
 
 

Delft University of Technology

Document Version
Final published version

Licence
Dutch Copyright Act (Article 25fa)

Citation (APA)
Yang, R., Mohapatra, S., Chui, A. P. Y., Chen, S. S., & Jong, M.-C. (2026). Transboundary ecological risks and
toxicological mechanisms of a fluorinated liquid crystal monomer and aged microplastics. Journal of Hazardous
Materials, 507, Article 141802. https://doi.org/10.1016/j.jhazmat.2026.141802

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.
Unless copyright is transferred by contract or statute, it remains with the copyright holder.
Sharing and reuse
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.
Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.

https://doi.org/10.1016/j.jhazmat.2026.141802


Transboundary ecological risks and toxicological mechanisms of a 
fluorinated liquid crystal monomer and aged microplastics

Rui Yang a, Sanjeeb Mohapatra b , Apple Pui-Yi Chui c, Season Si Chen a,*, Mui-Choo Jong a,*

a Institute of Environment and Ecology, Tsinghua Shenzhen International Graduate School, Tsinghua University, Shenzhen 518005, China
b Department of Water Management, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, the Netherlands
c Simon F.S. Li Marine Science Laboratory, School of Life Sciences, The Chinese University of Hong Kong, Hong Kong Special Administrative Region of China

H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Digestive fluids enhanced EDPB release 
from aged microplastics.

• Intestinal conditions caused the highest 
desorption (29.4–52.8%).

• Biomolecules drove the release of EDPB 
via competitive adsorption and 
solubilization.

• EDPB-induced cytotoxicity was concen
tration- and time-dependent in Caco-2 
cells.

• EDPB triggered caspase-dependent 
apoptosis via synergistic disruption.
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A B S T R A C T

Fluorinated liquid crystal monomers (FLCMs) have recently emerged as persistent organic pollutants, while 
microplastics serve as important environmental carriers of persistent organic pollutants. However, their in
teractions with aged microplastics and the consequent ecological risks remain a critical blind spot. This study 
examined the adsorption-desorption dynamics of a representative FLCM (4-ethoxy-2,3-difluoro-4′-(trans-4-pro
pylcyclohexyl) biphenyl, EDPB) on aged polyethylene, polypropylene, polystyrene, and polyvinyl chloride under 
both abiotic (i.e., environmental) and biotic (i.e., simulated gastrointestinal) conditions. Surface oxidation and 
increased roughness of aged polymers markedly enhanced EDPB adsorption, through combined hydrophobic 
attraction and fluorine‑mediated dipole interactions. Desorption was strongly medium dependent. In simulated 
gastric fluid, pepsin facilitated partial release (12.6–24.8%) by disrupting π–π interactions and promoting surface 
hydration. In contrast, intestinal components induced substantial remobilization (up to 52.8%) via the formation 
of hydrophobic cavities and micelle-like structures, increasing dissolved EDPB concentrations by approximately 
20 μg L− 1. This biphasic desorption profile highlights the critical role of intestinal processes in remobilizing 
adsorbed FLCMs and elevating their bioaccessible fractions. Subsequent cytotoxicity assays in Caco‑2 cells 
showed dose‑ and time‑dependent inhibition of cell viability, with transcriptomic analysis delineating a 
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mitochondrial dysfunction–driven cascade. EDPB acts as a metabolic disruptor that impairs mitochondrial en
ergetics and redox homeostasis, triggering downstream genomic instability and cell cycle arrest, which ulti
mately implicating oxidative stress–mediated apoptosis. This work synthesizes critical insight into the coupled 
environmental and biological behaviors of FLCMs, revealing their potential as transboundary persistent toxic 
substances and advancing the understanding of their risks in microplastic‑dominated systems.

1. Introduction

Fluorinated liquid crystal monomers (FLCMs) are an emerging class 
of persistent organic contaminants characterized by biphenyl backbones 
bearing alkoxy, halogen (notably fluorine), and often cyano sub
stituents. Driven by the rapid expansion of the display panel industry, 
global production of liquid crystal monomers has risen 2.6‑fold from 
500 tons in 2011 to over 1300 tons annually [1–3]. Significant quantities 
of FLCMs have consequently entered the environment via e‑waste 
recycling and disposal, with an estimated 214 tons released in 2017 [4]. 
These compounds have been detected at high levels in multiple envi
ronmental matrices, including 34 species identified in liquid‑crystal 
display disassembly dust (225 ng g− 1 to 976 µg g− 1), and resist removal 
in wastewater treatment plants [5,6]. The strong C–F bonds and high 
hydrophobicity (log Kₒw > 5) confer exceptional persistence and bio
accumulation potential, while fluorine‑mediated interactions promote 
adsorption to hydrophobic solids such as microplastics and enable 
long‑range transport to remote regions, including the Arctic [7,8]. 
Human exposure has been evidenced by the detection of 38 FLCMs in 
serum from Beijing residents (median 132.48 ng g− 1 lipid weight), with 
epidemiological data linking elevated levels to cardiovascular outcomes, 
including atherosclerosis [9]. Despite growing recognition of their 
widespread occurrence and potential health impacts, little is known 
about how environmental interfaces govern the fate, transport, and 
biological accessibility of FLCMs.

Microplastics (< 5 mm) represent one critical environmental inter
face, acting as dynamic vectors for hydrophobic organic contaminants. 
Global monitoring reveals concentrations up to 452,800 items km− 2 in 
the subtropical North Pacific Gyre [10] and 2.55 × 104 items m− 3 in 
surface waters of the Guangdong–Hong Kong–Macao Greater Bay Area 
[11]. Notably, e‑waste processing zones exhibit microplastics levels 
5–27 times higher than non‑industrial regions, and form overlapping 
pollution zones with FLCMs [12,13]. Through high surface area and 
intrinsic hydrophobicity, microplastics effectively accumulate hydro
phobic organic contaminants (log Kₒw > 5) at surface concentrations 
105–106 times higher than in ambient water [14,15]. For example, 
polyamide and polyurethane adsorbed bisphenol A at concentrations 
105-fold higher than ambient environmental levels with desorption rates 
below 1% [15]. Environmental plastic pellets accumulate polycyclic 
aromatic hydrocarbons, polychlorinated biphenyls, and polybrominated 
diphenyl ethers at loads reaching 40.1 µg g− 1 [16], substantially 
exceeding background concentrations. Furthermore, microplastics 
aging through UV oxidation and abrasion introduces oxygenated sites 
(–OH, –COOH) that modulate surface polarity and matrix brittleness, 
simultaneously enhancing adsorption and facilitating release under 
variable physicochemical conditions [17,18]. Once ingested by aquatic 
organisms, where microplastics are detected in more than 70% of 
mussels, fish, and crustaceans samples [19,20], digestive surfactants (e. 
g., bile salts), acidic conditions (pH ≈ 2), and enzymatic degradation 
further promote contaminant desorption, with reported release rates for 
persistent organics exceeding 30% [21–24]. These processes elevate the 
freely dissolved fraction of bound pollutants, facilitating intestinal ab
sorption and enhancing bioaccessibility [25,26]. These combined envi
ronmental and biological processes position aged microplastics as both 
reservoirs and secondary sources of persistent contaminants.

While microplastics and FLCMs co‑occur in dietary systems [27,28], 
their interactive behavior, particularly whether microplastics amplify or 
mitigate the bioaccessibility of FLCMs, remains unquantified, hindering 

accurate exposure assessment. The strong C–F bonds and low surface 
energy of FLCMs may restrict desorption under gastrointestinal condi
tions, yet the mechanistic influence of microplastic aging and digestive 
parameters on this process remains unknown. Moreover, the cellular 
consequences of desorbed FLCMs within intestinal systems remain un
explored. To address these gaps, this study employs 4-ethoxy-2, 
3-difluoro-4′-(trans-4-propylcyclohexyl) biphenyl (EDPB) as a model 
and representative FLCM, due to its high detection frequency, environ
mental relevance, and typical physicochemical properties among FLCMs 
[9,29]. Adsorption–desorption experiments were conducted accord
ingly, using aged polyethylene (PE), polypropylene (PP), polystyrene 
(PS), and polyvinyl chloride (PVC) under simulated gastrointestinal 
conditions. By coupling desorption kinetics with human colon cancer 
cell line (Caco‑2 cell) assays and transcriptomic profiling, this integrated 
setup links environmentally mediated microplastic exposure of FLCMs 
to their cellular-level effects in intestinal epithelium, enabling a mech
anistic assessment of their human health relevance and persistent toxic 
behavior.

2. Materials and methods

2.1. Raw materials

Virgin microplastics, including polyethylene (VPE), polypropylene 
(VPP), polyvinyl chloride (VPVC), and polystyrene (VPS), which 
represent over 80% of global plastic production [30] and span 
non-polar, aromatic, and polar polymer classes, were purchased from 
Shanghai Run Vast Trading Co., Ltd. (China). Samples were sieved 
through a 40‑mesh screen, and particle size distributions were deter
mined by laser particle analysis. EDPB was purchased from Beijing 
Enocha Technology Co., Ltd. (China). A 100 mg L− 1 EDPB stock solution 
was prepared using high-performance liquid chromatography (HPLC) 
grade acetonitrile and stored at 4 ◦C. Pepsin A (35 kDa), bovine serum 
albumin (BSA, ≥ 98%, 66 kDa), and sodium taurocholate (NaT, ≥ 97%) 
were obtained from Sigma-Aldrich Co. (MO, USA).

2.2. Simulated aging experiments

Microplastic aging was simulated using an ultraviolet (UV) aging 
chamber (CEL‑LAB500, Beijing Zhongjiao Jinyuan Technology Co., 
Ltd.) to mimic natural weathering conditions. Microplastic samples 
(0.2 g) were sonicated in 100 mL ultrapure water within a quartz tube 
and irradiated at 25 ± 2 ◦C under a 300 W xenon lamp equipped with a 
visible‑light cutoff filter (λ < 400 nm), providing UV radiation between 
200 and 400 nm. Continuous stirring at 200 rpm ensured homogeneous 
suspension, and water was replenished every 12 h during a 120 h 
exposure period [31,32]. After irradiation, aged microplastics were 
rinsed five times with ultrapure water, vacuum‑filtered, dried at 45 ◦C, 
and stored for subsequent analysis. Surface morphology was examined 
using scanning electron microscope (SEM, Gemini 300, Carl Zeiss Co., 
Ltd.). Functional group variations were characterized by Fourier trans
form infrared spectroscopy (FTIR, Nexus 670, Thermo Fisher Scientific), 
and particle size distributions were determined via nanoparticle 
tracking analysis.

2.3. Adsorption and desorption of EDPB from aged microplastics

EDPB-loaded aged microplastics were prepared using a batch 
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equilibration method. Briefly, aged MPs (0.5 g L− 1) were suspended in 
5 mg L− 1 EDPB solutions (pH 6.5) and shaken at 200 rpm in the dark at 
25 ◦C for 120 h, a duration determined by preliminary kinetic studies to 
ensure equilibrium. Post-incubation, MPs were separated via 0.45 μm 
filtration. The mass of EDPB loaded onto the MPs (mg g− 1) was calcu
lated based on the depletion of aqueous EDPB concentrations. This step 
simulates environmental contamination prior to ingestion, ensuring MPs 
were pre-saturated before entering the simulated gastrointestinal sys
tem. Detailed isotherm parameters are provided in Text S1 and S5. The 
selected EDPB concentration (5 mg L− 1) and microplastic dose 
(0.5 g L− 1) represent a conservative, upper-bound enrichment scenario 
typical of pollution hotspots (e.g., electronic waste dismantling areas), 
rather than average ambient conditions. This design aligns with our on- 
going field investigations detecting total LCM concentrations (

∑
LCMs) 

of 1.72–4.47 μg L− 1 in surface waters near such sites. Considering the 
strong hydrophobic partitioning of FLCMs onto polymers, these condi
tions facilitate the evaluation of microplastics as contaminant vectors 
while ensuring sufficient analytical sensitivity for subsequent desorption 
and toxicological assays.

Desorption of EDPB was examined under conditions mimicking 
aqueous, cold-blooded, and warm-blooded gastrointestinal environ
ments. Simulated gastric fluid contained 3.2 g L− 1 pepsin A in 100 mM 
NaCl (pH 2.0), while simulated intestinal fluid comprised 5.0 g L− 1 BSA 
and 10 g L− 1 NaT in 100 mM NaCl (pH 7.0) [33]. To characterize po
tential competitive interactions, adsorption isotherms of digestive 
components (pepsin, BSA, NaT) onto aged MPs were also determined 
using the Freundlich model. Additionally, the solubility of EDPB in 
various concentrations of pepsin and BSA/NaT solutions was evaluated 
to assess solubilization effects. EDPB-loaded aged MPs (loading: 2.11, 
2.20, 1.34, and 3.20 mg g− 1 for PE, PP, PVC, and PS, respectively) were 
incubated in ultrapure water, gastric media, or intestinal media at 18 ◦C 
and 37 ◦C for 150 h with continuous stirring (200 rpm; 8.0 mg MPs 
mL− 1). Supernatants were periodically sampled, filtered (0.45 µm), and 
analyzed for EDPB concentration (Text S1). Controls included MPs 
without EDPB (background) and EDPB solutions without MPs (stability).

To simulate physiological digestion, a sequential desorption assay 
was performed. EDPB-loaded MPs were first incubated in gastric fluid 
for 2 h, centrifuged, and resuspended in intestinal fluid for 4 h at 18 ◦C 
and 37 ◦C [34]. Supernatants collected after each stage were analyzed to 
quantify EDPB release. Physiological parameters (37 ◦C, enzyme con
centrations, residence times) were selected to mimic warm-blooded 
digestion, providing a conservative upper-bound assessment of FLCM 
bioaccessibility, defined here as the maximum fraction of EDPB des
orbed into simulated fluids available for potential absorption.

2.4. Sorption and solubility experiments

To account for variability in gastrointestinal conditions across spe
cies and feeding states [16], desorption experiments were performed 
under systematically varied parameters, including gastric pH (2.0–7.0), 
intestinal pH (4.5–9.5), ionic strength (10–200 mM NaCl), and tem
perature (18–37 ◦C). Desorption behavior was evaluated under simu
lated gastric (pH 2.0; 3.2 g L− 1 pepsin A; 100 mM NaCl) and intestinal 
(pH 7.0; 5.0 g L− 1 BSA; 10 mM NaT) conditions. The effects of digestive 
constituents were further examined by altering pepsin concentrations 
(0–5.0 g L− 1) in gastric fluid and BSA/NaT concentrations (0–7.5 g L− 1 

BSA; 0–15 mM NaT) in intestinal fluid. Complementary sorption assays 
were conducted using aged microplastics exposed to EDPB in the pres
ence of varying pepsin (0.5–5.0 g L− 1), BSA (0.5–5.0 g L− 1), and NaT 
(1.0–6.0 g L− 1) concentrations to elucidate microplastic–biomolecule 
interactions influencing EDPB partitioning under gastrointestinal 
conditions.

2.5. Cell culture and cytotoxicity assay

Caco-2 cells (ATCC® HTB-37™), derived from human colon 

adenocarcinoma, were used as an in vitro intestinal epithelium mono
layer model to evaluate the cytotoxic effects of EDPB. Cells were 
cultured in Eagle’s minimum essential medium (EMEM; ATCC) supple
mented with 20% (v/v) fetal bovine serum (FBS; Gibco) at 37◦C and 5% 
CO₂. Cultures were subcultured every 2–3 days using 0.25% trypsin- 
EDTA (Gibco) to maintain 80–90% confluence. Caco-2 cells were 
seeded in 96-well (for cytotoxicity) or 6-well (for transcriptomics) plates 
at a density of 1 × 105 cells/cm2. The cells were incubated at 37 ◦C for 
48 h to reach 80–90% confluence, ensuring they were in the exponential 
growth phase before treatment. To avoid the potential sequestration of 
hydrophobic EDPB by serum proteins, which could significantly alter its 
bioavailability, the cells were washed with PBS and subsequently 
exposed to EDPB at various concentrations in serum-free EMEM for the 
specified durations. This model focuses on the direct cellular responses 
to the bioaccessible fraction of the target FLCMs. Monolayer integrity 
was verified via morphological observations (cobblestone-like struc
tures) and trans-epithelial electrical resistance (TEER > 300 Ω⋅cm2) 
prior to exposure experiments [35].

To specifically assess the hazards of the bioaccessible fraction 
released from microplastics, cells were exposed to dissolved EDPB so
lutions. This approach decouples the chemical toxicity of desorbed 
FLCMs from the potential physical effects of microplastic particles, 
allowing for a precise evaluation of the 'vector-mediated' risk. Toxic 
effects of EDPB on Caco-2 cells, including cytotoxicity assessed by the 
Cell Counting Kit-8 (CCK-8) assay, membrane damage evaluated via 
lactate dehydrogenase (LDH) release, oxidative stress measured using 
2′,7′-dichlorofluorescein diacetate (DCFH-DA) fluorescence, and mito
chondrial dysfunction determined by the 5,5′,6,6′-tetrachloro-1,1′,3,3′- 
tetraethylbenzimidazolylcarbocyanine iodide (JC-1) assay, were evalu
ated across 24–96 h exposures (50–2000 μg L− 1) [36], with full meth
odologies described in the Supporting Information (Text S2).

2.6. RNA extraction, sequencing, and bioinformatics analysis

To elucidate molecular mechanisms underlying EDPB-induced 
toxicity in intestinal epithelial cells, transcriptome sequencing was 
performed on Caco-2 cells exposed to a high-dose group (2000 μg L− 1) 
and an unexposed control. The concentration of 2000 μg L− 1 was 
selected based on the peak bioaccessible EDPB levels 
(1490–3560 μg L− 1) measured in our simulated intestinal fluids (Section 
3.2.2). This dose represents a realistic upper-bound exposure in the in
testinal lumen following ingestion of microplastics from highly 
contaminated hotspots, where localized release from MPs can tempo
rarily exceed average environmental concentrations via a 'chemical 
pump' effect. Cells were harvested by trypsinization, and total RNA was 
extracted using the RNeasy® Plus Mini Kit (Qiagen, Germany). RNA 
quality was confirmed by NanoDrop 2000 (A260/A280 > 1.8) and 
Agilent 2100 Bioanalyzer (RIN ≥ 7.0). PolyA mRNA was enriched using 
oligo(dT) magnetic beads, and strand-specific libraries were constructed 
with the NEBNext® Ultra™ II RNA Library Prep Kit (NEB). Paired-end 
150 bp sequencing was conducted on the Illumina NovaSeq 6000 plat
form (Novogene). Raw data underwent quality control (FastQC), and 
differentially expressed genes (|log2FC| ≥ 1, padj < 0.05) were identified 
using DESeq2 (v1.38.3). Functional enrichment analysis was performed 
using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Ge
nomes (KEGG) databases (clusterProfiler v4.8.1). Detailed procedures 
are provided in Supporting Information (Text S3).

2.7. Statistical analysis

The desorption kinetics of EDPB from contaminated aged- 
microplastics in gastrointestinal fluids were described by a first-order 
model as described in Text S4. Two-way ANOVA assessed the effects 
of pH, salinity, and temperature on EDPB desorption from aged- 
microplastics. Three independent biological replicates (n = 6) were 
used per group, with data expressed as mean ± standard deviation 

R. Yang et al.                                                                                                                                                                                                                                    Journal of Hazardous Materials 507 (2026) 141802 

3 



(mean ± SD). Statistical analyses were performed using GraphPad Prism 
(v8.03). Nonparametric tests were employed for non-normal data: 
Kruskal-Wallis with Dunn's post hoc test for within-group comparisons, 
and Wilcoxon tests for between-group analyses.

3. Results and discussion

3.1. Physicochemical characterization and EDPB adsorption of aged 
microplastics

The SEM images revealed that virgin PE, PP, PVC, and PS exhibited 
smooth surfaces with mean particle sizes of 261, 386, 127, and 129 µm, 
respectively (Table S1, Fig. 1a). After UV exposure, surface roughness 
and microcracks developed, and particle sizes decreased to 61–111 µm, 
corresponding to reductions of 38.8–51.9%. The FTIR spectra indicated 
pronounced oxidation, reflected by increased intensities of –CH2 (3018/ 
2974 cm− 1), C–O/C–O–C (1289/1257 cm− 1), and C––O (1750 cm− 1) 
bands [37] (Fig. 1b). The carbonyl index increased significantly (p <
0.01) for all aged polymers (PE: 1.35, PP: 1.47, PVC: 2.94, PS: 1.65) 
compared with the virgin materials (PE: 1.18, PP: 1.05, PVC: 1.09, PS: 
1.49) (Table S2). These changes indicate UV‑induced photo‑oxidation 
involving C–H bond cleavage and peroxyl radical formation, yielding 
abundant hydroxyl and carboxyl functionalities [38]. The XPS results 
corroborated the trend that oxygenated carbon fractions increased 
across all polymers, with elevated C–O and C––O components and a 
corresponding decline in C–C/C–H signals (Fig. 1c–d). Collectively, 

SEM, FTIR, and XPS analyses confirm substantial morphological 
degradation and surface oxidation of all aged microplastics.

The aged microplastics exhibited markedly higher adsorption ca
pacities for EDPB (PE: 1041.62, PP: 1004.58, PVC: 875.27, PS: 
1223.63 µg g− 1; Text S5, Figure S1–S2, Table S3–S4). The enhancement 
is attributed to the combined effects of reduced particle size, increased 
specific surface area, and the introduction of oxygen‑containing func
tional groups (–OH, –COOH) for the aged microplastics, which promote 
polar and hydrogen‑bond interactions with EDPB [38]. While these 
surface modifications greatly improve sorptive affinity, adsorption 
represents only the initial step of contaminant–microplastic interaction. 
Such enriched microplastic-associated contaminant loads may result in 
localized exposure levels substantially higher than ambient water con
centrations upon ingestion, underscoring the potential for microplastics 
to act as effective contaminant vectors. Upon ingestion, variations in pH, 
enzymatic composition, and temperature within gastrointestinal sys
tems can trigger desorption, increasing pollutant bioaccessibility 
through the intestinal barrier [39]. Therefore, quantifying desorption 
kinetics under physiologically relevant conditions is critical for eluci
dating the environmental behavior and ecological risk of micro
plastic‑mediated co‑contaminants, such as fluorinated liquid crystal 
monomers.

Fig. 1. Surface characterization of aged-microplastics reveals morphological and chemical oxidation changes. (a) SEM image showing morphological changes; (b) 
FTIR spectroscopy chemical map highlighting oxidation profiles. (c) XPS O 1 s spectra showing the evolution of surface oxidation states, with an increased 
contribution of carbonyl-related oxygen in aged microplastics. (d) XPS C 1 s spectra revealing the conversion of C–C/C–H to oxygenated carbon species (C–O, C––O) 
following UV aging.

R. Yang et al.                                                                                                                                                                                                                                    Journal of Hazardous Materials 507 (2026) 141802 

4 



3.2. Desorption of EDPB in simulated gastrointestinal fluids

3.2.1. Desorption kinetics of composite contamination in a simulated 
gastrointestinal tract

The desorption kinetics of EDPB from aged microplastics in aqueous 
and simulated gastrointestinal environments followed a first‑order 
two‑compartment model (Table S5), exhibiting a distinct biphasic 
pattern (Fig. 2). Rapid desorption occurred within the first 8 h, followed 
by a slower phase approaching equilibrium. Aged PE and PS reached 
equilibrium within 48 h in gastric and aqueous media, whereas PP and 
PVC required 72 h. In intestinal fluids, desorption remained incomplete 
after 150 h, reflecting strong interfacial retention. This kinetic profile 
mirrors the biphasic release observed for hydrophobic pollutants such as 
PCBs and PAHs [16,23], consistent with their comparable hydropho
bicity (log Kₒw > 5) and aromatic structures. The fast‑desorption frac
tion (Ffast) was notably higher in gastrointestinal media than in water, 
particularly under warm‑blooded conditions (37 ◦C), indicating that 
intestinal environments markedly facilitate EDPB remobilization.

Enhanced desorption in gastrointestinal fluids was governed by two 
synergistic mechanisms: solubilization and competitive adsorption 
(Figure S3–S4). Intestinal components (BSA and NaT) increased EDPB 
solubility by forming hydrophobic cavities and micelle‑like assemblies, 

as confirmed by surface‑tension measurements (critical micelle con
centration: 72.62 mN m− 1; Table S6). This micellar solubilization 
elevated EDPB aqueous concentration by 19.63 µg L− 1 and reduced 
interfacial binding energy with aged microplastics [15]. Furthermore, 
interactions with intestinal components are likely to induce changes in 
the intrinsic surface properties of aged microplastics. The rapid forma
tion of a “bio-corona” via the adsorption of BSA and NaT may recon
figure the surface polarity of the MPs [40], thereby reducing interfacial 
tension between the aged polymer and the aqueous medium. This 
transformation is expected to facilitate the release of hydrophobic EDPB 
from the MP surface into the micellar phase, consistent with the 
enhanced desorption observed in intestinal fluids.

Concurrently, pepsin and BSA interacted with aromatic regions on 
microplastic surfaces through π–π stacking and hydrophobic associa
tions [41–43], competing for adsorption sites (Freundlich model, R² >
0.95; Figure S4). Together, these processes destabilized surface binding, 
resulting in a 3.2–6.4-fold enhancement of EDPB release in intestinal 
fluid relative to the corresponding water controls for each polymer, with 
the strongest effect observed at 37 ◦C. These findings underscore that 
hydrophobic interactions, π–π stacking, and micelle‑induced solubili
zation collectively dominate the desorption of FLCMs within gastroin
testinal environments, thereby controlling their bioaccessibility and 

Fig. 2. Desorption kinetics of EDPB from aged microplastics in water, simulated gastric and intestinal fluids at varying temperatures. (a) aged-PE; (b) aged-PP; (c) 
aged-PVC; and (d) aged-PS. Error bars represent the standard deviation values (n = 3).
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potential for trophic transfer.

3.2.2. Bioaccessibility and desorption dynamics in simulated 
gastrointestinal systems

Simulated digestion experiments revealed that substantial fractions 
of EDPB bound to aged microplastics became bioaccessible during 
sequential gastric (2 h) and intestinal (4 h) exposure. Overall desorption 
of EDPB ranged from 29.4–52.8% across various aged microplastics and 
temperatures (Fig. 3a), with significantly higher release under 
warm‑blooded conditions (p < 0.05). The high desorption observed in 
intestinal fluid (up to 52.8%) indicates a markedly enhanced bio
accessibility of EDPB when carried by aged microplastics. However, it 
should be noted that bioaccessibility represents a conservative upper 
limit for bioavailability; actual systemic uptake and internal dose would 
further depend on epithelial transport and metabolic processes. Pro
longed exposure (gastric 36 h; intestinal 84 h) further increased cumu
lative desorption to 67.7–94.2% (Fig. 3b), demonstrating temperature‑ 
and duration‑dependent enhancement. These results indicate that both 
higher body temperature and extended digestion favor pollutant mobi
lization, implying greater exposure potential for warm‑blooded organ
isms. The observed desorption behavior aligns with established 
frameworks for hydrophobic organic contaminants (HOCs) (Table S8). 
While highly hydrophobic compounds (e.g., PAHs, PCBs) typically rely 

on micellar solubilization for intestinal release, EDPB exhibited pro
nounced desorption consistent with a dual mechanism: bile salt- 
mediated solubilization and aging-induced surface modifications.

Desorption hysteresis differed markedly among polymer types. The 
Hysteresis Index (HI) decreased in the order PVC > PS > PE > PP 
(Table S7 and Figure S5), with stronger hysteresis in glassy polymers 
(PVC, PS) due to restricted intramatrix diffusion [44–46]. Hysteresis was 
more pronounced in gastric than intestinal fluid, consistent with the 
lower bioaccessibility observed under acidic conditions. In intestinal 
fluids at 37 ◦C, hysteresis largely disappeared, likely because elevated 
temperature and surfactant activity accelerated EDPB desorption ki
netics. At intestinal pH, deprotonation of surface carboxyl groups may 
enhance negative surface charge, potentially increasing electrostatic 
repulsion and facilitating the detachment of EDPB-associated micelles. 
Additionally, the reduction of hysteresis suggests that digestive condi
tions may induce partial matrix swelling or structural relaxation, 
thereby opening previously restricted diffusion pathways and promoting 
the release of EDPB sequestered within microporous domains. Isotherm 
analysis supported a microporous‑filling behavior, where pore swelling 
at high EDPB concentrations enhanced retention in glassy matrices. 
Therefore, adsorption affinity and mechanical rigidity jointly governed 
the desorption lag and overall bioaccessibility.

Environmental parameters strongly modulated EDPB release. 

Fig. 3. Bioaccessibility and desorption of EDPB from aged microplastics under simulated gastrointestinal and physiological conditions. (a) Release in gastric fluid for 
2 h followed by intestinal fluid for 4 h; (b) Release in gastric fluid for 36 h followed by intestinal fluid for 84 h; (c) pH-dependent desorption in gastric and intestinal 
fluids; (d) Temperature effects on desorption kinetics; (e) Salinity effects on EDPB release. Error bars represent duplicate variances. Different letters indicate sig
nificant differences (p < 0.01). Unless otherwise specified, experimental conditions were fixed at a microplastic dose of 0.064 g, salinity of 100 mM NaCl, and 
standard fluid conditions (gastric: 37 ◦C, pH 2.0; intestinal: 18 ◦C, pH 7.0).
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Desorption capacity followed the order PVC > PP > PE > PS (Table S2), 
inversely correlated with sorption affinity. Increasing pH reduced elec
trostatic attraction and hydrophobic binding above the polymer iso
electric points (pH > 4), promoting desorption (p < 0.05), whereas 
excessive alkalinity (pH 9) induced surface shrinkage [47,48] that hin
dered release (Fig. 3c). Elevated temperature (18 vs. 37 ◦C) enhanced the 
fast‑desorption rate constant (Kfast) by 7–201% (Fig. 3d), confirming an 
endothermic (ΔH(D) > 0), entropy‑driven (ΔS(D) > 0), spontaneous 
process (ΔG(D) < 0) (Table S7). Pepsin catalysis further amplified 
desorption in gastric fluid, yielding 2.5–3.1‑fold higher release than 
enzyme‑free controls, whereas π–π interaction‑dominated adsorption on 
PS [49] showed minimal temperature response. Salinity exhibited 
medium-specific effects on desorption. High ionic strength (200 mM 
NaCl) suppressed desorption in gastric fluid (− 24.6%) but enhanced it in 
intestinal fluid (+8.1%) (Fig. 3e). This contrasting behavior reflects the 
competition between salting-out effects and bile-salt-mediated solubi
lization [33,50].

These findings demonstrate that the desorption and bioaccessibility 
of FLCMs from aged microplastics are governed by the coupled in
fluences of polymer microstructure, digestive chemistry, and environ
mental factors. Variations in polymer rigidity and surface functionality 
define the strength of contaminant binding, while temperature, pH, 
enzymatic activity, and salinity dynamically modulate interfacial in
teractions within gastrointestinal environments. The combined action of 
these parameters determines the extent to which FLCMs are remobilized 
and become bioaccessible, ultimately shaping their environmental fate 

and ecological risk potential.

3.3. Biological responses to aged microplastic‑associated EDPB

While desorption kinetics define the physical bioaccessibility of 
FLCMs, their toxicological implications depend on how the released 
fraction interacts with biological systems at the cellular level. Released 
EDPB can permeate intestinal epithelial barriers and potentially induce 
cellular stress responses. To elucidate these downstream effects, cyto
toxicity and transcriptomic responses of Caco-2 cells [51] were inves
tigated following exposure to EDPB at concentrations comparable to 
those measured in simulated gastrointestinal fluids. This design ensures 
that in vitro exposures reflect the bioaccessible fraction released under 
physiological conditions.

3.3.1. Concentration-dependent cytotoxicity and mechanisms of EDPB in 
Caco-2 cells

Microscopic observations showed marked morphological changes in 
Caco-2 cells after 24 h EDPB exposure, with cells rounding and shrinking 
from a typical epithelial morphology (Figure S6). The 24 h in vitro 
cytotoxicity assay yielded an IC50 of 80540 μg L− 1 (Figure S7), compa
rable in magnitude to values reported for representative PCB congeners. 
This exposure level is 2–3 orders of magnitude higher than LCM con
centrations currently reported in human serum (3.16–276 μg L− 1) [52]. 
Nevertheless, the results highlight the potential risks of chronic low-dose 
exposure, particularly in light of the environmental persistence and 

Fig. 4. Cytotoxic effects of EDPB exposure on Caco-2 intestinal epithelial cells. (a) Concentration-dependent effects on cell viability assessed by CCK-8 assay; (b) 
intracellular reactive oxygen species generation measured by DCFH-DA fluorescence; (c) lactate dehydrogenase release as an indicator of membrane integrity; (d) 
mitochondrial membrane potential evaluated using JC-1 staining. Data are presented as mean ± SD (n = 6) (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).

R. Yang et al.                                                                                                                                                                                                                                    Journal of Hazardous Materials 507 (2026) 141802 

7 



cumulative toxicity of FLCMs. CCK-8 assays revealed a significant time- 
and concentration-dependent gradient in EDPB toxicity. Cell viability 
decreased from 96.4% at 24 h to 87.4% after 96 h of exposure to 
50 μg L− 1 (p = 0.0075, Fig. 4a), while exposure to 2000 μg L− 1 

dramatically reduced viability to 74.3% after 96 h (vs. 96.1% at 24 h, 
p < 0.0001), indicating that prolonged high-dose exposure exacerbates 
cytotoxic damage. LDH leakage assays confirmed that exposure to 
greater than 300 μg L− 1 for 72 h caused significant membrane damage 
(p = 0.0001, Fig. 4c). DCFH-DA probe analysis revealed that exposure to 
concentrations greater than 1500 μg L− 1 triggered excessive reactive 
oxygen species (ROS) production (Fig. 4b), while exposure to 300 μg L− 1 

significantly disrupted mitochondrial membrane potential (p = 0.0001, 
Fig. 4d).

The toxic effects of EDPB showed a clear concentration-dependent 
pattern. Exposure to 50 μg L− 1 for 96 h reduced cell viability to 87.4% 
(p = 0.0075). At higher concentrations, 300 μg L− 1 caused mitochon
drial membrane potential collapse, 1500 μg L− 1 induced excessive ROS 
production, and 2000 μg L− 1 further decreased cell viability to 74.3% 
(p < 0.0001). Integration of these endpoints demonstrates a concen
tration‑dependent cascade of cellular injury. Sublethal exposure initially 
disrupted mitochondrial membrane potential, leading to excessive ROS 
production and oxidative stress, which subsequently impaired mem
brane integrity and cell viability. This mechanistic progression from 

mitochondrial dysfunction to oxidative damage, and eventual cell death 
highlights energy metabolism and redox imbalance as central pathways 
in EDPB cytotoxicity.

3.3.2. Transcriptomic profiling
To elucidate the molecular mechanisms underlying the observed 

cytotoxicity, oxidative stress, and membrane injury induced by EDPB, 
transcriptomic sequencing was conducted to analyze the global molec
ular regulatory response and key signaling pathways mediated by EDPB 
in Caco-2 cells. RNA sequencing (RNA-seq; n = 6) yielded high-quality 
datasets, generating a total of 40.19 Gb of clean reads, with Q30 
scores exceeding 96.7%, confirming high sequencing accuracy and data 
reliability. Sample correlation heatmaps further displayed strong intra‑ 
and inter‑group consistency (Pearson correlation coefficients ≥ 0.943 
within groups and ≥ 0.947 between groups; Fig. 5a), ensuring the 
robustness of the dataset for downstream analysis at the transcriptional 
level. In total, 545 and 414 uniquely expressed genes were identified in 
the control and treated groups, respectively, along with 12,394 co- 
expressed genes (Fig. 5b).

The transcriptional profile revealed a predominance of down
regulated genes following EDPB exposure, suggesting a global inhibitory 
cellular response. Differential expression analysis identified 1448 EDPB- 
responsive genes, i.e., differentially expressed genes (DEGs), including 

Fig. 5. Transcriptomic profiling reveals systemic alterations in gene expression patterns following EDPB exposure. (a) Inter-sample correlation analysis demon
strating treatment-induced transcriptional changes; (b) Venn diagram quantifying overlapping and unique co-expressed genes between treatment and control groups; 
(c) Volcano plot of differentially expressed genes (p < 0.05, |log2FC| > 1); (d) GO enrichment analysis showing significantly affected biological processes (color- 
coded by functional category); (e) KEGG pathway enrichment histogram revealing perturbed metabolic and signaling pathways.
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952 downregulated (65.75%) and 496 upregulated (34.25%) transcripts 
(Fig. 5c). Notably, the top five downregulated genes (HIST2H4B, 
ACSM3, EHF, DLC1, GPRIN3) were significantly associated with epige
netic modifications and metabolic homeostasis, while the top five 
upregulated genes (RN7SL2, TMEM191A, KRT34, S1PR2, GAGE13) were 
primarily linked to inflammatory activation and RNA metabolic dysre
gulation. GO enrichment analysis (Fig. 5d) (padj < 0.05) revealed that 
DEGs were enriched in chromosome segregation (n = 72), nuclear di
vision (n = 71), and microtubule-binding functions (n = 35), reflecting 
disrupted cell cycle regulation and mitotic apparatus integrity. KEGG 
pathway analysis (Fig. 5e) further indicated that EDPB perturbs genomic 
stability and cell fate balance by impairing the Fanconi anemia pathway 
(DNA damage repair), purine/butyrate metabolism (energy homeosta
sis), and RNA degradation pathway (genetic information fidelity).

Overall, these transcriptomic signatures (Fig. 5) demonstrate that 
EDPB acts as a potent disruptor of genomic maintenance and metabolic 
homeostasis, shifting the cell fate toward growth arrest and functional 
decline.

3.3.3. Mechanisms of toxicity
Fig. 6 illustrates a hierarchical toxicological framework identifying 

EDPB as a metabolic disruptor. Integrated transcriptomic and 
biochemical evidence indicates that mitochondrial dysfunction–driven 
oxidative stress is the primary toxicological mechanism, while cell cycle 
dysregulation and genomic instability occurred as downstream conse
quences. The process begins with impaired energy-producing organ
elles, triggering a cascade of oxidative damage that culminates in the 
genomic instability (Fig. 6a) and cell cycle arrest (Fig. 6b).

At the metabolic level, EDPB markedly suppressed mitochondrial 
energy production. Key tricarboxylic acid (TCA) cycle enzymes, 
including DLAT (FC = 0.63) and SDHB (FC = 0.82), were significantly 
downregulated, indicating impaired carbon flux and intermediate 
metabolite accumulation. Consistently, reduced transcript levels of 
electron transport chain components (NDUFV3, FC = 0.58; COX7A2, FC 
= 0.97; ATP5F1A, FC = 0.63) confirmed the inhibition of oxidative 
phosphorylation [53]. Concurrent dysregulation of purine (IMPDH2, FC 
= 0.66) and butyric acid metabolism (ACADS, FC = 0.83) further con
strained compensatory energy pathways, establishing a state of bio
energetic deficiency and redox imbalance [54].

This metabolic collapse triggered oxidative stress and membrane 
destabilization. Suppression of peroxisomal biogenesis and β-oxidation 
genes (Pex1, FC = 0.35; SCPX, FC = 0.66) likely promoted lipotoxicity, 
while inhibited PPAR-γ signaling weakened mitochondrial antioxidant 
defenses (FC = 0.88). Consequently, intracellular ROS levels increased 
1.98-fold, resulting extensive lipid peroxidation and a 6.7-fold elevation 
in LDH leakage [55,56]. Consistent with other LCM-like pollutants, 
PPAR-γ antagonism serves as a critical regulatory node linking mito
chondrial dysfunction to oxidative stress, rather than acting as inde
pendently [57].

Downstream effects of this metabolic-oxidative axis included dis
rupted cell cycle progression and genomic maintenance. Genes gov
erning chromosome segregation and spindle assembly were broadly 
suppressed. Downregulation of Cyclins and CDKs impaired complex 
activation, resulting in G1/S phase arrest, while reduced DNA replica
tion initiation factors (MCM2–7, FC = 0.71–0.88) compromised repli
cation competence [58,59]. Additionally, CDC20 inhibition (FC = 0.28) 
impaired APC/C function, and suppressed DNA repair genes (RAD21, FC 
= 0.69; DDX11, FC = 0.84) reduced genome stability. PLK1 down
regulation (FC = 0.24) further disrupted spindle organization, exacer
bating chromosomal mis-segregation [60].

The toxicological response followed a clear, hierarchical progression: 
at 50 μg L− 1, EDPB primarily disrupted mitochondrial metabolic path
ways, signaling early bioenergetic stress. Moderate exposure 
(300 μg L− 1) amplified cell cycle inhibition, while high concentrations 
(2000 μg L− 1) triggered pronounced oxidative damage and apoptosis, as 
confirmed by caspase-9/-3 activation [61]. This 

concentration-dependent mode of action resembles patterns observed 
for established persistent organic pollutants [62–64], suggesting that 
EDPB engages conserved metabolic and redox-sensitive pathways that 
may contribute to epithelial cell stress.

Notably, these effects were evaluated using dissolved EDPB to spe
cifically isolate the hazards of the bioaccessible fraction released from 
microplastics. This model establishes a direct mechanistic linkage be
tween desorbed pollutants and subsequent cellular responses. While the 
EDPB released via the 'vector effect' is shown here to sufficiently trigger 
mitochondrial dysfunction, representing a conservative risk estimation. 
In a real-world scenario, microplastic particles may further exacerbate 
toxicity through physical irritation or localized 'hotspot' release upon 
cell-particle contact. Consequently, future studies incorporating MP- 
EDPB complexes are essential to resolve these potential synergistic 
effects.

4. Conclusion

In this study, the molecular mechanisms underlying the adsorp
tion–desorption behavior of EDPB on aged microplastics under simu
lated gastrointestinal conditions and their induction of intestinal 
epithelial cell (Caco-2) toxicity were systematically elucidated. UV 
aging, a key environmental weathering process driven by solar irradia
tion during prolonged environmental exposure (e.g., floating in surface 
waters or stranded on beaches for months to years), significantly 
enhanced the adsorption capacity of microplastics for EDPB. The aging 
process induced three characteristic modifications in microplastics: 
surface roughening, particle size reduction, and generation of oxygen- 
containing functional groups such as hydroxyl and carboxyl groups, 
consistent with the chemical features of naturally weathered marine 
microplastics. These physicochemical transformations promoted the 
formation of persistent composite pollutant carriers capable of accu
mulating and transferring through aquatic food webs. Our findings 
highlight that UV-aging of microplastics increases the bioaccessibility of 
sorbed FLCMs in the human gastrointestinal tract, thereby potentially 
increasing their toxicological risk, although further studies are needed to 
quantify the exact bioavailability. Simulated gastrointestinal experi
ment demonstrated that fluidic conditions efficiently remobilized 
adsorbed EDPB, with desorption peaks (Ffast) observed at 37 ◦C, leading 
to enhanced bioaccessibility and potential intestinal exposure. Mecha
nistic investigations revealed that EDPB initiates a toxicological cascade 
originating from metabolic and redox disruption. Specifically, EDPB 
functions as a primary metabolic insult by inhibiting PPAR-γ signaling 
and impairing mitochondrial bioenergetics (TCA cycle and electron 
transport chain). This metabolic collapse induces oxidative stress that 
drives downstream genomic instability, characterized by the suppres
sion of Cyc/CDK complexes, APC/C function, and DNA repair pathways, 
culminating in caspase-dependent apoptosis.

The ecological implications of these findings extend beyond human 
intestinal epithelium, but also potentially threaten ecosystem function 
(microbial communities) and aquatic organisms through food-web 
transmission. The environmental persistence and mobility of 
microplastic-EDPB complexes amplify their exposure potential, placing 
non-target organisms (e.g., zooplankton, gut microbiota) at risk of 
irreversible oxidative stress-and lipotoxicity-induced damage. Future 
research should prioritize the cumulative effects of chronic low-dose 
exposure and interactive toxicity with co-pollutants, alongside estab
lishing toxicity thresholds and risk assessment frameworks specific to 
microplastic-LCM contamination.

Environmental implication

Fluorinated liquid crystal monomers (FLCMs), whose environmental 
behavior is influenced by ubiquitous microplastics, represent emerging 
organic contaminants of concern with increasing environmental rele
vance. This study shows that environmentally aged microplastics serve 
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Fig. 6. Impact of EDPB exposure on Caco-2 cells. (a) Impairment of peroxisomal and mitochondrial function: suppression of DLAT, SDHB, Pex1, and SCPX, together 
with PPAR-γ inhibition, led to TCA cycle imbalance, excessive ROS generation, calcium overload, and caspase-dependent apoptosis. (b) Disruption of cell cycle 
regulation: downregulation of Cycs, CDK, CDC20, and RAD21 inhibited the Cyc/CDK complex and APC/C function, causing G1/S-phase arrest and genomic insta
bility. In summary, EDPB disrupts intestinal epithelial integrity through a PPAR-γ-mediated mitochondrial-to-nuclear stress axis.
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as efficient sinks and sources for FLCMs, enhancing their accumulation 
and bioaccessible release under biologically relevant conditions. The 
remobilization of microplastic-associated FLCMs increases potential 
biological exposure, with oxidative stress–mediated toxicity observed in 
intestinal epithelial cells. By linking environmental aging, bio
accessibility, and toxicological responses, this work provides critical 
insight into FLCM behavior and supports improved risk assessment of 
microplastic-associated emerging contaminants.
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