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Abstract: This study integrates water quality monitoring data analysis with cellular 

biomechanics research to explore the relationship between disinfection by-products (DBPs) 

pollution patterns and their effects on cellular mechanical properties. Using data from 12 water 

treatment plants across three metropolitan areas in Eastern China, we identified four distinct 

DBPs pollution patterns: Chlorinated THMs dominated, HAAs dominated, Brominated DBPs 

enriched, and Emerging DBPs enriched. Multi-parametric biomechanical analysis utilizing 

atomic force microscopy, microfluidic deformation tests, and cytoskeletal structure evaluation 

revealed that all four patterns induced concentration-dependent alterations in cellular elasticity, 

deformability, and migration capacity. Pattern 4 (Emerging DBPs enriched) and Pattern 3 

(Brominated DBPs enriched) exhibited the strongest effects, inducing significant 

biomechanical changes even at environmentally relevant concentrations. HK-2 kidney cells 

demonstrated the highest sensitivity among tested cell lines, consistent with epidemiological 

evidence linking long-term DBPs exposure to increased kidney cancer risk—an important 

public health concern. Canonical correlation analysis established systematic relationships 

between DBPs characteristics and specific biomechanical responses. These findings highlight 

potential mechanisms underlying DBPs-associated health risks and suggest that cellular 

biomechanical parameters could serve as sensitive early indicators of DBPs toxicity, potentially 

addressing a critical gap in current risk assessment approaches that rely primarily on high-dose 

cytotoxicity endpoints. The established pattern-specific relationships provide important 

insights for targeted water treatment strategies and monitoring approaches focusing on 

emerging unregulated DBPs. 

Keywords: disinfection by-products; pattern recognition; cellular biomechanics; water quality 

monitoring; toxicity assessment 

1. Introduction 

1.1. Formation of drinking water disinfection by-products and health 

risks 

Water disinfection is one of the most successful public health interventions 

worldwide; however, disinfectants react with natural organic matter and halogen ions 

to form disinfection by-products (DBPs) [1]. Since the 1970s, more than 700 DBPs 

have been identified, including trihalomethanes (THMs), haloacetic acids (HAAs), 

haloacetonitriles (HANs), haloketones (HKs), and halobenzoquinones (HBQs) [2,3]. 

Recent studies indicate that emerging unregulated DBPs may possess higher 

cytotoxicity and genotoxicity than regulated ones [3,4]. The formation of DBPs is 

influenced by raw water quality, disinfection parameters, and environmental 

conditions, leading to significant spatiotemporal heterogeneity in actual water 
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environments [5,6]. Epidemiological and toxicological studies have associated long-

term DBPs exposure with increased risks of bladder cancer, colorectal cancer, and 

reproductive toxicity [1,2]. Notably, mixed exposure to multiple DBPs may produce 

synergistic, antagonistic, or additive effects, increasing the complexity of health risk 

assessment [7]. 

1.2. Current status and challenges in DBPs toxicity research 

DBPs toxicity research faces several key challenges. Traditional studies have 

focused on single exposure to a few regulated DBPs, while research on combined toxic 

effects of complex DBPs mixtures remains scarce. Wei et al. demonstrated that 

structurally similar haloacetonitrile DBPs may produce significant additive toxic 

effects, emphasizing the need for mixture-based risk assessment [8]. Additionally, 

conventional toxicity detection typically requires high concentrations, potentially 

underestimating effects at environmentally relevant levels [9]. Current monitoring 

systems only test a few regulated DBPs, unable to comprehensively reflect true 

pollution situations. Liu et al.’s study of the Taihu Lake drinking water system showed 

that DBPs distribution exhibits distinct seasonal and regional characteristics [10], 

while Yu et al. demonstrated that machine learning methods could effectively analyze 

distribution patterns and health risks of haloacetic acids in water distribution systems 

[6]. Another significant challenge is extrapolating in vitro findings to human health 

impacts. Kalita et al. highlighted the need to integrate multi-level biological responses 

to construct a causal chain from molecular events to health outcomes [2], emphasizing 

the importance of identifying new biomarkers that reflect early cellular functional 

changes. 

1.3. Cellular biomechanical parameters as a new perspective for toxicity 

evaluation 

Cellular biomechanical properties, including elasticity, viscoelasticity, 

deformability, and tension, are sensitive indicators of cellular responses to 

environmental changes [11]. With advances in atomic force microscopy (AFM), 

microfluidic analysis, and high-throughput deformation techniques, quantitative 

measurement of these properties has become important for exploring cellular function 

[12–14]. Darling and Di Carlo noted that biomechanical changes often precede 

biochemical changes and can serve as early indicators of cellular status [12]. These 

properties are closely related to pathological states—cancer cells exhibit decreased 

elasticity and enhanced deformability related to their invasive capabilities, while 

cardiovascular and neurodegenerative diseases show significant changes in specific 

cell types’ biomechanical properties. Environmental toxicants can affect these 

properties through multiple mechanisms, including cytoskeletal protein interference 

and membrane fluidity alterations [15–17]. Wang et al. first reported that 2,6-dichloro-

1,4-benzoquinone, a novel DBP, can cause immune cell dysfunction potentially related 

to membrane integrity and cytoskeletal disruption [18]. However, systematic research 

on different DBPs’ effects on cellular biomechanics remains largely unexplored. 
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1.4. Research objectives and innovations 

This study aims to integrate water quality monitoring data analysis with cellular 

biomechanics research to explore correlations between DBPs pollution patterns and 

cellular biomechanical effects. Specific objectives include: (1) identifying typical 

DBPs pollution patterns from water quality monitoring data; (2) studying 

representative DBPs’ effects on cell membrane properties, cytoskeletal structure, and 

cell adhesion; (3) analyzing dose-effect relationships between different DBPs patterns 

and biomechanical effects; and (4) exploring the feasibility of biomechanical 

parameters as new indicators for DBPs toxicity. 

Figure 1 presents a schematic overview of the integrated approach used in this 

study. The workflow consists of three main components: (1) data collection and 

preprocessing from 12 water treatment plants, resulting in a comprehensive dataset of 

5184 samples with 18 DBPs compounds; (2) pattern recognition and classification 

using PCA and cluster analysis, which identified four distinct DBPs pollution patterns 

with characteristic compositions; and (3) multi-parametric biomechanical analysis 

using AFM, microfluidic deformation testing, and cytoskeletal structure evaluation to 

assess the cellular impacts of these patterns. This integrated approach bridges 

environmental monitoring with cellular biomechanics to establish relationships 

between DBPs pollution patterns and their potential health effects. 

Section 1:Data Collection& Preprocessing Section 2:Pattern Recognition & Classification Section 3:Biomechanical Analysis
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Figure 1. Workflow of the integrated approach for DBPs pattern recognition and biomechanical analysis. 

The innovations include: integrating data-driven pollution pattern recognition 

with molecular toxicology; systematically studying DBPs effects on cellular 

biomechanics; establishing association models between pollution patterns and 

biomechanical effects; and proposing new approaches for DBPs toxicity screening 

based on biomechanical parameters. This research aims to enhance understanding of 

DBPs health risks while opening new directions for interdisciplinary research between 

environmental toxicology and biomechanics. 
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2. Research materials and methods 

2.1. Water quality monitoring data acquisition and preprocessing 

Drinking water quality monitoring data were collected from 12 water treatment 

plants and their distribution networks across three metropolitan areas in Eastern China 

from January 2022 to December 2024. The monitoring program included 8 regulated 

DBPs (4 THMs, 4 HAAs) and 10 unregulated emerging DBPs (3 haloketones, 3 

haloacetonitriles, 2 halobenzoquinones, 2 haloacetamides). Samples were collected 

monthly, resulting in 5184 samples with complete DBPs concentration profiles. The 

selection of these 18 specific DBPs was based on several criteria: (1) inclusion of 

regulated DBPs (THMs and HAAs) that are routinely monitored and have established 

health risk assessments; (2) representation of major structural classes including 

carbon-halogen (THMs), carboxylic acid (HAAs), nitrile (HANs), and aromatic 

(HBQs) compounds; (3) coverage of both chlorinated and brominated species to assess 

the impact of halogen type; (4) inclusion of emerging DBPs identified as high-priority 

based on previous toxicity and occurrence studies [3,4,18]; and (5) analytical 

feasibility for consistent detection at environmentally relevant concentrations. While 

over 700 DBPs have been identified in drinking water systems [2], these 18 

compounds were selected to provide a representative and analytically feasible subset 

that captures the diversity of chemical structures, formation pathways, and potential 

toxicity mechanisms, while focusing on species most frequently detected in the studied 

water systems based on preliminary screening. 

Relevant water quality parameters were monitored simultaneously, including 

temperature, pH, turbidity, residual chlorine, dissolved organic carbon (DOC), UV254 

absorbance, bromide concentration, and ammonia nitrogen. Table 1 presents the key 

water quality parameters and DBPs concentrations in the dataset. 

Table 1. Summary of key water quality parameters and DBPs concentrations in the 

monitoring dataset. 

Category Parameter Mean ± SD Detection frequency (%) 

Water Quality Temperature (℃) 18.5 ± 7.8 100 

 pH 7.35 ± 0.41 100 

 DOC (mg/L) 2.75 ± 1.15 100 

 Bromide (μg/L) 42.5 ± 52.8 96.3 

Regulated DBPs Chloroform (μg/L) 18.7 ± 12.5 99.8 

 Dichloroacetic acid (μg/L) 15.8 ± 8.9 99.5 

Emerging DBPs Dichloroacetonitrile (μg/L) 2.4 ± 2.1 82.5 

 2,6-Dichloro-1,4-benzoquinone (μg/L) 0.15 ± 0.22 48.5 

Prior to analysis, all data underwent quality control and preprocessing. Missing 

values (< 3%) were imputed using the k-nearest neighbor algorithm. Outliers were 

identified using the modified Z-score method and validated through quality assurance 

records. Measurements below detection limits were replaced with half of the detection 

limit [10]. All parameters were normalized using min-max scaling. 
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2.2. DBPs pollution pattern recognition and data mining 

Multiple approaches were employed to identify distinct DBPs pollution patterns. 

Principal component analysis (PCA) was applied to reduce dimensionality and 

identify main factors explaining variance in DBPs concentrations. The Kaiser criterion 

(eigenvalues > 1) determined optimal principal components. Factor loadings identified 

individual DBPs contributions to each principal component. 

Cluster analysis, using both hierarchical (Ward’s method with Euclidean distance) 

and k-means clustering, identified distinct patterns. Optimal cluster numbers were 

determined using silhouette coefficient analysis and the elbow method. Self-

organizing maps (SOMs) and random forest classification further enhanced pattern 

recognition and explored non-linear relationships between DBPs and water quality 

parameters. Model performance was evaluated using 10-fold cross-validation. 

Based on pattern recognition results, four distinct pollution patterns were 

identified for cellular biomechanical effect studies, as shown in Table 2. 

Table 2. Characteristics of typical DBPs pollution patterns selected for cellular biomechanical effect studies.  

Characteristic 
Pattern 1 (Chlorinated 

THMs dominated) 

Pattern 2 (HAAs 

dominated) 

Pattern 3 (Brominated 

DBPs enriched) 

Pattern 4 (Emerging DBPs 

enriched) 

Total DBPs 
concentration 

Moderate (45–60 μg/L) High (65–85 μg/L) Moderate (40–55 μg/L) 
Low to moderate (35–50 
μg/L) 

Dominant DBPs class THMs (> 60% of total) HAAs (> 55% of total) 
Mixed (40%–45% THMs, 
35%–40% HAAs) 

Mixed (35%–40% THMs, 
30%–35% HAAs) 

Brominated species Low (< 20% of total THMs) 
Moderate (25%–35% of 
total HAAs) 

High (> 50% of total DBPs) 
Moderate (30%–40% of 
total DBPs) 

Emerging unregulated 
DBPs 

Low (< 5% of total) 
Low to moderate (5%–
10% of total) 

Moderate (10%–15% of total) High (> 20% of total) 

For each pollution pattern, both synthetic DBPs mixtures (prepared according to 

the typical composition profile) and actual water samples (collected from 

representative water sources) were selected for cellular exposure experiments. The 

synthetic mixtures were prepared using analytical-grade standards of individual DBPs 

diluted in ultrapure water and adjusted to match typical water quality parameters (pH, 

ionic strength) of drinking water. Actual water samples were collected, transported, 

and stored according to standard protocols to minimize changes in DBPs 

concentrations before the experiments [9]. 

2.3. Cell models and exposure protocol 

Three human cell lines were selected: HepG2 (human hepatocellular carcinoma) 

representing liver cells, HUVEC (human umbilical vein endothelial cells) representing 

vascular endothelial cells, and HK-2 (human kidney proximal tubule cells) 

representing kidney epithelial cells. These were selected based on their relevance to 

DBPs metabolism, distribution, and potential toxicity targets [2,7,9]. 

Cells were cultured in appropriate media with supplements at 37 ℃ in a 

humidified atmosphere with 5% CO2. For exposure experiments, cells at 70%–80% 

confluence were exposed to synthetic DBPs mixtures or actual water samples in 

serum-free media. Table 3 summarizes the exposure conditions. 
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Table 3. Key exposure concentrations of DBPs mixtures and actual water samples. 

Exposure group Concentration level Total DBPs (μg/L) Fold of environmental level Cell viability (% of control) 

Synthetic mixtures Environmental 40–75 (pattern-dependent) 1× > 90% 

 Medium 400–750 10× 60%–80% 

 High 1200–2250 30× 40%–65% 

Actual water samples Environmental 35–85 (pattern-dependent) 1× > 90% 

 Concentrated 350–850 10× 55%–80% 

Exposure durations were set at 24 h, 48 h, and 72 h to evaluate both acute and 

sub-chronic effects. Cell viability was assessed using the MTT assay to ensure sub-

lethal exposure concentrations, as cytotoxicity could confound biomechanical changes 

interpretation. 

2.4. Measurement of cellular biomechanical properties 

A multiparametric approach was employed to comprehensively characterize the 

biomechanical properties of cells exposed to different DBPs pollution patterns. Three 

complementary techniques were used: atomic force microscopy (AFM) for high-

resolution assessment of cell membrane elasticity, microfluidic cell deformation 

analysis for whole-cell deformability measurement, and traction force microscopy for 

cell-substrate interaction evaluation. 

2.4.1. Atomic force microscopy (AFM) measurements 

Cellular elastic properties were quantified using a Bruker Dimension Icon AFM 

system. Silicon nitride cantilevers (spring constant 0.06 N/m) with pyramidal tips were 

used. Force-distance curves were acquired at multiple locations on each cell with an 

approach velocity of 2 μm/s and a maximum indentation force of 1 nN. For each 

condition, at least 30 cells were analyzed with 10 force curves per cell. Young’s 

modulus was calculated by fitting force-distance curves to the Hertz model. 

Force-volume mapping generated elasticity maps (32 × 32 resolution over 20 × 

20 μm areas) to assess mechanical heterogeneity within cells. Mean elasticity, standard 

deviation, and skewness of elasticity distribution were extracted. 

2.4.2. Microfluidic cell deformation analysis 

Whole-cell deformability was assessed using a custom microfluidic device with 

constriction channels (8 μm width, 15 μm height, 50 μm length). Cell suspensions 

were driven through microchannels at 15 kPa pressure. Cell deformation was recorded 

at 2000 frames per second and analyzed to extract: entry time, transit velocity, 

deformation index, and recovery ratio.  

Statistical analysis of microfluidic deformation data was performed using a two-

step approach. First, the Kolmogorov-Smirnov test was applied to determine if the 

deformation parameters (entry time, transit velocity, deformation index, and recovery 

ratio) followed a normal distribution. For normally distributed parameters, one-way 

ANOVA followed by Dunnett’s post-hoc test was used to compare treated groups with 

control. For non-normally distributed parameters, the Kruskal-Wallis test followed by 

Dunn’s post-hoc test was employed. Statistical significance was established at p < 0.05. 

To ensure data reliability, outliers beyond three standard deviations from the mean 
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were excluded, and the coefficient of variation was calculated across experimental 

replicates to verify measurement consistency. All microfluidic experiments were 

performed at least three times with a minimum of 200 cells analyzed per condition, 

providing robust statistical power for detecting significant differences between 

treatment groups. 

2.4.3 Cytoskeletal structure analysis 

Immunofluorescence staining and confocal microscopy correlated biomechanical 

changes with cytoskeletal alterations. F-actin was stained with Alexa Fluor 488-

phalloidin, microtubules with anti-α-tubulin antibody, and nuclei with DAPI. Confocal 

z-stack images were acquired using a Leica SP8 microscope. ImageJ software 

quantified cytoskeletal parameters including F-actin intensity, microtubule network 

density, focal adhesion size/distribution, and nuclear morphology. 

2.5. Statistical analysis and model construction 

All measurements were performed in at least three independent experiments. 

Data normality was assessed using the Shapiro-Wilk test. For normally distributed data, 

one-way ANOVA with Tukey’s post-hoc test compared multiple groups. For non-

normally distributed data, the Kruskal-Wallis test with Dunn’s post-hoc test was 

applied. Dose-response relationships were analyzed using regression analysis. 

Principal component analysis identified main modes of variation in biomechanical 

responses. Canonical correlation analysis identified associations between DBPs 

features and biomechanical responses. Partial least squares regression models 

predicted biomechanical responses from DBPs profiles, evaluated using cross-

validation. A Biomechanical Effect Index (BEI) was developed as a weighted sum of 

normalized changes in key biomechanical parameters. Weights were determined based 

on parameter reliability and sensitivity through repeatability tests and dose-response 

analyses. BEI values ranked the effects of different DBPs patterns and explored 

correlations with conventional toxicity endpoints. 

3. Research results 

3.1. DBPs pollution characteristics and patterns in water quality 

monitoring data 

Analysis of the water quality monitoring dataset revealed distinct spatiotemporal 

patterns in DBPs occurrence. Principal component analysis identified four principal 

components explaining 78.6% of the total variance in DBPs concentrations. As shown 

in Figure 2, the first two principal components (PC1 and PC2) explained 42.3% and 

18.7% of the variance, respectively. PC1 was associated with chlorinated THMs and 

HAAs, while PC2 related primarily to brominated DBPs species. 
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Figure 2. PCA biplot of DBPs species. 

Figure 2 showed the distribution of DBPs species and samples in the first two 

principal component spaces. Different DBPs species are represented by blue arrows, 

while individual water samples are shown as grey dots. The direction and length of the 

arrows indicate the contribution of each DBPs species to the principal components. 

Cluster analysis identified four distinct pollution patterns, each with 

characteristic DBPs composition and water quality associations. As shown in Table 4, 

Pattern 1 (Chlorinated THMs dominated) featured high concentrations of chloroform 

and dichloroacetic acid with relatively low brominated species. Pattern 2 (HAAs 

dominated) showed elevated levels of di- and trichloroacetic acids. Pattern 3 

(Brominated DBPs enriched) exhibited a high proportion of brominated species. 

Pattern 4 (Emerging DBPs enriched) was distinguished by elevated concentrations of 

unregulated DBPs. 

Table 4. Mean concentrations (μg/L) of key DBPs in the four identified pollution 

patterns. 

DBPs Pattern 1 Pattern 2 Pattern 3 Pattern 4 

Chloroform 28.5 ± 6.2 15.8 ± 4.5 8.4 ± 3.2 12.6 ± 4.1 

Bromodichloromethane 10.2 ± 3.5 8.6 ± 2.8 12.5 ± 3.6 9.8 ± 3.2 

Dichloroacetic acid 10.6 ± 3.2 22.4 ± 5.3 7.2 ± 2.5 8.4 ± 2.8 

Bromochloroacetic acid 3.2 ± 1.5 6.8 ± 2.4 10.5 ± 3.4 5.8 ± 2.2 

2,6-Dichloro-1,4-benzoquinone 0.05 ± 0.02 0.08 ± 0.04 0.06 ± 0.03 0.42 ± 0.18 

Total regulated DBPs 68.0 ± 12.5 79.1 ± 15.2 76.3 ± 14.8 55.7 ± 11.2 

Total emerging DBPs 3.6 ± 1.4 5.5 ± 2.2 5.4 ± 2.1 11.3 ± 3.5 

Brominated/total ratio 0.17 ± 0.05 0.21 ± 0.06 0.58 ± 0.12 0.33 ± 0.08 

The temporal distribution of these patterns exhibited distinct seasonal trends. 

Pattern 1 showed winter dominance, Pattern 2 demonstrated summer prevalence, 

Pattern 3 exhibited less pronounced seasonal variation, and Pattern 4 showed bimodal 

distribution with peaks in spring and autumn. Random forest analysis identified 
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temperature and DOC as key factors for Pattern 2, while bromide concentration 

strongly predicted Pattern 3. Pattern 4 was associated with pH and residual chlorine 

levels. 

3.2. Cytoskeletal and mechanical alterations induced by DBPs exposure 

DBPs exposure induced significant changes in both cellular mechanical 

properties and cytoskeletal organization across all cell types. Atomic force microscopy 

(AFM) measurements revealed concentration-dependent increases in Young’s 

modulus (stiffening) of cells following exposure to DBPs, with Pattern 4 (Emerging 

DBPs enriched) inducing the most pronounced effect. As shown in Figure 3, Pattern 

4 caused a 5.4-fold increase in Young’s modulus of HepG2 cells at the highest 

concentration, followed by Pattern 3 (4.5-fold), Pattern 2 (3.9-fold), and Pattern 1 (3.0-

fold). At environmentally relevant concentrations, only Pattern 4 induced statistically 

significant stiffening (1.4-fold increase, p < 0.05). 

 

Figure 3. Changes in Young’s modulus of HepG2 cells after DBPs exposure (Error 

bars represent standard deviation from measurements of at least 30 cells with 10 

force curves per cell). 

The elasticity changes varied among cell types, with HK-2 cells showing the 

highest sensitivity to DBPs-induced stiffening, followed by HepG2 and HUVEC cells. 

Table 5 compares the fold changes in Young’s modulus across different cell types after 

exposure to environmental and medium concentration levels of each DBPs pattern. 
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Table 5. Fold changes in Young’s modulus of different cell types after 48-h exposure 

to DBPs. 

Cell Type Concentration Pattern 1 Pattern 2 Pattern 3 Pattern 4 

HepG2 Environmental 1.12 ± 0.10 1.20 ± 0.12 1.24 ± 0.15 1.40 ± 0.18* 

 Medium 1.92 ± 0.25* 2.60 ± 0.32** 2.88 ± 0.38** 3.40 ± 0.45*** 

HUVEC Environmental 1.08 ± 0.09 1.15 ± 0.11 1.18 ± 0.12 1.25 ± 0.14 

 Medium 1.65 ± 0.22* 2.10 ± 0.28* 2.45 ± 0.32** 2.85 ± 0.38** 

HK-2 Environmental 1.18 ± 0.12 1.28 ± 0.15 1.35 ± 0.16* 1.52 ± 0.20* 

 Medium 2.15 ± 0.28* 2.85 ± 0.35** 3.25 ± 0.42*** 3.80 ± 0.50*** 

Values represent fold change relative to control cells (mean ± SD). Asterisks indicate statistical 
significance compared to control (*p < 0.05, **p < 0.01, ***p < 0.001). 

AFM force-volume mapping revealed changes not only in mean elasticity but 

also in the spatial distribution of mechanical properties across the cell surface. Control 

cells showed relatively homogeneous elasticity maps with slight variations between 

the cell center and periphery. In contrast, DBPs-exposed cells exhibited increased 

mechanical heterogeneity, particularly in Pattern 3 and Pattern 4 exposures, where 

distinct stiff regions were observed, often coinciding with altered cytoskeletal 

structure. 

Confocal microscopy revealed significant reorganization of F-actin and 

microtubule networks following DBPs exposure. Control HepG2 cells showed 

predominantly cortical actin organization with few stress fibers, while cells exposed 

to DBPs exhibited concentration-dependent increases in stress fiber formation, with 

Pattern 4 inducing the most pronounced effect. Quantitative analysis confirmed these 

observations across all cytoskeletal parameters (Table 6). 

Table 6. Quantitative analysis of cytoskeletal parameters in HepG2 cells after 48-h exposure to DBPs at medium 

concentration level. 

Cytoskeletal Parameter Control Pattern 1 Pattern 2 Pattern 3 Pattern 4 

F-actin intensity (fold change) 1.00 ± 0.08 1.65 ± 0.18* 1.85 ± 0.22** 2.05 ± 0.25** 2.35 ± 0.28*** 

Stress fiber content (% of total actin) 18.5 ± 3.2 38.6 ± 4.5* 45.2 ± 5.2** 42.8 ± 4.8** 48.5 ± 5.5*** 

Cortical actin thickness (μm) 0.68 ± 0.12 0.92 ± 0.15 0.85 ± 0.14 0.75 ± 0.13 0.62 ± 0.11 

Microtubule network density (%) 100.0 ± 8.5 85.2 ± 7.8 78.5 ± 7.2* 72.6 ± 6.5* 68.4 ± 6.2** 

Focal adhesion size (μm²) 1.25 ± 0.18 1.85 ± 0.24* 2.12 ± 0.28** 2.25 ± 0.30** 2.45 ± 0.32** 

Focal adhesion number (per cell) 28.5 ± 4.2 35.8 ± 5.1 38.5 ± 5.5* 32.6 ± 4.8 30.5 ± 4.5 

Nuclear area (μm2) 185.2 ± 15.6 175.6 ± 14.8 168.5 ± 13.5 162.4 ± 13.2* 158.6 ± 12.8* 

Note: Values are presented as mean ± SD. Asterisks indicate statistical significance compared to control 
(*p < 0.05, **p < 0.01, ***p < 0.001). 

All DBPs patterns induced significant changes in F-actin intensity, stress fiber 

formation, and microtubule network density in a concentration-dependent manner. 

Pattern 4 exhibited the strongest effects, with a 2.8-fold increase in stress fiber content 

and a 45% decrease in microtubule network density at the highest concentration. Time-

dependent analysis revealed that short-term exposure (24 h) primarily induced stress 

fiber formation without significant disorganization, suggesting an initial adaptive 

response. Prolonged exposure (72 h) led to increased cytoskeletal disorganization, 
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particularly in Pattern 3 and Pattern 4 exposures, indicating potential cytoskeletal 

breakdown after initial adaptation failure. 

These integrated findings suggest a mechanistic link between DBPs exposure, 

cytoskeletal reorganization, and alterations in cellular mechanical properties, with the 

cytoskeletal changes likely underpinning the observed mechanical effects. The 

pattern-specific responses, particularly the pronounced effects of Patterns 3 and 4, 

indicate that brominated and emerging DBPs may disrupt cellular mechanics through 

pathways distinct from those affected by chlorinated species. 

3.3. Effects of DBPs exposure on cell adhesion and migration abilities 

Microfluidic deformation analysis revealed significant changes in whole-cell 

deformability following DBPs exposure. As shown in Figure 4, cells exposed to all 

four DBPs patterns exhibited reduced deformability (longer entry times and lower 

deformation indices) in a concentration-dependent manner. 

 

Figure 4. Effects of DBPs exposure on cell deformability parameters: (A) 

Deformation index—lower values indicate decreased deformability; (B) Entry 

time—longer times indicate decreased deformability (Error bars represent standard 

deviation from analysis of at least 200 cells per condition). 

As shown in Figure 4, Pattern 3 and Pattern 4 induced the most pronounced 

effects on cellular deformability. Cells exposed to Pattern 4 at high concentration 

exhibited a 3.9-fold increase in entry time compared to control, while Pattern 3 caused 

a 3.4-fold increase. The deformation index decreased most significantly in Pattern 4 

(47% reduction) and Pattern 3 (39% reduction). The observed changes correlated 

strongly with cytoskeletal alterations, suggesting a mechanistic link between DBPs-

induced cytoskeletal reorganization and impaired mechanical function. 

Cell recovery analysis provided further insights into the viscoelastic properties of 

exposed cells. Control cells exhibited nearly complete shape recovery (ratio of 0.95), 
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while cells exposed to DBPs showed significantly impaired recovery in a pattern- and 

concentration-dependent manner. Pattern 4 exposure resulted in the most severe 

impairment (recovery ratio of 0.52 at high concentration), indicating substantial 

permanent deformation. 

Cell migration analysis revealed that all DBPs patterns induced concentration-

dependent decreases in migration capability. Cells exposed to Pattern 4 at high 

concentration showed an 82% reduction in migration distance, while Pattern 3, Pattern 

2, and Pattern 1 exposures led to 70%, 57%, and 45% reductions, respectively. These 

effects correlated with changes in focal adhesion properties, suggesting that altered 

cell-substrate interactions contribute to reduced migration capacity. 

3.4. Correlation between different pollution patterns and cellular 

biomechanical effects 

Canonical correlation analysis revealed systematic relationships between DBPs 

composition and biomechanical parameters. As shown in Figure 5, the first canonical 

variate (explaining 68.5% of shared variance) revealed strong positive correlations 

between chlorinated DBPs and cellular stiffening parameters while showing negative 

correlations with deformation index and migration distance. 

 

Figure 5. Canonical correlation analysis between DBPs characteristics and cellular 

biomechanical parameters. 

Arrow length indicates loading strength, and proximity between arrows indicates 

correlation strength. As illustrated in Figure 5, the second canonical variate 

(explaining 22.3% of shared variance) highlighted strong associations between 

brominated/emerging DBPs and disruptions in microtubule network density and 

recovery ratio, suggesting they may affect cellular mechanics through different 

mechanisms than chlorinated DBPs. 

Based on comprehensive assessments, a composite Biomechanical Effect Index 
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(BEI) was calculated for each DBPs pattern. Pattern 4 consistently exhibited the 

highest BEI values across all concentration levels, reaching the “Severe Effect” 

threshold at medium and high concentrations. Pattern 3 showed the second strongest 

effects, while Patterns 2 and 1 showed progressively lower BEI values. At 

environmentally relevant concentrations, only Pattern 4 exceeded the “Low Effect” 

threshold (BEI = 0.35), indicating that emerging unregulated DBPs may pose 

biomechanical alteration risks even at typical drinking water concentrations. 

To further validate the biological relevance of the BEI as an early indicator of 

DBPs toxicity, we conducted correlation analyses between BEI values and traditional 

cytotoxicity endpoints across all four DBPs patterns. Strong negative correlations were 

observed between BEI values and IC50 values for cell viability (r = −0.85, p < 0.001) 

and GSH depletion (r = −0.82, p < 0.001). Importantly, when comparing 

concentration-response relationships, significant biomechanical alterations (BEI > 

0.35) were detectable at concentrations 3–5 times lower than those required for 

observable cytotoxicity (≥ 20% reduction in cell viability). This enhanced sensitivity 

was particularly evident for Pattern 4 (Emerging DBPs enriched), where BEI reached 

the ‘Low Effect’ threshold at environmentally relevant concentrations that showed no 

detectable impact on conventional endpoints. These findings highlight the unique 

value of BEI as an early warning indicator capable of detecting subtle cellular 

alterations before overt cytotoxicity occurs, potentially addressing a critical gap in 

current risk assessment approaches that rely primarily on apical toxicity endpoints. 

4. Discussion 

4.1. Methodological value and application prospects of DBPs pollution 

pattern recognition 

The pattern recognition approach employed in this study represents a significant 

advancement in understanding DBPs occurrence in drinking water systems. By 

analyzing the extensive monitoring dataset comprising 5184 samples from 12 water 

treatment plants across three metropolitan areas, we successfully identified four 

distinct pollution patterns with characteristic DBPs compositions and water quality 

associations. This data-driven methodology overcomes several limitations of 

traditional DBPs monitoring approaches. Conventional monitoring typically focuses 

on a few regulated DBPs without considering their complex interrelationships or co-

occurrence patterns, potentially underestimating the true exposure risks. Our approach 

provides a more comprehensive understanding of DBPs pollution by capturing the 

heterogeneous nature of DBPs mixtures in real drinking water systems. 

The identified patterns demonstrate clear associations with water quality 

parameters and seasonal variations, suggesting that predictive models could be 

developed to anticipate DBPs profile changes based on source water characteristics 

and treatment conditions. Pattern 1 (Chlorinated THMs dominated) showed strong 

winter dominance, likely due to increased chlorine dosage and reduced natural organic 

matter biodegradation during colder months. Pattern 2 (HAAs dominated) exhibited 

summer prevalence, consistent with previous studies showing enhanced HAA 

formation under higher temperature conditions that accelerate oxidation reactions 
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between chlorine and organic precursors. The less pronounced seasonal variation of 

Pattern 3 (Brominated DBPs enriched) reflects its stronger dependence on bromide 

concentration in source water rather than seasonal factors, as confirmed by our random 

forest analysis. The bimodal distribution of Pattern 4 (Emerging DBPs enriched) with 

peaks in spring and autumn suggests complex formation mechanisms potentially 

related to seasonal changes in organic matter composition during periods of ecological 

transition. 

The pattern recognition methodology demonstrates significant potential for 

integration into intelligent water quality monitoring systems. By identifying 

characteristic DBPs profiles associated with specific water quality conditions, utilities 

could implement targeted monitoring strategies focused on representative DBPs for 

each pattern rather than conducting comprehensive analysis for all compounds. This 

would enable more cost-effective monitoring while maintaining comprehensive risk 

assessment capabilities. Furthermore, the established relationships between water 

quality parameters and DBPs patterns could facilitate the development of early 

warning systems to predict potential shifts in DBPs profiles based on changes in key 

water quality indicators such as temperature, dissolved organic carbon, and bromide 

concentration. 

Beyond monitoring applications, this methodology provides valuable insights for 

water treatment optimization. Each identified pattern corresponds to different 

formation mechanisms and precursor relationships, suggesting pattern-specific 

treatment strategies. For instance, Pattern 2 (HAAs dominated) showed strong 

associations with dissolved organic carbon, indicating that enhanced coagulation and 

granular activated carbon filtration might be particularly effective for reducing this 

pattern’s occurrence. Similarly, Pattern 3 (Brominated DBPs enriched) could 

potentially be mitigated through ion exchange processes targeting bromide removal 

from source water. These targeted approaches represent more efficient utilization of 

treatment resources compared to general strategies that may not address the specific 

characteristics of local DBPs profiles. 

4.2. Cellular biomechanical changes as sensitive indicators for DBPs 

toxicity evaluation 

Our investigation into cellular biomechanical responses to DBPs exposure 

reveals a promising new dimension for toxicity assessment. The multiparametric 

approach combining atomic force microscopy, microfluidic deformation analysis, and 

cytoskeletal structure evaluation provided comprehensive insights into how different 

DBPs patterns affect cellular mechanical properties. These biomechanical alterations 

demonstrated both sensitivity and pattern specificity, suggesting their potential utility 

as early indicators of DBPs-induced cellular dysfunction. 

The exceptional sensitivity of biomechanical parameters to DBPs exposure was 

particularly evident for Pattern 3 (Brominated DBPs enriched) and Pattern 4 

(Emerging DBPs enriched). Significant changes in Young’s modulus and cytoskeletal 

organization were detectable at concentrations 5–10 times lower than those required 

for conventional cytotoxicity. This enhanced sensitivity was most pronounced in HK-

2 kidney cells, which exhibited significant stiffening (1.52-fold increase in Young’s 
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modulus) even at environmentally relevant concentrations of Pattern 4, addressing a 

critical gap in current risk assessment approaches that rely primarily on high-dose 

toxicity endpoints. 

Pattern-specific biomechanical responses provided insights into potential 

mechanisms of DBPs toxicity. Pattern 4, dominated by emerging unregulated DBPs, 

consistently induced the most profound alterations across all cell types and parameters. 

The strong effects observed with Pattern 3 support the growing concern that 

brominated DBPs may pose greater health risks than their chlorinated counterparts 

[19]. Canonical correlation analysis revealed that brominated and emerging DBPs 

were strongly associated with disruptions in microtubule network density and cellular 

recovery capacity, while chlorinated DBPs showed stronger correlations with cellular 

stiffening. 

Compared to traditional toxicity endpoints, biomechanical parameters offer 

several advantages: higher sensitivity at environmentally relevant concentrations, 

mechanistic insights linking specific alterations to cytoskeletal disruptions, and 

integration potential through the composite Biomechanical Effect Index (BEI). The 

strong correlations between BEI values and established toxicity measures (r = −0.85 

with IC50 for cell viability and r = −0.82 with GSH depletion) validate the biological 

relevance of these alterations as potential surrogate markers for more complex 

toxicological endpoints. 

The application potential extends to practical DBPs screening applications, where 

high-throughput deformation analysis combined with AFM measurements could 

enable rapid screening of water samples without extensive chemical characterization, 

particularly valuable for identifying emerging concerns not yet included in standard 

monitoring protocols. 

4.3. Bridging mechanisms from cellular biomechanical changes to human 

health risks 

The translation of cellular biomechanical alterations to potential human health 

impacts represents both a challenge and an opportunity in environmental health 

research. Our findings establish a foundation by demonstrating consistent 

relationships between DBPs exposure, cellular mechanical dysfunction, and 

established toxicity endpoints. The observed cytoskeletal reorganization provides 

mechanistic insight into how DBPs disrupt cellular function at the molecular level, 

with strong correlations between stress fiber content and cellular stiffening, and 

between microtubule disruption and impaired deformability. 

These biomechanical alterations may extend to tissue-level dysfunction through 

several mechanisms. In vascular endothelial cells (HUVEC), the observed stiffening 

and reduced migration capacity could impact vascular integrity and repair mechanisms 

critical for cardiovascular health. Endothelial cell stiffening is associated with reduced 

nitric oxide production and impaired vasodilation, potentially contributing to 

cardiovascular disorders. Similarly, the pronounced effects in HK-2 kidney cells 

suggest implications for renal function, as cellular mechanical properties play crucial 

roles in kidney functions. The high sensitivity of HK-2 cells to DBPs-induced 

biomechanical alterations aligns with epidemiological evidence linking long-term 
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DBPs exposure to kidney and bladder cancer risks. 

Pattern-specific responses further support connections between cellular 

mechanical alterations and disease processes. Pattern 4 (Emerging DBPs enriched) 

strongly affected cytoskeletal integrity and recovery capacity, consistent with 

emerging DBPs causing oxidative stress and protein modification that impact 

cytoskeletal proteins [20]. Wang et al.’s finding that 2,6-dichloro-1,4-benzoquinone 

induces immune cell dysfunction related to membrane integrity and cytoskeletal 

disruption supports this mechanism [21]. Similarly, Pattern 3’s effects on microtubule 

network density suggest interference with microtubule dynamics, potentially 

impacting cellular division and structural integrity. 

The development of risk assessment models based on biomechanical parameters 

represents a promising research direction. The strong correlations between our 

Biomechanical Effect Index and established toxicity measures suggest that integrated 

biomechanical assessments could serve as reliable indicators of cellular health status. 

Establishing dose-response relationships could enable predictive models that estimate 

tissue-specific effects based on water quality data, accounting for the complex 

interplay between different DBPs. Our canonical correlation analysis represents an 

initial step toward such integrative modeling, identifying specific relationships that 

could form the basis for more sophisticated predictive frameworks. 

4.4. Research limitations and future research directions 

Despite the insights gained, important methodological limitations exist. The in 

vitro cell models used cannot fully recapitulate the complex in vivo environment with 

its three-dimensional architecture and intercellular interactions. This limitation is 

particularly relevant when extrapolating to long-term, low-dose exposure scenarios 

typical of human DBPs exposure. Future studies should explore advanced tissue 

models, organoids, or co-culture systems that better simulate physiological complexity 

and provide more translatable insights into DBPs toxicity mechanisms. 

The statistical approaches employed, while powerful for high-dimensional data 

analysis, have inherent limitations. PCA assumes linear relationships and can be 

sensitive to outliers, while clustering results depend on methodological choices. To 

address these limitations, we employed multiple complementary approaches and 

cross-validation. Future work could incorporate non-linear dimensionality reduction 

techniques (t-SNE, UMAP) and ensemble methods to capture more complex data 

relationships and further validate the identified patterns. 

Additionally, our study included only 18 representative DBPs, a small fraction of 

the more than 700 DBPs identified in drinking water. The synthetic mixtures, though 

designed to match identified pollution patterns, may not capture all biologically active 

components present in actual drinking water. The extrapolation from cellular models 

to human health impacts remains challenging. The concentrations required to induce 

significant biomechanical changes for Patterns 1 and 2 were higher than typical 

environmental levels, raising questions about real-world relevance. However, the 

significant effects observed with Pattern 4 at environmentally relevant concentrations 

suggest that emerging DBPs may pose risks warranting further investigation. 

Future research should address these limitations through: (1) Long-term, low-
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dose exposure studies to better simulate chronic human exposure conditions; (2) 

advanced three-dimensional tissue models or organoids for more physiologically 

relevant assessments; and (3) in vivo validation studies to confirm relationships 

between cellular biomechanical alterations and tissue-level dysfunction. 

Technological advancements should focus on developing high-throughput 

biomechanical screening platforms and integrating these measurements with other 

biomarkers (genomic, proteomic, metabolomic) for a comprehensive understanding of 

toxicity mechanisms. Machine learning approaches could identify patterns not 

apparent through conventional analyses. 

Ultimately, epidemiological studies incorporating biomechanical biomarkers 

could bridge the gap between laboratory findings and human health impacts. Blood 

cell-based biomechanical assays applied in population studies could help identify early 

indicators of DBPs exposure effects and correlate these with specific health outcomes, 

advancing our understanding of DBPs health risks and informing more effective water 

safety management strategies. 

5. Conclusion 

This study established a novel framework integrating data-driven pattern 

recognition of DBPs pollution with cellular biomechanical response evaluation. By 

analyzing extensive monitoring data from 12 water treatment plants, we identified four 

distinct DBPs pollution patterns with characteristic compositional profiles and 

seasonal variations. Most significantly, Pattern 4 (Emerging DBPs enriched) and 

Pattern 3 (Brominated DBPs enriched) induced the most pronounced biomechanical 

alterations across all tested cell types, with effects detectable at concentrations 

substantially lower than those required for conventional cytotoxicity. The multi-

parametric biomechanical analysis revealed that these DBPs patterns caused 

significant cytoskeletal reorganization, increased cellular stiffness, reduced 

deformability, and impaired migration capacity, with kidney epithelial cells (HK-2) 

showing the highest sensitivity. These findings suggest that cellular biomechanical 

parameters could serve as sensitive early indicators of DBPs-induced effects, 

potentially addressing a critical gap in current risk assessment approaches. 

The observed pattern-specific relationships between DBPs composition and 

biomechanical responses provide important insights for drinking water safety 

management. The strong effects of emerging unregulated DBPs at environmentally 

relevant concentrations emphasize the need for expanded monitoring beyond regulated 

compounds. Meanwhile, the identified pollution patterns offer a foundation for 

developing targeted treatment strategies and predictive models for DBPs formation 

control. Future research should focus on validating these biomechanical effects in 

more complex tissue models and epidemiological studies, establishing mechanistic 

links between cellular alterations and adverse health outcomes, and developing 

integrated risk assessment frameworks incorporating both chemical and 

biomechanical indicators. This interdisciplinary approach opens new avenues for 

understanding and mitigating the health risks associated with complex DBPs mixtures 

in drinking water, ultimately contributing to more effective water safety management 

strategies. 
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