settings 

and cause profound effects on the population. PFOS is very stable with a half-life of 

about 5.4 years in humans (Lupton et al., 2015). With the various concentration and 

frequency of exposures, PFOS can be bioaccumulated in the human body. The plasma 

PFOS concentrations of general population in western countries have been detected ranging 

from 0.002 to 0.23 μM (Criswell et al., 2022; Gallo et al., 2012; Cheng et al., 2022). 

The PFOS concentrations of occupationally-exposed population in western countries have 

been observed ranging from 0.988 to 10 μM (Fromme et al., 2009; Lucas et al., 2023). 

Additionally, the PFOS concentrations of occupationally exposed populations in some urban 

areas can be as high as 25.9 μM (or 13 μg/mL) (Fromme et al., 2009). Especially the 

moderate concentrations (e.g., 100 to 2000 μM) of PFOS in the environment of utero 

and infant may cause metabolic disruption in infants and children (Andersen et al., 2010). 

Although the bio-concentration and bio-accumulation of constant PFOS exposure may have 

adverse effects on the development of human central nervous system, this study focused on 

the one-time high dose and acute exposure of PFOS on neurodevelopment. The findings 

indicated some important impacts of one-time, high-dose, and acute PFOS exposure on 

human brain development and function.

The prenatal PFOS exposure can lead to adverse neurodevelopmental outcomes during 

pregnancy and early childhood, including potential impaired cognitive function, behavior, 

and motor skills (Vuong et al., 2021; Spratlen et al., 2020; Goodman et al., 2023; 

Zhou et al., 2023). Moreover, some studies suggest the association of lower scores on 

cognitive and behavioral assessments in children with higher levels of prenatal PFOS 

(Lenters et al., 2019; Spratlen et al., 2020; Goodman et al., 2023). Tremendous interests 

have been attracted to study the impact of prenatal PFOS exposure on neural function 

and development. Our findings suggest that PFOS can disrupt cell signaling pathways 

of neurons including inducing oxidative stress, causing neuron apoptosis, promoting 

neural inflammation, and so on. Moreover, our findings also show that PFOS can affect 

neural function and neurotransmitter systems including changing neural activity, reducing 

dopamine concentration., These adverse effects of PFOS can lead to deficits in learning, 
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memory, and other cognitive functions in the developing human brain. Understanding these 

mechanisms is crucial for developing strategies to mitigate the harmful effects of PFOS on 

brain health.

5. Conclusions

To conclude, we present innovative hMO-MPSs as a model system to probe the effects of 

prenatal exposure to PFOS, a prevalent environmental pollutant with global distribution and 

significant epidemic impact. These hMO-MPSs are scalable, easy to use, and compatible 

with conventional well plates, as well as allowing easy transfer onto a MEA system 

and plug-and-play measurement of neural activity to different concentrations of PFOS. 

Additionally, we applied neural functional, anatomical, and molecular tests to evaluate 

the neurotoxicity of PFOS. Our findings highlight the adverse effects of PFOS on 

neural function and development, indicating increased ROS generation, possible astrocyte 

activation, neuronal apoptosis, and alterations in neurite morphology. Our findings provide 

valuable insights into the impact of PFOS on human brain function and development. Thus, 

our platforms have promising potential for wide-ranging applications in modeling the effects 

of pollutants on functional neural disorders and performing developmental toxicology 

studies of environmental toxins.
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HIGHLIGHTS

• Neurotoxicity of PFOS was first demonstrated using human midbrain 

organoids.

• Organoid neural activity increased and decreased to a PFOS concentration 

range.

• PFOS exposure impaired neurogenesis and promoted neuroinflammation in 

organoids.

• Our organoid system is scalable, easy to use, and appliable to various 

pollutants.
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Fig. 1. 
Human midbrain organoid microphysiological systems to model prenatal PFOS exposure. 

(a) Schematics of prenatal PFOS exposure and its effect on brain development. (b) 

Schematics of human midbrain organoid microphysiological systems (hMO-MPSs) to mode 

prenatal PFOS exposure. Inserted images of a hMO on the perfusable layer of the holder 

device (top), and hMO-MPS on a MEA plate (bottom). (c) Immunofluorescence staining 

showing cell types within one-month-old hMOs: midbrain floor plate progenitor cells 

(FOXA2), zonula occludens (ZO)-1, early-stage neurons (Tuj1), and neural progenitor cells 

(SOX2); within two-month-old hMOs: dopaminergic neurons (TH), intermediate progenitor 

cells (OTX2), astrocytes (GFAP), and mature neurons (MAP2). Scale bar: 50 μm.
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Fig. 2. 
PFOS impairs neural activity and function. (a) Representative raster plots of spontaneous 

neuronal depolarizations of hMO-MPSs with two-month-old hMOs after exposure to 

different concentrations of PFOS for 7 days. (b) Changes of mean firing rate, burst 

frequency, and synchrony index during a 7-day exposure to control (vehicle, 0 μM PFOS) 

and PFOS at different concentrations (30, 100, and 300 μM) (mean ± s.e.m., n = 6 

organoids, from 3 independent experiments). (c) Dopamine concentration changes of five-

month-old hMOs after 7 days of exposure to increasing concentrations of PFOS (mean ± 

s.e.m., unpaired t-test, n = 5 organoids, from 3 independent experiments).
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Fig. 3. 
PFOS perturbs neural development. Immunofluorescence staining of neural progenitor cells 

(SOX2), early-stage neurons (Tuj1), midbrain floor plate progenitor cells (FOXA2) in one-

month-old hMOs and dopaminergic neurons (TH) in two-month-old hMOs (a) and the 

corresponding quantification (b) after a 7-day exposure in the control (vehicle) and PFOS 

(300 μM) groups (mean ± s.e.m., unpaired t-test, n = 5 organoids, from 3 independent 

experiments). (c) qPCR analysis of relative gene expression of SOX2, PAX6, Tuj1, FOXA2, 

TH and NURR1 after a 7-day exposure in control group (vehicle treated with 0.05 % 

DMSO) and PFOS group (300 μM) (mean ± s.e.m., unpaired t-test, n = 3 organoids, from 3 

independent experiments). Scale bar: 20 μm.
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Fig. 4. 
PFOS induces ROS generation and astrocyte activation. Fluorescent images of ROS 

indicator dye in two-month-old hMOs (a) and the corresponding quantification (b) after 

a 7-day exposure in control group (vehicle) and PFOS group (300 μM) (mean ± s.e.m., n = 

5 organoids, unpaired t-test, from 3 independent experiments). Immunofluorescent staining 

of astrocytes (GFAP) in two-month-old hMOs (c), the corresponding quantification (mean 

± s.e.m., unpaired t-test, n = 5 organoids, from 3 independent experiments) (d), and qPCR 

analysis of relative GFAP gene expression (e) after a 7-day exposure in control group 

(vehicle treated with 0.05 % DMSO) and PFOS group (300 μM) (mean ± s.e.m., unpaired 

t-test, n = 3 organoids, from 3 independent experiments). Scale bar: 50 μm.
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Fig. 5. 
PFOS causes neuronal apoptosis and reduces neurite density. Immunofluorescent staining 

of neuronal apoptosis (TUNEL, NeuN, and DAPI) in two-month-old hMOs (a) and the 

corresponding quantification (b) after a 7-day exposure in control group (vehicle) and PFOS 

group (300 μM) (mean ± s.e.m., unpaired t-test, n = 5 organoids, from 3 independent 

experiments). (c) qPCR analysis of relative MAP2 gene expression after a 7-day exposure 

in control group (vehicle treated with 0.05 % DMSO) and PFOS group (300 μM) (mean 

± s.e.m., unpaired t-test, n = 3 organoids, from 3 independent experiments). Fluorescent 

images of neurites of two-month-old hMOs (d) and quantification of neurite density and 

coverage area (e) after a 7-day exposure in control group (vehicle treated with 0.05 % 

DMSO) and PFOS group (300 μM) (mean ± s.e.m., unpaired t-test, n = 5 organoids, from 3 

independent experiments). White dashed lines: the boundary of hMOs. Scale bar: 50 μm.
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