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A B S T R A C T

Organic ultraviolet absorbers (OUVs), commonly used in sunscreens and industrial products, have raised growing 
environmental and health concerns due to their pervasive occurrence in aquatic ecosystems. Conventional 
analytical techniques, such as liquid chromatography-mass spectrometry (LC-MS) and gas chromatography-mass 
spectrometry (GC-MS), offer high sensitivity but are constrained by labor-intensive workflows and extensive 
solvent use. Here, we present a rapid and portable screening method for seven priority OUVs by integrating a C18- 
modified wooden-tip solid-phase microextraction (SPME) probe with ambient mass spectrometry (AMS). A 
custom-designed 3D-printed interface was designed to precisely align the ionization source with the mass 
spectrometer, enhancing stability, reproducibility, and operational ease. Detection limits (LODs) ranged from 
0.23 μg/L to 8.17 μg/L, sufficient for high-exposure scenarios such as recreational waters (up to μg/L level) and 
the permitted concentration range in personal care products (typically 2–10 %, w/w). While the sensitivity is 
lower than that of LC-MS or GC-MS, the method achieves comparable extraction recoveries (81.3–119.6 %) in 
ultrapure water and post-cleansing facial rinses. In artificial seawater, recoveries dropped to 50.9–83.0 % due to 
salt and organic matter interfering with ionization. Despite this, the total analysis time was significantly reduced- 
from hours to minutes-without complex sample preparation. Field applications demonstrate the method’s 
practicality: (1) OUVs in commercial sunscreens matched labeled ingredients; (2) surfactant-assisted cleansing 
increased OUV release from the skin by 1.58–2.31 times compared to water rinsing; and (3) benzophenone-1 (BP- 
1), 2-ethylhexyl-4-methoxycinnamate (EHMC), and ethylhexyl dimethyl p-aminobenzoic acid (ODPABA) were 
detected in swimming pool and coral reef waters, with concentrations up to 55.59 μg/L. This study provides an 
efficient, low-cost, and environmentally friendly alternative for rapid OUV screening and environmental risk 
assessment.

1. Introduction

Organic ultraviolet absorbers (OUVs) are synthetic compounds 
widely incorporated into sunscreens, cosmetics, and plastic products to 
shield against harmful ultraviolet (UV) radiation [1]. While they effec
tively prevent UV-induced skin damage and material degradation, their 
extensive use has raised growing environmental and human health 
concerns. OUVs are commonly released into aquatic environments 
through wastewater discharge and recreational activities, eventually 
reaching marine ecosystems [2]. Accumulating evidence suggests that 

these compounds can exert toxic effects on marine life, including coral 
bleaching [3], increased mortality in clownfish [4], and inhibited 
development in sea urchins [5]. Moreover, certain OUVs have been 
identified as potential endocrine disruptors, raising concerns about their 
long-term health impacts in humans [6]. Given their environmental 
persistence, ecological risks, and widespread use, there is an urgent 
demand for fast, high-throughput, and portable analytical platforms to 
support both environmental monitoring and industrial quality control. 
In coral reef ecosystems, where compounds such as benzophenone-3 
(BP-3), 2-ethylhexyl-4-methoxycinnamate (EHMC), and 

* Corresponding author.
E-mail address: pjying@gxu.edu.cn (J. Pei). 

1 The authors contributed equally to this work.

Contents lists available at ScienceDirect

Talanta

journal homepage: www.elsevier.com/locate/talanta

https://doi.org/10.1016/j.talanta.2025.128692
Received 28 May 2025; Received in revised form 15 July 2025; Accepted 7 August 2025  

Talanta 297 (2026) 128692 

Available online 8 August 2025 
0039-9140/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

https://orcid.org/0000-0002-1840-5829
https://orcid.org/0000-0002-1840-5829
mailto:pjying@gxu.edu.cn
www.sciencedirect.com/science/journal/00399140
https://www.elsevier.com/locate/talanta
https://doi.org/10.1016/j.talanta.2025.128692
https://doi.org/10.1016/j.talanta.2025.128692


4-methylbenzylidene camphor (4-MBC) are banned in regions like 
Hawaii, Palau, and the U.S. Virgin Islands [7], OUV concentrations as 
high as 200 μg/L have still been reported in nearby waters [8]. This 
underscores the need for rapid, on-site screening of tourist sunscreens at 
entry points to help prevent further reef contamination. Similarly, in the 
personal care industry, fast quantification of OUVs is vital for improving 
analytical throughput, enabling routine product safety assessments, and 
ensuring compliance with regulatory limits that generally cap concen
trations at 10 % (w/w) in cosmetic products [9].

Traditional chromatographic-mass spectrometric techniques, such as 
gas chromatography-mass spectrometry (GC-MS) [10] and liquid 
chromatography-mass spectrometry (LC-MS) [11], offer excellent 
sensitivity for detecting OUVs. Their detection limits (LODs) often reach 
ppt to ppb levels (Table 1) [12]. However, these methods are funda
mentally limited by their reliance on labor-intensive and 
time-consuming workflows. This is primarily due to mandatory sample 
preparation procedures, such as solid-phase extraction (SPE) and 
liquid-liquid extraction (LLE) [13]. Sample preparation and chromato
graphic runs typically require tens of minutes to several hours per 
sample. In addition, large volumes of organic solvents (for LC) or carrier 
gases (for GC) are consumed, which increases environmental burden 
and operational complexity. These factors, along with the high cost of 
consumables like SPE cartridges and chromatographic columns, limit 
their practicality for high-throughput or on-site analysis.

To address these limitations, ambient mass spectrometry (AMS) has 
emerged as a promising alternative [14]. Techniques such as paper 
spray, wooden-tip (WT), and coated blade spray (CBS) enable direct 
analysis of complex samples with minimal or no pretreatment. For 
instance, low-temperature plasma ionization mass spectrometry 
(LTP-MS) has shown promise for the semi-quantitative screening of 
OUVs in personal care products [15]. Among AMS methods, the WT 
approach offers clear advantages for field environmental analysis. Un
like chromatographic paper, which can deform and affect spray stability 
and ionization [16], wooden tips provide greater mechanical strength 
and stability. Compared to CBS with sharp metal blades that pose 
handling risks [17], wooden tips are safer and easier to use on-site. 
Additionally, wood’s hydroxyl-rich surface allows easy chemical modi
fication without the oxide removal steps needed for metal substrates 
[18]. Despite these benefits, AMS is often limited by poor sensitivity, low 
reproducibility, and compromised quantitative accuracy [19] caused by 
matrix effects like ion suppression. Without sample cleanup, salts and 
other interferents compete with analytes during ionization, reducing 
signal strength.

To overcome this, solid-phase microextraction (SPME) is widely in
tegrated with AMS [20]. SPME selectively captures and enriches target 
compounds while removing matrix interferences, offering both pre
concentration and cleanup. This coupling substantially mitigates matrix 
effects, thereby improving ionization efficiency, enhancing sensitivity, 
and increasing quantitative reliability in AMS-based analyses. Recent 
developments such as CBS probes demonstrate the feasibility of 
SPME-AMS for detecting pharmaceuticals in complex biological samples 

[21]. Nevertheless, broader adoption of SPME-AMS is hindered by lack 
of standardized platforms and the need for manual probe alignment, 
which causes variability. Recent advances in 3D printing offer a solution 
by enabling the fabrication of modular, reproducible components 
tailored for AMS application [22]. For example, integration of 
3D-printed interfaces in CBS-MS has enhanced portability and consis
tency in clinical analyses [23]. Therefore, combining 3D-printed mod
ules with wooden-tip ambient mass spectrometry (WT-AMS) has great 
potential to enhance robustness, stability, and usability for OUV 
detection.

In this study, we present the first integration of 3D-printed SPME- 
based WT-AMS for the rapid detection of seven high-priority OUVs in 
complex samples including sunscreen and water matrices. These target 
compounds are benzophenone-1 (BP-1), BP-3, benzophenone-8 (BP-8), 
EHMC, avobenzone (AVO), 4-MBC, and ethylhexyl dimethyl p-amino
benzoic acid (ODPABA). These target compounds were selected based 
on their widespread use in commercial sunscreen formulations [24] and 
their frequent detection in aquatic environments, where they pose po
tential risks to human and ecological health. Our approach combines: 
(1) the simplicity and high-throughput of WT-AMS, (2) the selectivity of 
functionalized SPME coatings, and (3) the precision and reproducibility 
afforded by 3D-printed interfaces. Application to real-world samples 
demonstrates its potential as a portable, efficient tool for environmental 
monitoring and industrial quality control of OUVs.

2. Experimental

2.1. Chemicals and materials

Dimethyloctadecyl[3-(trimethoxysilyl)propyl]ammonium chloride 
(DMOAP, C18 for SPME modification, 60 % in methanol) and anhydrous 
N,N-dimethylformamide (DMF, 99.8 %) were supplied by J&K Scientific 
Ltd. (Beijing, China). OUVs, including BP-1, BP-3, BP-8, AVO (>99 %), 
ODPABA (>98 %), and EHMC (>96 %), were obtained from TCI 
Chemicals (Shanghai, China). Additionally, 4-MBC (>99 %) was sourced 
from AccuStandard (USA). The isotopically labeled internal standard 
(IS), oxybenzone-d5 (BP-3-d5), was purchased from Sigma-Aldrich (St. 
Louis, USA). LC-MS grade methanol and acetonitrile were purchased 
from CNW Technologies (Germany). Ultrapure water (18.2 MΩ⋅cm) was 
produced using a Milli-Q purification system (Millipore, Bedford, USA).

Wooden toothpicks were purchased locally from a supermarket. 
Eight sunscreen products were acquired via Taobao (Alibaba Group, 
China). The 3D-printed SPME assembly including an immobilization 
station (using polylactic acid (PLA) filament from SUNLU, Zhuhai, 
China) and an aluminum alloy probe holder (using AlSi10Mg aluminum 
alloy powder, Dongguan, China), were fabricated with a Bambu Lab A1 
mini 3D printer (Shenzhen, China) and a ZRapid Tech AFS420 metal 3D 
printer (Suzhou, China). Copper sheets for electrical connections were 
sourced locally.

2.2. Pretreatment of toothpick

The wooden toothpick tips were sharpened to a final diameter of 
0.15–0.2 mm and trimmed to ~3 cm in length using a precision cutter. 
The sharpened tips were ultrasonically cleaned in methanol and air- 
dried. Surface modification was performed following Deng’s protocol 
[25]: dried tips were dispersed in 40 mL of anhydrous DMF, followed by 
addition of 2 mL of DMOAP under vigorous stirring. The mixture was 
refluxed at 120 ◦C for 12 h under nitrogen to facilitate silanization. 
Post-reaction, the modified tips were rinsed with methanol and dried. In 
our current protocol, approximately 40 C18-modified probes are pre
pared in parallel per batch. This number can be further increased by 
scaling up the volume of the reaction vessel. Due to their low cost and 
suitability for large-scale production, the SPME probes were designed 
for single use, eliminating the need for reuse and thereby reducing the 
risk of cross-contamination and variability in analytical performance.

Table 1 
Summary of analytical performance of conventional OUV detection methods.

Methods Category Analysis 
time (min)

Solvent- 
free

Cost On-site 
or LOD

Preparation SPE 10–60 × Tens $/col. Limited
LLE 10–60 × (high 

use)
Low- 
medium

Limited

Detection GC-MS 10–30 √ (but 
need 
carrier gas)

Hundreds 
$/col.

ppt-ppb

LC-MS 10–30 × (as 
mobile 
phase)

Hundreds 
$/col.

ppt-ppb

Note: "col." stands for column.
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2.3. Optimization of SPME extraction conditions and application to real 
samples

Stirring time and stirring speed are key parameters affecting SPME 
performance. Preliminary experiments were conducted to define suit
able optimization ranges. Tests at 0, 30, 60, and 90 min showed that the 
signal decreased significantly at 60 min (Fig. S1), likely due to the 
establishment of a dynamic adsorption-desorption equilibrium. There
fore, the extraction time was further optimized within 0–50 min. Simi
larly, stirring speeds above 800 rpm led to bubble formation on the 
probe, forming a gas-film barrier that reduced extraction efficiency [26]. 
Based on this, the stirring speed was optimized within the range of 
0–800 rpm.

Seawater samples were collected from two coral reef sites in Sem
porna, Malaysia: Timba Timba Island (4.548893◦N, 118.929445◦E) and 
Mataking Island (4.597790◦N, 118.949882◦E). A total of 500 mL of 
seawater was collected at each site and immediately filtered onboard 
using 4.5 μm membrane filters. After filtration, the samples were stored 
under refrigerated conditions until further processing in the laboratory. 
Swimming pool water was sampled from an outdoor pool with high 
swimmer activity on a Sunday and promptly transported to the labora
tory for analysis. For extraction, 4 mL aliquots of seawater were 
enriched using C18-modified probes by direct immersion under opti
mized conditions (30 min at 500 rpm with constant stirring). After 
extraction, the probes were rinsed with ultrapure water to eliminate 
residual matrix components prior to mass spectrometry (MS) analysis.

For sunscreen samples, approximately 0.1 g of product was mixed 
with 10 mL of methanol in a 15 mL glass vial and vortexed for 30 s to 
ensure complete homogenization. OUVs were extracted by ultra
sonication, and a 5 mL portion of this extract was then diluted to 50 mL 
with ultrapure water and subjected to the same SPME procedure as 
described for seawater samples.

2.4. Mass spectrometry analysis

The C18-modified probe, containing enriched OUVs, was secured in 
its holder and mounted onto the custom 3D-printed immobilization 
station for MS analysis. For each measurement, 20 μL of solvent was 
applied to the modified tip and allowed to equilibrate for 5 s to promote 
effective desorption of target analytes. Ionization was subsequently 
initiated by introducing an additional 30 μL of solvent under high- 
voltage conditions. To maximize signal intensity, key experimental pa
rameters were systematically optimized. These included the orientation 
of the wooden tip relative to the MS ion transfer inlet, the applied spray 
voltage, the distance between the tip and the MS inlet, and the 
composition of the spray solvent. The tested ranges were selected based 
on previous studies and preliminary tests. Spray voltage (3.5–5 kV) was 
chosen because lower voltages could not sustain stable spray, while 
higher voltages caused discharge [27]. The tip-to-inlet distance (0.1–1 
cm) was selected to optimize ion transmission while preventing elec
trical discharge and contamination of the MS inlet [28]. Spray angles 
(0◦, 45◦, 90◦) represent common geometries in similar ambient ioniza
tion setups [29]. Solvent mixtures (methanol-acetonitrile from 1:0 to 
0:1) were tested to cover different polarities and optimize desorption 
and ionization efficiency.

All experiments were performed using an LTQ mass spectrometer 
(Thermo Scientific, San Jose, USA). Mass spectra were acquired in 
positive ion mode with the inlet temperature set at 275 ◦C. Tandem mass 
spectrometry (MS/MS) was performed using helium as the collision gas, 
with collision-induced dissociation (CID) energy set at 35–50 %, an 
activation time of 30 ms, and an isolation width of m/z 1.0. All other 
instrument parameters were kept at their default settings.

2.5. Quality control

To ensure analytical reliability and minimize contamination risks, a 

comprehensive quality assurance and quality control (QA/QC) protocol 
was implemented throughout the sample collection and analysis pro
cesses. Procedural blanks were analyzed to verify the absence of 
contamination and matrix interference. Artificial seawater was 
employed as the blank matrix for marine samples, while commercial 
sunscreens containing only inorganic UV filters (titanium dioxide and 
zinc oxide) without any OUVs served as cosmetic blanks. None of the 
seven target OUVs were detected in these blanks, confirming negligible 
background contamination from reagents or materials.

To minimize contamination during field sampling, plastic containers 
were generally avoided due to the potential presence of residual OUVs. 
Swimming pool water samples were collected using amber glass bottles. 
For seawater samples, pre-cleaned polypropylene containers were used 
in the field for practical reasons, but potential contamination was 
evaluated by comparison with ultrapure water blanks and confirmed to 
be negligible. Field operators also avoided applying sunscreen or other 
personal care products prior to sampling.

Each matrix was spiked with known concentrations of the target 
OUVs, and recovery was evaluated by comparing the signal responses 
from spiked blank extracts to the corresponding nominal spike levels. 
Notably, glucose was added to the artificial seawater (35 ‰) at a con
centration of 6.25 mg/L to better simulate real-world marine conditions. 
This corresponds to approximately 2.5 mg C/L of DOC, a level 
commonly observed in nearshore coastal waters [30], to mimic natural 
organic matter presence.

LODs and limits of quantitation (LOQs) were calculated using the 
standard deviation of eleven replicate blank measurements and the 
calibration curve slope. Specifically, LODs were defined as three times 
the standard deviation (3σ) divided by the calibration slope, while LOQs 
were defined as ten times the standard deviation (10σ) divided by the 
slope [31].

3. Result and discussion

3.1. 3D-printed assembly for SPME-based WT-AMS ionization

To ensure stable ionization and improve operational reproducibility 
in WT-AMS, we developed a 3D-printed assembly consisting of two 
modular components: a fixed base and a detachable metal holder 
(Fig. 1). This design aims to ensure precise spatial alignment and stable 
electrical contact between the SPME wooden tip and the MS inlet. The 
metal holder features a precision-drilled aperture that securely accom
modates disposable wooden toothpicks used as SPME probes. A copper 
sheet is embedded at the interface between the holder and the base to 
facilitate reliable high-voltage transmission, ensuring consistent spray 
ionization during analysis. This modular configuration offers two key 
advantages. First, it maintains fixed spatial alignment between the probe 
and MS inlet, improving ionization consistency. Second, it ensures 
reliable electrical contact. Importantly, by isolating the replaceable 
holder from the fixed alignment structure, the design eliminates the 
need for realignment during probe replacement, which is a common 
issue in custom AMS systems [32].

The assembly demonstrated excellent mechanical robustness, 
showing no structural deformation after more than one year of repeated 
use. This durability stems from the minimal mechanical load during 
operation since the main function is simply to hold the wooden tip while 
the copper sheet serves as the electrode. Although PLA is known to be 
sensitive to organic solvents [33], this concern is mitigated in our 
design. The spray solvent is applied at the wooden tip, which is physi
cally isolated from the PLA base by the metal holder and copper sheet. 
As a result, solvent-induced dissolution or chemical leaching from the 
PLA is effectively prevented [17]. Recent developments in 3D printing of 
sustainable materials, such as all-natural flame-retardant hydrogels, 
further underscore the relevance of modular, low-cost, and environ
mentally friendly fabrication strategies in analytical instrumentation 
design [34]. Consistent with this trend, our assembly produced 
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negligible background signals and consistent performance across 
repeated use. Overall, this user-friendly, low-cost, and scalable platform 
is well suited for laboratories developing prototype AMS systems 
requiring frequent probe changes.

3.2. Optimization of extraction conditions

To enhance the analytical performance of the SPME-based WT-AMS 
assembly, we first pretreated wooden toothpick probes with methanol 
prior to C18 surface modified. This step effectively removed surface 
contaminants, minimizing background noise and ion suppression during 
analysis [29].

As illustrated in Fig. 2a, the total ion chromatogram (TIC) obtained 
from the WT spray remained stable for the initial 0.6 min before grad
ually declining due to solvent evaporation. To ensure consistent quan
tification, only signal intensities within this 0.6-min window were used. 
For improved sensitivity and selectivity, MS/MS was employed. Char
acteristic fragment ions were selected based on signal strength and 
fragmentation specificity. As shown in Fig. 2b, the selected product ions 
were: m/z 137 for BP-1, 151 for BP-3, 121 for BP-8, 166 for ODPABA, 
157 for 4-MBC, 161 for AVO, and 179 for EHMC. These ions were used 
for all subsequent quantification.

Given the proven efficiency of C18-functionalized silica in conven
tional SPE [18], we evaluated the effect of C18 modification on our 

Fig. 1. Schematic diagram of the 3D-printed SPME-based WT-AMS assembly.

Fig. 2. a) TIC and b) MS/MS data for the seven target OUVs.
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WT-AMS probes. Comparison between unmodified and C18-modified 
wooden tips revealed significant signal enhancement across all seven 
analytes (Fig. 3). Enrichment factors (EFs) ranged from 2.0 for 4-MBC to 
48.9 for BP-1. This variability likely reflects differences in the physico
chemical properties of each compound, such as hydrophobicity, mo
lecular weight, and steric effects [35].

Further optimization focused on extraction parameters. Extraction 
time and agitation speed were systematically tested. Optimal perfor
mance was achieved at 30 min extraction time and 500 rpm agitation 
(Fig. S2), which were applied in all subsequent experiments.

3.3. Optimization of mass spectrometry conditions

Several key parameters affecting ionization efficiency and signal 
quality were optimized, including the spatial orientation and distance 
between the wooden tip and the MS inlet, spray voltage, and spray 
solvent composition.

The spatial orientation of the wooden tip plays a critical role in 
modulating ion flow and minimizing contamination of the mass spec
trometer inlet. To identify the optimal geometry, three orientations (0◦, 
45◦, and 90◦ relative to the MS inlet) were tested (Fig. S3a). At 0◦ and 
45◦, mass spectra exhibited elevated background noise and poor frag
mentation resolution for representative OUVs (BP-1, ODPABA, AVO, 
and EHMC), indicative of substantial spectral interference (Fig. S3b). In 
contrast, the 90◦ orientation yielded cleaner spectra and the highest 
signal intensities for all seven analytes (Fig. 4a). This improvement is 
likely due to the minimized entry of neutral or non-ionized species into 
the MS inlet, a common issue in ambient ionization techniques such as 
WT-AMS [29]. Therefore, the 90◦ configuration was adopted for all 
subsequent experiments.

Tip-to-inlet distance and spray voltage were further evaluated. As 
shown in Fig. 4b and c, optimal signal intensities for all analytes were 
achieved at a tip-inlet distance of 0.25 cm and a spray voltage of 4.5 kV. 
Distances shorter than 0.25 cm or voltages exceeding 4.5 kV led to un
stable ionization due to corona discharge from localized dielectric 
breakdown [36,37]. Conversely, longer distances or lower voltages 
resulted in inefficient ion desolvation and incomplete analyte ionization, 
leading to diminished signal intensity [38]. Accordingly, a tip-inlet 
distance of 0.25 cm and a spray voltage of 4.5 kV were determined to 

be optimal.
Spray solvent composition is critical for promoting analyte desorp

tion from the probe surface and facilitating efficient ionization. 
Methanol-acetonitrile mixtures were tested at varying ratios. A 
methanol-acetonitrile mixture of 3:7 (v/v) provided the highest signal 
intensities for BP-1, BP-3, BP-8, and 4-MBC, and delivered the second 
highest intensities for ODPABA, AVO, and EHMC (Fig. 4d). This ratio 
likely balances solvent polarity for efficient analyte desorption and 
optimal spray conditions.

3.4. Analytical performance evaluation

The analytical performance of the optimized SPME-based WT-AMS 
method was comprehensively evaluated in terms of reproducibility, 
accuracy, matrix recovery, linearity, and sensitivity. This evaluation 
aimed to establish the method’s suitability for detecting OUVs in both 
environmental and cosmetic matrices.

Reproducibility is a critical parameter for AMS applications due to 
their susceptibility to environmental fluctuations and instrumental drift. 
To improve measurement stability and correct for signal variation, 
deuterated ISs were employed for signal normalization [19]. Following 
normalization, the method exhibited acceptable intermediate precision, 
with relative standard deviations (RSDs) ranging from 13.2 % to 23.3 % 
over ten replicate measurements of 0.5 mg/L samples across the seven 
target OUVs (Fig. S4). These values are within the acceptable range for 
semi-quantitative AMS methods (RSD <30 %) [39,40]. To further assess 
batch-to-batch consistency, we prepared three independent batches of 
C18-modified probes, each consisting of six probes. These 18 probes were 
used to analyze the seven OUVs at a concentration of 0.5 mg/L. The 
resulting inter-batch RSDs ranged from 19.5 % to 29.9 %, demonstrating 
good reproducibility and minimal variability between batches 
(Table S1). Further improvements in reproducibility could be achieved 
by standardizing the WT preparation process to replace manual sharp
ening. Additionally, implementing an automated solvent application 
system would ensure more consistent solvent delivery and minimize 
variability caused by manual pipetting.

To evaluate potential operator bias in our SPME-based WT-AMS 
method, a blinded validation experiment was conducted. The operator 
was blinded to the true concentrations of aqueous OUV samples pre
pared at two levels-0 mg/L (blank) and 0.5 mg/L-with three replicates 
per level. As shown in Table S2, no target compounds were detected in 
the blank samples, confirming the absence of false positives. For the 0.5 
mg/L samples, the recovery rates for the seven OUVs ranged from 94.1 
% to 117.6 %, demonstrating acceptable accuracy and reliability under 
blinded conditions.

To assess the robustness, recovery studies were conducted using 
three representative media: ultrapure water, artificial seawater (simu
lating environmental samples) and post-cleansing facial rinse (repre
sentative of cosmetic matrices). The results showed mean recoveries 
ranging from 81.3 % to 119.6 % in ultrapure water and 81.4 % to 119.5 
% in facial rinse (Fig. 5a). As shown in Fig. S5, the recoveries ranged 
from 50.9 % to 83.0 % in artificial seawater. The lower recoveries 
observed in artificial seawater are likely due to two contributing factors 
[41]: (i) the presence of dissolved organic matter, which may bind to 
OUVs and hinder their extraction, and (ii) high salt content, which can 
accumulate within the microstructures of the SPME probe and induce 
ion suppression during MS analysis. In comparison, both ultrapure water 
and facial rinse exhibited higher recoveries, suggesting minimal matrix 
interference and ion suppression effects in these systems. Recoveries 
slightly exceeding 100 % may result from pipetting variability at low 
volumes, matrix-induced signal enhancement [42], or trace-level 
background analyte residues present below the LOD in blank matrices. 
Despite matrix complexity, the recovery performance achieved using the 
WT-AMS method remains comparable to that reported for conventional 
SPE-based workflows [11], confirming the method’s accuracy and 
robustness across diverse sample types.

Fig. 3. EFs of seven OUVs obtained using C18-modified versus unmodified 
SPME probes. EFs were calculated using the formula: EF = (IC18/IIS)/(Iunmod/ 
IIS), IC18/IIS and Iunmod/IIS represent the mean analyte signal intensities (n = 3) 
normalized to the IS for C18-modified and unmodified probes, respectively.
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The method’s quantitative capability was assessed through calibra
tion curves constructed over a three-order-of-magnitude concentration 
range for each OUV (0–50 mg/L). In the 0–1 mg/L range, all analytes 
exhibited excellent linearity, with coefficients of determination (R2) 
consistently exceeding 0.95 (Fig. 5b), indicating reliable quantification 
within this range. At concentrations above 1 mg/L, signal responses 
deviated from linearity and exhibited saturation behavior (Fig. S6), 
likely due to limited adsorption capacity of the SPME sorbent phase. 
Accordingly, the dynamic linear range for accurate quantification using 
this method is defined as 0–1 mg/L. The LODs were calculated to range 
from 0.23 μg/L to 8.17 μg/L, with corresponding LOQs between 0.78 μg/ 
L and 27.22 μg/L. Although these LODs are higher than those typically 
achieved with laboratory-based LC-MS [11] or GC-MS methods [10], the 
trade-off is offset by significant advantages. Conventional LC-MS and 
GC-MS workflows require time-consuming chromatographic separation 
(from a few minutes to over 30 min per sample) and complex pre
treatment steps such as SPE or LLE. In contrast, the SPME-based 
WT-AMS method provides a much simpler and faster workflow. The 
total analysis time is approximately 30 min per sample, primarily for the 
extraction step. Moreover, since extraction can be performed in parallel, 
the effective processing time per sample is further reduced in batch 
operations. By eliminating labor-intensive procedures and avoiding the 
use of chromatographic columns, SPE cartridges, and large volumes of 
organic solvents, the method not only simplifies operation but also 
significantly reduces costs and environmental impact. Furthermore, the 
portable and easy-to-assemble design enables flexible field sampling 
with straightforward transport back to the laboratory for analysis. 
Overall, the SPME-based WT-AMS method offers key advantages of 
speed, low cost, simplicity, and field adaptability, making it especially 
suitable for rapid analysis of OUVs in cosmetic and environmental 
samples.

3.5. Detection of real samples using our 3D-printed SPME-based WT- 
AMS method

To demonstrate the real-world applicability of the developed SPME- 
based WT-AMS method, we conducted case studies involving both 
commercial sunscreen products and environmental samples. These ap
plications aim to validate the method’s performance in practical sce
narios and highlight its relevance for both product quality control and 
environmental monitoring.

Robust analytical methodologies are essential for the quality control 
of sunscreen products, especially given increasing regulatory re
strictions on certain OUVs due to potential health risks. For example, p- 
aminobenzoic acid (PABA), a widely used UVB absorber, has been 
progressively banned due to its association with allergic dermatoses 
[43]. This highlights the need for accurate quantification of OUVs to 
ensure both consumer safety and regulatory compliance. To evaluate the 
applicability of our validated 3D-printed SPME-based WT-AMS plat
form, we analyzed eight commercially available sunscreen products for 
seven priority OUVs. As presented in Fig. 6a, EHMC, the commonly 
regulated UVB filter, was detected in all samples. In contrast, AVO, the 
broad-spectrum UVA/UVB filter, was exclusively found in Product 7. 
These findings aligned well with the active ingredients listed by the 
manufacturers. Importantly, the measured concentrations of all detected 
OUVs complied with current regulatory maximum allowable limits, thus 
confirming the platform’s accuracy and suitability for product quality 
control and regulatory surveillance.

Beyond product composition, understanding the environmental 
pathways and release mechanisms of OUVs is critical, as these com
pounds are frequently introduced into aquatic ecosystems through do
mestic wastewater. A key factor influencing OUV release is consumer 
cleansing behavior, particularly the use of surfactant-based cleansers. 
Sunscreen formulations typically contain water-resistant agents such as 
silicones and waxes. These components make OUV residues difficult to 
remove by water alone [44]. Surfactants, such as sodium lauryl sulfate, 
facilitate the removal of these hydrophobic compounds by emulsifying 

Fig. 4. Optimization of experimental parameters for the SPME-based WT-AMS method. Effect of a) tip-to-inlet orientation, b) tip-to-inlet distance, c) spray voltage, 
and d) spray solvent compositions on the signal intensities of the seven OUVs.
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them. To evaluate this effect, we conducted standardized washing ex
periments using four representative sunscreen brands. Wastewater ef
fluents were collected following two conditions: water-only rinsing and 
surfactant-assisted cleansing. As shown in Fig. 6b, surfactant use 

significantly increased OUV release, with concentrations 1.58 to 2.31 
times higher than those from water-only rinsing (p < 0.05, ANOVA). 
These results clearly demonstrate that surfactant substantially enhance 
the mobilization of OUVs from the skin.

Fig. 5. Analytical performance of the 3D-printed SPME-based WT-AMS method, including: a) recoveries across different matrices and b) linearity and sensitivity as 
determined from calibration curves.

Fig. 6. a) OUV contents in eight commercially available sunscreen brands. b) Comparison of OUV release with water-only rinsing versus surfactant-assisted cleansing 
(**p < 0.01, *p < 0.05, ANOVA). “A” represents water-only rinsing, while “B” represents cleansing with a facial cleanser.
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Following their release from personal care products (PCPs), OUVs 
are readily can be transported into aquatic environments, where they 
pose significant ecological and human health risks due to their potential 
for bioaccumulation and biomagnification [45]. In this study, both 
freshwater (swimming pool water) and seawater samples were analyzed 
to assess the presence of OUVs. In swimming pool water, BP-1 was 
detected at a concentration of 13.63 μg/L. Given that BP-1 is less 
commonly used directly in sunscreen formulations, its presence is likely 
attributable, at least in part, to the environmental transformation of 
BP-3, a widely used OUV that is known to metabolize into BP-1 [46]. 
Furthermore, the longer biological half-life of BP-1 relative to BP-3 in
dicates greater environmental persistence and a higher potential for 
bioaccumulation [46].

While swimming pool water represents a controlled freshwater 
environment with direct human input, marine ecosystems-particularly 
coral reefs-are more complex and vulnerable to a wider range of con
taminants. To evaluate the environmental relevance of OUVs in such 
ecosystems, we extended our investigation to nearshore coral reef wa
ters in Semporna, Malaysia, a region recognized as a marine biodiversity 
hotspot and increasingly impacted by tourism [47]. Previous studies 
have linked OUV contamination to adverse biological effects in corals, 
including bleaching, polyp retraction, impaired larval development, and 
increased mortality [48–50]. Seawater samples were collected from two 
reef sites (S1 and S2) five days after the Chinese National Day holiday 
(October 1–7), a period of heightened tourist activity. Analysis revealed 
that EHMC was present at concentrations of 25.13 μg/L at S1 and 55.59 
μg/L at S2. ODPABA was also detected at 3.15 μg/L at S1 but was below 
the detection limit at S2. These concentrations are two to three orders of 
magnitude higher than typical levels reported in coastal reefs (ng/L 
range) and are comparable to those observed in severely impacted areas 
such as St. John Island, where concentrations up to 213 μg/L have been 
recorded [8]. In addition to OUVs released directly from recreational 
activities, several other sources likely contribute to the observed 
contamination in Semporna. Widespread plastic pollution [51,52], poor 
waste management [51], and weak regulatory enforcement have been 
reported along the coast. Degradation of vessel coatings and fishing gear 
may release additional OUVs, and the lack of effective wastewater 
treatment infrastructure leads to the discharge of untreated sewage from 
both coastal villages and floating settlements [53]. These findings 
collectively indicate a substantial anthropogenic impact on reef water 
quality and underscore the urgent need for coordinated monitoring and 
mitigation strategies to protect vulnerable marine ecosystems.

4. Conclusion

This study demonstrates the successful integration of 3D printing, 
SPME, and WT-AMS into a unified analytical platform for the rapid, low- 
cost, and environmentally friendly detection of OUVs in complex 
matrices. The developed method effectively overcomes key limitations 
of conventional chromatographic techniques-such as GC-MS and LC-MS, 
which typically involve costly instrumentation, labor-intensive sample 
pretreatment, and limited throughput. In contrast, the proposed 
approach offers significant advantages in operational simplicity, porta
bility, and analytical efficiency. The optimized protocol exhibited robust 
analytical performance, with intermediate precision (RSD <23.3 %), 
satisfactory recoveries (50.9–119.6 %), and low LODs (0.23–8.17 μg/L), 
enabling reliable semi-quantitative analysis of seven high-priority 
OUVs. In addition, inter-batch RSDs of 19.5–29.9 % confirmed the 
method’s reproducibility under varied operational conditions, while 
blinded recovery results between 94.1 % and 117.6 % demonstrated its 
accuracy and minimal operator bias. Application of the method to real- 
world samples provided critical insights into both product quality and 
environmental impact: 1) The widespread detection of regulated OUVs 
such as EHMC in commercial sunscreens was consistent with ingredient 
labels, validating the method’s applicability for quality control and 
regulatory compliance. 2) Surfactant-assisted cleansing significantly 

increased OUV release into wastewater, highlighting the influence of 
personal hygiene practices on environmental OUV loads. 3) The detec
tion of OUVs in real-world samples, including swimming pool water and 
nearshore seawater, demonstrates their environmental persistence and 
widespread release from PCPs. These findings underscore their potential 
ecological and human health risks and highlight the need for effective 
control and management strategies.
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