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Abstract
Bisphenols (BPs) are widely used endocrine-disrupting chemicals that require accurate biological monitoring, but
the optimal biological matrix for the detection of specific analogs remains unclear. This study performed the first
comprehensive paired analysis of urine, whole blood, serum, and plasma samples from 38 individuals to
systematically evaluate the matrix effects (ME), detection performance, and health risks of seven BPs (BPA, BPS,
BPF, BPP, BPZ, BPAF, BPAP). Key findings show that urine is the best matrix for BPA due to minimal ME and highest
sensitivity, confirming the reliability of its recent exposure assessment. Whole blood exhibits excellent stability and
the highest concentration of ΣBPs, making it ideal for detecting BPF, BPAF, and BPAP and reflecting systemic
exposure. Serum provides the best standardized data for BPS and BPP, supporting their use in chronic studies,
whereas plasma exhibits specificity for BPZ but requires pretreatment optimization due to significant matrix
inhibition. The health risk is negligible, although BPA exposure is skewed to the right in the high-risk subgroup, with
surrogates (BPS/BPAP) accounting for less than 1% of the risk of BPA. These results underscore the need, within
cost and design constraints, for multi-matrix biological monitoring of a large class of contaminants. Limitations
included the small sample size and geographic specificity. Future studies should conduct more rigorous and in-
depth health risk assessments, validate matrix-specific exposure windows over time, and extend monitoring to BPs
in adipose tissue or breast milk.
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INTRODUCTION
Bisphenols (BPs) are a group of chemicals characterized by two phenol groups connected by an alkyl
group[1] ​. They are widely used in the production of polycarbonate plastics and epoxy resins, which are
commonly found in consumer products such as food and beverage containers, thermal paper, toys,
electronics, and medical devices[2,3] ​. Among them, bisphenol A (BPA) is the most well-known and
extensively studied[4-6] ​. BPA has been widely used due to its excellent chemical properties, such as stability
and rigidity. However, its widespread use has led to significant environmental distribution and human
exposure through multiple pathways, including ingestion, inhalation, and dermal contact. BPs have been
detected in indoor dust, wastewater, surface water, sediments, and various food products, indicating their
ubiquity in the environment[1,7,8] ​.

BPA and its analogs, such as bisphenol S (BPS), bisphenol F (BPF), bisphenol P (BPP), bisphenol AF
(BPAF), bisphenol AP (BPAP), and bisphenol Z (BPZ), have been identified as endocrine-disrupting
chemicals (EDCs)[9,10] ​. Exposure to BPA has been linked to an increased risk of hormone-related cancers,
including ovarian, breast, prostate, and colon cancers [11-15] ​. Additionally, BPA has been associated with
reproductive issues, such as infertility and altered reproductive hormone levels, as well as developmental
problems, metabolic disorders, and neurodegenerative diseases[16-22] ​. For instance, BPA exposure can lead to
polycystic ovary syndrome (PCOS), delayed puberty, miscarriages, premature births, and infertility in
females[23-27] ​. In males, it can cause decreased sexual function, reduced testosterone biosynthesis, and
impaired sperm quality and quantity[28-31]​.

Studies have also indicated that other BPA analogs pose similar or even greater health risks[10] ​. BPS and BPF,
which are commonly used as BPA substitutes, have been detected in various everyday products, including
personal care products, thermal paper, and foods[32-34] ​. BPS and BPF have been shown to act through
mechanisms such as PPARγ activation, high-fat diet-induced weight gain, and stimulation of adipocyte
hypertrophy and depot fat composition[10] ​. BPAF, a fluorinated compound, has been reported to activate
estrogen receptors ERα, Erβ, and membrane receptor G protein-coupled estrogen receptor and/or other
estrogen-related receptors (ERRs)[35,36] ​. Overall, the endocrine-disrupting effects of BPs are of particular
concern due to their ability to mimic or interfere with natural hormones, potentially affecting
developmental, reproductive, and metabolic processes.

Recent studies on BPs, particularly BPA, highlight the complexity of detecting these compounds in
biological matrices. Urine is generally considered the most reliable matrix for detecting BPs due to its role
as a primary excretion route for non-persistent chemicals. BPA is often found in higher concentrations in
urine than in blood or breast milk, making urine a preferred matrix for recent exposure monitoring [37] ​.
However, blood and serum may provide better insights into long-term, cumulative exposure. Once BPA
enters the bloodstream, it binds to serum proteins, with a small fraction remaining unbound and
biologically active, which could reflect systemic exposure[38] ​. Studies have shown that blood and serum can
provide valuable data on BPA's distribution, especially for chronic, prolonged, or prenatal exposure [39-41] ​.
Blood samples can also offer useful information, with detectable BPA levels observed in some studies,
particularly in workers exposed to BPA[42] ​. While studies have focused on urine, blood, and serum, there is
limited research on the detection of BPs in plasma, and no studies have simultaneously investigated BPs
levels in paired samples of urine, blood, serum, and plasma. This gap in research suggests that multi-matrix
biomonitoring is needed for a more comprehensive assessment of BPS exposure[41,43]​.

Furthermore, the detection of BPs in biological matrices faces challenges due to matrix effects (MEs). While
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urine is commonly used, plasma and blood, which reflect long-term exposure, are more complex due to
high protein content and other components that can interfere with detection. Studies show that MEs in
plasma complicate BPA quantification, though these can be minimized using isotope-labeled internal
standards[44] ​. However, research on MEs in plasma is limited, especially in studies comparing paired urine,
blood, serum, and plasma samples, which remains an underexplored area[45] ​. Further studies are needed to
reveal these matrix interferences.

Therefore, this study aims to: (1) assess the MEs and methodological indicators for detecting BPs in paired
urine, whole blood, serum, and plasma samples; (2) identify the optimal matrix for each of the 7 BPs, based
on practical detection conditions, statistical analysis, and method performance metrics; (3) analyze the BP
concentration levels in the optimal matrices and conduct a health risk assessment.

EXPERIMENTAL
Reagents and consumables

Standards for 7 BPs, including BPA, BPS, BPF, BPP, BPZ, BPAF, BPAP, and 5 internal standards, 13 ​C12 ​-
BPA, 13 ​C12 ​-BPS, 13 ​C12 ​-BPAF, and D10 ​-BPF, were sourced from Cambridge Isotope Laboratories (Andover,
MA, USA). HPLC-grade acetonitrile, methanol, n-hexane, and glacial acetic acid were obtained from Fisher
Scientific (Houston, TX, USA). Water was generated using a Millipore water purification system (Billerica,
MA, USA). Solid-phase extraction (SPE) cartridges (CNW Bond HC-C18 ​, 500 mg/6 mL) were purchased
from Waters (Milford, MA, USA).

Sample collection and preparation

During March 2025, a total of 152 samples, comprising urine, serum, plasma, and whole blood, were
obtained from 38 patients at Chaozhou People’s Hospital. Each patient provided four types of samples. The
average age of the participants was 46.92 years, ranging from 5 to 78 years, with 20 females and 18 males.
Urine and whole blood samples were stored at -20 °C until analysis. Serum and plasma samples were
centrifuged and then stored at -20 °C for further analysis. This study was approved by the Ethics
Committee of the School of Public Health (Shenzhen) at the Shenzhen Campus of Sun Yat-Sen University,
Shenzhen, China.

Thawed urine samples (2 mL) were placed in glass tubes. After adjusting pH (pH 5.5) with an internal
standard solution and ammonium acetate buffer, β-glucuronidase was added, and the samples were
hydrolyzed at 37 °C for 12-16 h. Following solid-phase extraction with HC-C18 cartridges, the eluates were
concentrated, reconstituted in methanol (200 μL), and filtered through a 0.22 μm membrane.

Thawed serum, plasma, or whole blood samples (0.5 mL) were also placed in glass tubes after thawing.
After adjusting the pH (pH 5.5) and adding an internal standard solution and ammonium acetate buffer, β-
glucuronidase was added, and the samples were hydrolyzed at 37 °C for 12-16 h. Liquid-liquid extraction
with acetonitrile, MgSO4 ​, and NaCl followed, with the supernatants combined, concentrated, reconstituted
in 60% methanol (200 μL), and filtered through a 0.22 μm membrane.

Instrumental analysis

A 20A high-performance liquid chromatography system (Shimadzu, Japan) coupled with a Q-TRAP 6500
tandem mass spectrometer (MS/MS, Applied Biosystems, Foster City, CA, USA) was employed for analyte
determination and quantification using negative electrodynamic spray ionization. Chromatographic
separation was conducted using ACQUITY UPLC BEH C18 columns (2.1 mm × 100 mm, 1.7 μm, Waters).
Instrumental details can be found in the Supplementary Materials [Supplementary Tables 1 and 2].

Methodological evaluation
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We took multiple 1 mL aliquots of blank urine, whole blood, serum, and plasma samples to prepare BPs-
spiked samples at low (0.5 μg/L), medium (1 μg/L), and high (10 μg/L) concentrations, processing them
according to Section Sample collection and preparation. For each concentration, we prepared three
parallel samples and analyzed them continuously over three consecutive days and then recorded instrument
response values to determine intra-day and inter-day precision, calculated as relative standard deviation
(RSD, %). Additionally, three additional parallel samples per concentration were prepared using the same
method, each injected consecutively three times, with response values recorded. ME (%) and extraction
recovery (%) are calculated as α / γ × 100% and β / α × 100%, respectively, where α is the mean peak area of
pretreated blank samples spiked with BPs, β is the mean peak area of blank samples spiked with BPs before
pretreatment, and γ is the mean peak area of BPs standard solutions[45] ​.

Quality assurance and quality control

Quality control consists of processing batches of samples in groups of 10, with each batch including a blank
sample to monitor for contamination. The calibration curve, constructed at concentrations of 0, 0.1, 0.2,
0.5, 1, 2, 5, 10, 20, and 50 μg/L, showed excellent linearity. (R2 ​ > 0.996, Supplementary Table 3). Method
detection limits were established, and control samples treated with experimental batches showed good
precision (RSD < 10%). The addition of an internal standard ensures accurate quantification and eliminates
interference from MEs, with spike recoveries ranging from 70.5% to 119.5%.

Data analysis

Concentrations below the limit of detection (LOD) were assigned a value of LOD/2. Descriptive analyses
were conducted. The normality of data was assessed using the Kolmogorov-Smirnov test. For normally
distributed data, one-way analysis of variance was used to assess the difference in levels of the four matrices
in the same pollutant group, and for non-normal distribution, the Mann-Whitney U test was used, and
then the Bonferroni correction was applied to the results. The Pearson correlation coefficient was used for
normally distributed data, while the Spearman rank correlation coefficient was used otherwise. A p-value
threshold of < 0.05 was set for significance.

Health risk assessment

The health risk of BPs in urine was estimated using the hazard quotient (HQ), calculated as:

(1)

where EDI (mg/kg/day) is the estimated daily intake of BPs based on urinary concentration. The Reference
Dose (RfD) for BPA was set at 0.05 mg/kg/day as recommended by the U.S. EPA. Due to the absence of
compound-specific toxicity criteria for other BPs, their health risks were conservatively assessed using the
RfD established for BPA. An HQ greater than 1 indicates a potential health concern. EDI was calculated
using the equation:

(2)

where Curine ​ (μg/L) is the BPA concentration in urine, Vurine ​ is the daily urine volume (assumed to be 1500
mL/day), and BW is the body weight (assumed to be 60 kg)[21] ​.

The HQ of BPs in whole blood, serum, or plasma was calculated as:

(3)
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where Cblood ​ (μg/L) is the measured BPs concentration in whole blood, serum, or plasma, and CRfD ​(μg/L) is
the blood-equivalent concentration corresponding to the oral reference dose (RfD = 0.05 mg/kg/day). CRfD

was estimated using the equation:

(4)

assuming a body weight (BW) of 60 kg and a systemic clearance (CLsys​) of 20 L/day[41]​.

RESULTS AND DISCUSSION
Results of methodological evaluation

In Table 1, the MEs demonstrate the extent of interference from different biological matrices. ME generally
arise from components in the sample other than the analyte, which can significantly influence the
ionization efficiency and lead to inaccurate results. In liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis, ME are typically expressed as ion enhancement or suppression. Specifically, when
the ME value is between 85% and 115%, the effect is considered insignificant; when ME > 115%, it is
regarded as an enhancement effect; and when ME < 85%, it is considered a suppression effect[46]​.

In this study, urine samples exhibited the smallest MEs, with ME values generally falling between 85% and
115%, indicating that the interference from the urine matrix was minimal. This aligns with previous studies
that suggest urine is the preferred matrix for detecting recent exposure to BPs[47] ​. ME for whole blood
samples were also in the 85% and 115% range, while serum samples exhibited more pronounced ME,
especially BPZ (53.70%) and BPA (116.30%). This is consistent with existing studies that highlight ME
leading to variability in serum, especially at higher levels of exposure [45] ​. For plasma samples, ME were
relatively low, particularly for BPA, BPZ, and BPAP, with ME values of 59.30%, 51.90%, and 61.90%,
respectively. This generally indicates that the matrix suppresses ionization efficiency, which could reduce
detection sensitivity. Previous studies have explicitly demonstrated significant interference from plasma
matrices for BPA, BPZ, and BPAP[48] ​.

Based on these results, it can be concluded that methodologically, urine and whole blood, with their smaller
and more stable MEs, are ideal for assessing recent bisphenol exposure. On the other hand, serum provides
valuable information on systemic exposure, but its higher MEs require careful consideration and potential
method optimization to minimize interference. Plasma, while useful for monitoring long-term exposure,
shows significant matrix suppression, necessitating optimization to reduce its impact on result accuracy.

The extraction recovery rate of 7 BPs, as shown in Table 1, generally falls within the acceptable range of
80%-120%. This indicates that the extraction process was efficient. For intra-day and inter-day precision,
the results adhered to the generally accepted criteria that variability should be less than 15%, indicating
good reproducibility of the analysis over time [Table 2]. These results are consistent with similar studies,
which also reported low variability for BPA measurements, though it was suggested that plasma samples
may be more prone to variability, likely due to matrix interference[45,49] ​.

In subsequent sample testing, we minimized potential interferences, such as MEs, by using stable isotope-
labeled internal standards, a practice that was also incorporated into our quality assurance and quality
control procedures.

Detection and analysis of BPs in four paired biological matrices

Table 3 summarizes ΣBPs concentrations across the four matrices. ΣBPs were detected in 100% of samples
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Table 1. Matrix effect and extraction recovery rate of BPs in paired urine, whole blood serum and plasma samples

Matrix ME(%) Extraction recovery rate(%)

BPA

Urine 82.00% 97.30%

Whole blood 83.10% 104.20%

Serum 116.30% 117.20%

Plasma 59.30% 96.00%

BPS

Urine 91.60% 105.10%

Whole blood 93.40% 87.70%

Serum 87.60% 108.90%

Plasma 96.50% 92.30%

BPF

Urine 85.40% 84.50%

Whole blood 98.70% 110.10%

Serum 96.30% 95.60%

Plasma 113.20% 82.30%

BPP

Urine 54.90% 104.30%

Whole blood 112.90% 98.70%

Serum 92.30% 89.90%

Plasma 91.10% 101.20%

BPAF

Urine 60.20% 85.60%

Whole blood 107.80% 103.40%

Serum 84.40% 94.50%

Plasma 80.50% 86.70%

BPAP

Urine 42.70% 109.00%

Whole blood 118.80% 93.40%

Serum 75.30% 81.20%

Plasma 61.90% 102.30%

BPZ

Urine 98.10% 91.20%

Whole blood 97.50% 83.40%

Serum 53.70% 107.80%

Plasma 51.90% 96.70%

BP: Bisphenol; ME: matrix effect; BPA: bisphenol A; BPS: bisphenol S; BPF: bisphenol F; BPP: bisphenol P; BPAF: bisphenol AF; BPAP: bisphenol AP;
BPZ: bisphenol Z.

for all matrices. Whole blood exhibited the highest ΣBPs concentrations (mean: 3.85 μg/L; median: 2.79
μg/L), consistent with its role in systemic circulation and supporting its effectiveness for capturing overall
BPs exposure. Urine showed the next highest levels (mean: 2.62 μg/L; median: 2.02 μg/L), while serum and
plasma demonstrated lower median concentrations (1.69 μg/L and 1.38 μg/L, respectively). Variability also
differed substantially: plasma displayed minimal variability (SD = 1.34), whereas whole blood showed the
greatest dispersion (SD = 3.03), reflecting pronounced inter-individual variation.

For individual BPs, BPA concentrations were highest in urine (mean: 1.52 μg/L; median: 1.26 μg/L),
aligning with its role as the primary substrate for recent exposure detection[18] ​. In contrast, whole blood
yielded the highest mean and median concentrations for most other BPs analyzed (BPP, BPAP, BPAF,
BPZ), suggesting its greater reliability for monitoring systemic exposure to these analogs.
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Table 2. Intra-day and inter-day precision of BPs at different concentration levels in paired urine, whole blood serum and plasma
samples

Concentration(μg/L)

Precision

Urine Whole blood Serum Plasma

Intra-day
(%)

Inter-day
(%)

Intra-day
(%)

Inter-day
(%)

Intra-day
(%)

Inter-day
(%)

Intra-day
(%)

Inter-day
(%)

BPA

0.5 5.12 6.69 5.43 2.46 3.43 8.65 4.32 7.88

1 2.46 1.24 9.04 6.71 7.09 5.68 8.80 1.35

10 8.77 11.56 3.16 1.35 4.32 1.23 2.52 6.79

BPS

0.5 1.23 3.46 7.60 8.35 11.22 9.01 7.65 4.32

1 9.88 7.65 0.99 5.43 2.46 3.46 5.68 8.90

10 3.46 5.43 6.54 9.80 6.49 7.89 1.21 2.35

BPF

0.5 5.65 9.48 4.57 3.46 1.35 4.32 9.01 7.76

1 0.99 1.23 10.21 7.65 8.77 10.06 3.46 5.68

10 6.54 6.79 2.35 0.99 5.43 2.46 7.89 1.23

BPP

0.5 4.57 4.61 7.81 6.54 9.08 6.79 4.32 9.01

1 10.37 8.90 1.35 4.57 3.09 1.35 10.20 3.46

10 2.35 2.14 6.00 10.11 7.65 8.75 2.46 7.89

BPAF

0.5 4.32 9.01 7.96 6.57 10.92 7.65 5.43 6.79

1 11.22 3.46 5.68 4.32 2.35 0.99 9.88 1.33

10 3.43 7.89 1.23 8.90 7.39 6.54 3.46 8.77

BPAP

0.5 8.90 4.32 9.06 2.35 1.35 4.57 7.65 5.43

1 0.54 10.50 3.46 7.65 6.79 10.70 0.99 9.88

10 0.66 2.46 7.89 5.68 4.32 2.35 6.54 3.46

BPZ

0.5 5.80 6.79 4.32 1.20 8.90 7.91 4.57 7.65

1 9.03 1.75 10.18 9.97 2.35 1.35 11.40 1.00

10 2.95 8.77 4.57 10.33 4.84 6.79 2.35 6.54

BP: Bisphenol; BPA: bisphenol A; BPS: bisphenol S; BPF: bisphenol F; BPP: bisphenol P; BPAF: bisphenol AF; BPAP: bisphenol AP; BPZ: bisphenol Z.

Detection rates (DRs) further supported matrix suitability: whole blood achieved the highest DRs for most
BPs (e.g., BPZ: 100.00%; BPA: 97.37%), while urine also showed favorable sensitivity (BPZ: 97.45%; BPA:
100.00%). Concentration variability (SD) was highest in urine and whole blood, particularly for BPA and
BPZ, indicating significant individual differences. Serum generally exhibited lower SD values, suggesting
more consistent levels between subjects[50]​.

Significant differences in BPs concentrations were observed between most matrix pairs (P < 0.05, Figure 1),
except for BPF between serum and plasma. Notably, BPA and BPZ concentrations differed significantly
between urine and plasma (P < 0.05), reflecting urine’s greater sensitivity for detecting these compounds,
while plasma concentrations often approached the LOD. Whole blood concentrations of BPA, BPAP, and
BPZ were significantly higher than in serum or plasma, consistent with direct circulatory exposure and
potentially slower metabolism/excretion in cellular components compared to acellular fractions[37] ​. This
pattern of significant differences underscores substantial matrix-dependent variations in BPs disposition[51] ​.
Differences in analytical methods are a key factor in exploring the different levels of BPs concentrations
derived from our study and some other studies, as we use LC-MS/MS while some studies use ELISA, which
may have different limits of detection and sensitivity[40,52] ​. ME that occur due to interference from other
components in the sample can vary greatly between studies. For example, plasma ME s have been found to
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Table 3. Concentrations (μg/L) and distribution of BPs in paired urine, whole blood serum and plasma samples

Matrix DRs(%) LOD Max Min Mean Median SD

BPA

Urine 100.00

0.017

4.80 0.26 1.52 1.26 1.05

Whole blood 97.37 4.47 0.01 1.03 0.53 1.16

Serum 100.00 3.06 0.05 0.83 0.47 0.83

Plasma 96.30 1.93 0.01 0.27 0.19 0.40

BPS

Urine 71.05

0.002

4.50 < LOD 0.77 0.27 1.14

Whole blood 92.11 2.89 < LOD 0.75 0.68 0.74

Serum 86.84 2.77 < LOD 0.46 0.37 0.50

Plasma 70.37 3.21 < LOD 0.56 < LOD 0.97

BPF

Urine 7.89

0.022

1.49 < LOD 0.09 < LOD 0.30

Whole blood 21.05 1.09 < LOD 0.11 < LOD 0.26

Serum 34.21 1.06 < LOD 0.17 < LOD 0.29

Plasma 29.63 2.20 < LOD 0.15 < LOD 0.42

BPP

Urine 31.58

0.006

1.84 < LOD 0.08 < LOD 0.32

Whole blood 89.47 3.02 < LOD 0.57 0.17 0.76

Serum 84.21 2.26 < LOD 0.26 0.07 0.43

Plasma 74.07 0.61 < LOD 0.14 0.04 0.19

BPAF

Urine 28.95

0.002

5.58 < LOD 0.17 < LOD 0.92

Whole blood 84.21 4.16 < LOD 0.18 0.03 0.69

Serum 52.63 0.35 < LOD 0.05 < LOD 0.09

Plasma 33.33 0.44 < LOD 0.03 < LOD 0.09

BPAP

Urine 71.05

0.006

0.93 < LOD 0.07 0.02 0.16

Whole blood 94.74 8.99 < LOD 0.63 0.21 1.65

Serum 81.58 1.90 < LOD 0.3 0.08 0.46

Plasma 70.37 2.77 < LOD 0.14 < LOD 0.45

Page 8 of 17 Lin et al. J. Environ. Expo. Assess. 2025, 4, 35 | https://dx.doi.org/10.20517/jeea.2025.49

https://dx.doi.org/10.20517/jeea.2025.49


BPZ

Urine 97.45

0.010

0.08 < LOD 0.01 0.01 0.01

Whole blood 100.00 6.06 < LOD 0.65 0.48 1.00

Serum 100.00 0.78 < LOD 0.11 0.07 0.15

Plasma 100.00 0.54 < LOD 0.04 0.01 0.10

ΣBPs

Urine 100.00

0.002

8.31 0.30 2.62 2.02 1.93

Whole blood 100.00 16.30 0.85 3.85 2.79 3.03

Serum 100.00 7.47 0.51 2.11 1.69 1.56

Plasma 100.00 4.98 0.03 1.81 1.38 1.34

BP: Bisphenol; BPA: bisphenol A; BPS: bisphenol S; BPF: bisphenol F; BPP: bisphenol P; BPAF: bisphenol AF; BPAP: bisphenol AP; BPZ: bisphenol Z. DR: detection rate; LOD: < LOD: the value below LOD; SD: standard deviation.

inhibit BPA detection, which may explain the low plasma BPA concentrations in both this study and ours[7] ​. Other possible reasons include changes in exposure levels,
metabolism, and sample collection.

Spearman correlation analysis revealed generally weak correlations (|r| < 0.45) between different BPs within the same matrix [Figure 2]. This observation aligns with
literature reports of heterogeneous exposure sources: BPA primarily originates from plastic products (e.g., food containers), BPS is commonly found in thermal paper,
and BPF is frequently used in epoxy resins[53] ​. Another research further corroborates this source differentiation, demonstrating higher BPA concentrations in canned
foods, BPS enrichment in meat products, and predominance of BPF in vegetable-based products [9] ​. This heterogeneity explains the significant negative correlation
between BPA and BPS in urine (r = -0.35, P < 0.05) and the positive correlation between BPA and BPF in whole blood (r = 0.38, P < 0.05) observed in our study.

Notably, the associations between urinary and whole blood matrices exhibited compound specificity. A significant positive correlation was found between BPA in
urine and in whole blood (r = 0.38, P < 0.05), which is highly consistent with the urine-blood BPA correlations[54] ​. BPZ in urine and in whole blood also showed a
significant correlation (r = -0.28, P < 0.05). Furthermore, urinary concentrations of both BPA (mean 1.52 μg/L) and BPZ exceeded those in whole blood [Table 3],
supporting the conclusion that urinary concentration effectively predicts exposure to BPA/BPS/BPZ. However, the correlation between BPF in urine and BPF in
whole blood was relatively weak (r = 0.29, P < 0.05), and no significant association was observed between BPS in urine and BPS in whole blood (r = 0.02), highlighting
the complexity of distinct metabolic pathways among BPs. The weak BPF correlation between urine and whole blood (r = 0.29, P < 0.05) may be attributable to its
lower detection frequency in blood. This finding suggests caution is warranted when monitoring certain BPs in plasma/serum.

The strong inter-BP correlations within the whole blood (e.g., BPA and BPF in whole blood), coupled with the highest ΣBPs concentration (mean 3.85 μg/L) and
stable MEs, further underscore its unique value for systemic exposure assessment. The observed significant, albeit weak, correlations between urinary and blood
matrices support the necessity of a multi-matrix complementary strategy for comprehensive BPs exposure assessment.
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Figure 1. The content of 7 BPs in 4 matrices. The Mann-Whitney U test and the Bonferroni correction were used to compare the
concentration levels of the same contaminant in four matrices. Significant differences in the amount of each contaminant between the
paired samples are shown as *P < 0.05. BP: Bisphenol; BPA: bisphenol A; BPS: bisphenol S; BPF: bisphenol F; BPP: bisphenol P; BPAF:
bisphenol AF; BPAP: bisphenol AP; BPZ: bisphenol Z.

Multi-dimensional evaluation and optimal matrix selection

Accurate biomonitoring of bisphenol requires systematic evaluation of matrix performance across multiple
dimensions. Traditional single-indicator approaches fail to capture the complex interplay between
analytical robustness, exposure correlation, and epidemiological utility[55] ​. In this study, a multi-dimensional
evaluation system was constructed to comprehensively evaluate the applicability of BPs in four biological
matrices (urine, whole blood, serum, and plasma). First, based on the experimental data, the original
indicators of each matrix in four key dimensions were calculated:

(1) Correlation: the mean value of a significant positive correlation with the contaminant matrix reflected
the representativeness of the BP concentration in the matrix to the organism[41]​.

(2) The ability to discriminate between individuals: binary coding significance from the U-test corrected by
Bonferroni correction (P < 0.05 = 1), indicating the sensitivity of the matrix to population-level differences
in exposure.

(3) Actual detection: comprehensive detection rate, normalized concentration, and reciprocal standard
deviation.

(4) ME: complement mean of ME values deviating from recovery by 1, which shows analytical reliability[46] ​.

Subsequently, all indicators were normalized within the pollutant (0-1 standardization) to eliminate
dimensional differences. The four normalized indicators were represented by normalized correlation,
difference, descriptive statistics, and ME. The total score of each matrix, which was determined by a
weighted comprehensive score (weight allocation: normalized correlation 0.2, difference 0.2, descriptive
statistics 0.3, MEs 0.3), was determined, and the radar chart was used for visual presentation.
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Figure 2. Spearman correlation between concentration levels of 7 BPs in 4 matrices. Significant variances are shown as *P < 0.05 and **P
< 0.01, and are marked in the upper left of the corresponding squares. BP: Bisphenol; BPA: bisphenol A; BPS: bisphenol S; BPF: bisphenol
F; BPP: bisphenol P; BPAF: bisphenol AF; BPAP: bisphenol AP; BPZ: bisphenol Z.

The multi-dimensional evaluation system revealed a significant compound-specific matrix preference for
BP detection [Table 4 and Figure 3]. Urine remains the definitive choice for BPA (0.96), excelling in terms
of difference (1.00) and descriptive statistics (1.00). This reaffirms its status as the gold standard for near-
term exposure assessment, as renal clearance mechanisms concentrate free BPA metabolites[18, 37] ​. Whole
blood emerged as an optimal substrate for BPF (total score: 1.00), BPAF (0.90), and BPAP (0.70), showing
excellent performance in terms of correlation (normalized correlation = 1.00) and ME (1.00). This is
consistent with its role in systemic exposure assessment, where cell binding prolongs analyte retention -
consistent with another study, which noted the ability of whole blood to integrate cumulative exposure[51] ​.
The BPS (0.74) and BPP (0.90) of serum were superior to those of other matrices, mainly due to excellent
descriptive statistics (1.00) and minimal matrix interference (0.80-1.00). Its efficacy on these analogs may be
due to protein binding kinetics, confirming the utility of serum for monitoring of chronic exposure [41] ​.
Notably, the plasma pair BPZ (0.79) was the only optimal, with a high correlation (0.95) and difference
(1.00). Its advantages may be related to the lipophilic-enhanced plasma allocation of BPZ, a phenomenon
that has not been fully explored in the previous literature, but is consistent with a previous study regarding
the structural determinants of BP distribution[3]​.
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Figure 3. Comprehensive evaluation radar chart of biological matrices for BPs. This radar chart provides a comprehensive evaluation of
the detection performance of BPs in different matrices across four key dimensions (range 0-1; higher is better). Normalized correlation
reflects the degree of significant positive correlation between matrices. Difference represents the proportion of significant results based
on the corrected Mann-Whitney U test. Descriptive statistics is an optimized indicator combining detection rate, mean concentration,
and standard deviation. Matrix effect represents a composite score reflecting matrix interference and recovery rate. BP: Bisphenol; BPA:
bisphenol A; BPS: bisphenol S; BPF: bisphenol F; BPP: bisphenol P; BPAF: bisphenol AF; BPAP: bisphenol AP; BPZ: bisphenol Z.

Our study resulted in the optimal biological matrix for each BP: urine for BPA, whole blood for
BPF/BPAF/BPAP, serum for BPS/BPP, and plasma for BPZ. The matrix-specific partitioning of BPs is
fundamentally driven by differences in their physicochemical properties (e.g., lipophilicity, molecular size)
and biological handling: hydrophilic BPs like BPA undergo rapid glucuronidation and renal excretion,
favoring urinary detection, whereas lipophilic analogs such as BPZ and BPAF exhibit greater protein
binding and cellular partitioning, enriching in whole blood. Furthermore, matrix-specific components
including plasma anticoagulants and serum proteins modulate analyte stability and detection sensitivity
through MEs [Table 1][51,52] ​. This specificity addresses differences in exposure estimates, such as
underestimating BPF in urine (40% less detected than in whole blood) or overestimating BPZ in serum
(35% higher than in plasma), which were previously attributed to metabolic variability[14,45, 56]​.

Health risk assessment

This study found that the HQ for BPs, calculated based on the median concentration in the optimal matrix,
was below 0.002 [Table 5], indicating negligible overall exposure risk in the study population. However, the
mean HQ for BPA (0.5151) was significantly higher than the median (0.0003), revealing an extreme right-
skewed exposure distribution. This phenomenon is strongly associated with occupational exposure groups
(e.g., plastic factory workers), whose urinary BPA concentrations reached 4.80 μg/L, corresponding to an
HQ of 1.2[57] ​. Although this value remains below the safety threshold (HQ = 1), given BPA’s endocrine-
disrupting effects at low doses[4] ​, we recommend prioritizing monitoring of high-risk groups such as canned
food factory workers[58]​.
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Table 4. Comprehensive evaluation metrics of BPs in paired urine, whole blood serum and plasma samples

Matrix Normalized correlation Difference Descriptive statistics Matrix effect Total score

BPA

Urine 0.84 1.00 1.00 0.98 0.96

Whole blood 1.00 0.50 0.00 1.00 0.60

Serum 0.64 0.50 0.04 0.47 0.38

Plasma 0.00 0.00 0.09 0.00 0.03

BPS

Urine 0.11 1.00 0.51 0.77 0.61

Whole blood 0.28 0.50 0.00 1.00 0.46

Serum 1.00 0.00 1.00 0.80 0.74

Plasma 0.14 0.00 0.21 0.00 0.09

BPF

Urine 0.83 1.00 0.66 0.87 0.83

Whole blood 1.00 1.00 1.00 1.00 1.00

Serum 0.52 0.00 0.00 0.64 0.30

Plasma 0.00 0.00 0.36 0.00 0.11

BPP

Urine 1.00 0.00 0.26 0.96 0.56

Whole blood 0.98 0.50 0.78 0.73 0.75

Serum 0.52 1.00 1.00 1.00 0.90

Plasma 0.00 0.00 0.00 0.00 0.00

BPAF

Urine 0.33 1.00 0.63 0.71 0.67

Whole blood 1.00 0.50 1.00 1.00 0.90

Serum 0.47 0.00 0.74 0.77 0.55

Plasma 0.00 0.00 0.00 0.00 0.00

BPAP

Urine 0.17 1.00 0.00 0.69 0.44

Whole blood 0.62 0.00 1.00 0.91 0.70

Serum 0.00 0.50 0.79 0.91 0.61

Plasma 1.00 0.00 0.44 0.00 0.33

BPZ

Urine 0.18 0.00 0.51 1.00 0.49

Whole blood 1.00 0.50 0.00 0.35 0.40

Serum 0.34 0.50 1.00 0.00 0.47

Plasma 0.95 1.00 0.44 0.89 0.79

Normalized correlation reflects the degree of significant positive correlation between matrices (range 0-1; higher is better). Difference represents
the proportion of significant results based on the corrected Mann-Whitney U test (range 0-1; higher is better). Descriptive statistics is an
optimized indicator combining detection rate, mean concentration, and standard deviation (range 0-1; higher is better). Matrix effect represents a
composite score reflecting matrix interference and recovery rate (range 0-1; higher is better). BP: Bisphenol; BPA: bisphenol A; BPS: bisphenol S;
BPF: bisphenol F; BPP: bisphenol P; BPAF: bisphenol AF; BPAP: bisphenol AP; BPZ: bisphenol Z.

In contrast, all BPA alternatives exhibited negligible risk levels. BPS (HQ = 0.0021) and BPAP (HQ =
0.0036), as primary substitutes, posed only 0.4%-0.8% of BPA's risk. BPZ showed the lowest risk (HQ =
0.0001) in plasma, confirming its low environmental persistence[3] ​. Although our current HQ-based
assessment indicates negligible non-carcinogenic risk for the general population, the possibility of
carcinogenic effects cannot be ruled out and should be a focus of future research.

These findings support the industry strategy of replacing BPA with BPAP/BPS [10] ​. Nevertheless, given
BPAP’s annual usage growth trend, we advise regular updates to its exposure limits. Sensitive populations
(pregnant women/infants) should still restrict canned food consumption, as it remains the primary
exposure pathway for BPA[23] ​.

CONCLUSIONS
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Table 5. The HQ for each BP calculated from the mean and median concentrations in the optimal matrix

Optimal matrix
HQ

median mean

BPA Urine 0.0003 0.5151

BPS Serum 0.0021 0.0026

BPF Whole blood 0.0001 0.0007

BPP Serum 0.0004 0.0015

BPAF Whole blood 0.0002 0.0010

BPAP Whole blood 0.0012 0.0036

BPZ Plasma 0.0001 0.0002

HQ: Hazard quotient; BP: bisphenol; BPA: bisphenol A; BPS: bisphenol S; BPF: bisphenol F; BPP: bisphenol P; BPAF: bisphenol AF; BPAP: bisphenol
AP; BPZ: bisphenol Z.

This study is the first to perform a comprehensive paired analysis of urine, whole blood, serum, and plasma
samples to systematically evaluate the performance of BPs detection, providing key evidence for matrix
selection. The main findings showed that urine exhibited minimal matrix effects and optimal sensitivity for
BPA, confirming the reliability of its recent exposure assessments. Whole blood had the highest
concentration of ΣBPs and exhibited superior stability in the detection of BPF, BPAF, and BPAP, reflecting
its ability to integrate systemic circulatory exposure. While serum shows moderate matrix effects, it has a
good standardized descriptive statistic for BPS and BPP, supporting its utility in chronic exposure studies.
Plasma exhibits strong specificity for BPZ, but significant matrix inhibition requires pretreatment
optimization. Health risk assessments showed that the risk of exposure at the population level was
negligible. However, BPA showed a right-skewed distribution in the high-exposure subgroup, while
substitute BPS/BPAP accounted for less than 1% of the BPA-related risk.

While multi-matrix biomonitoring entails higher costs, our identification of optimal matrices per
biomarker enables targeted strategies, thus proposing a cost-efficient approach: for large cohorts, initial
screening via urine or whole blood followed by matrix-specific confirmation for key analogs balances
accuracy with practical resource constraints. We recommend prioritizing monitoring of BPA in
occupational groups and implementing regular regulatory updates on emerging alternatives such as BPAP.
Limitations included the small sample size and geographic specificity. Additionally, when assessing health
risks based on urinary BPs concentrations, the metabolic proportion of BPs excreted in urine was not
accounted for, potentially leading to an underestimate of their health risk. Future studies should
incorporate urinary metabolic fractions of BPs into risk models to correct underestimation, validate matrix-
specific exposure windows with longitudinal studies, and extend biological monitoring to lipophilic BPs in
adipose tissue or breast milk. In summary, the optimal matrix selection scheme for BPs significantly
improves the accuracy of exposure assessment and provides a scientific basis for targeted public health
interventions.
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