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ABSTRACT: Quaternary ammonium compounds (QACs) have raised concerns due to their widespread use in disinfectants and
unknown bioaccumulation behavior. However, conventional bioaccumulation assessments are costly, time-consuming, and low-
throughput, limiting their utility for screening the growing array of emerging QACs. In this study, we developed a protein affinity
ultrafiltration mass spectrometry (PA-UF-MS) strategy using human serum albumin (HSA) as a molecular bait to selectively isolate
bioaccumulative QACs from disinfectants. We identified 12 traditional and emerging QACs, including several silanol
alkyltrimethylammonium compounds (silanol-ATMACs), with strong HSA binding affinities [fold changes (FCs): 10.1−60.0].
Five silanol-ATMACs (C10−C18) were further structurally elucidated by MS/MS characterization and confirmed via a hydrolysis-
based transformation experiment. In silico toxicokinetic modeling and in vivo rat experiments revealed longer elimination half-lives
for silanol-ATMACs compared to ATMACs, indicating their bioaccumulation potential. These silanol-ATMACs were mainly
detected in medical disinfectants with a median total concentration (∑silanol-ATMAC) of 779 mg/L. While detected at modest
levels in indoor dust (median: 8.04 ng/g), silanol-ATMACs exhibited elevated concentrations in human serum, comparable to those
of 18 traditional QACs (medians: 10.6 and 13.9 ng/mL, respectively). Our findings demonstrate the application of PA-UF-MS for
prioritizing emerging bioaccumulative contaminants and highlight the need for further toxicological evaluation and human exposure
assessment of silanol-ATMACs.
KEYWORDS: quaternary ammonium compounds (QACs), silanol-ATMACs, protein affinity mass spectrometry,
human serum albumin (HSA), bioaccumulation, human exposure

■ INTRODUCTION
Quaternary ammonium compounds (QACs) are a large group
of synthetic chemicals that serve as disinfectants, antimicrobials,
and surfactants in various products, including cleaning products,
personal care products, pharmaceuticals, pesticides, and
biomedical materials.1 The three most well-known QAC groups
are benzylalkyldimethylammonium compounds (BACs, with
C8−C18 alkylated chains), dialkyldimethylammonium com-
pounds (DADMACs, with C8−C18 alkylated chains), and
alkyltrimethylammonium compounds (ATMACs, with C8−
C18 alkylated chains). Since the breakout of the COVID-19
pandemic, the demand for QACs used as antimicrobials has

increased substantially.2 The U.S. Environmental Protection

Agency’s (EPA) List N has over 200 products containing QACs

as active ingredients.1 Several QACs are high-production
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volume chemicals with manufactured or imported amounts
exceeding one million pounds per year.1

Due to their extensive use in indoor environments,
particularly during the COVID-19 pandemic, QACs have
become ubiquitous indoors, resulting in widespread human
exposure.3−5 Our previous study confirmed that disinfectant
products are a major contributor to QACs in residential dust.3

Given their presence across multiple exposure pathways, there is
increasing concern about their internal exposure and potential
bioaccumulation in the human body.6 Although QACs are
generally believed to be rapidly metabolized and excreted via
urine and feces as hydroxylated and carboxylated metabolites,7

their bioaccumulation potential remains controversial. Through
an in vitro−in vivo extrapolation (IVIVE) model, we found that
C12-QACs have the highest predicted bioaccumulation
potential, with in vivo hepatic clearance rates ranging from
0.114 to 2.47 mL/h/g.6 This aligns with our biomonitoring
findings, which revealed the frequent detection of QACs,
particularly C12-BAC, in human blood and breast milk with
median concentrations of 0.289−0.634 and 0.38 ng/mL,
respectively, indicating their potential for accumulation.8,9

However, only a limited number of QACs have been evaluated
for bioaccumulation potential,10 and few have been monitored
in human blood samples.6,9 Considering the structural diversity
of emerging QACs,4 there is an urgent need for a high-
throughput assessment framework to systematically evaluate
their bioaccumulative properties and facilitate biomonitoring in
human matrices.

Various approaches have been developed to evaluate the
bioaccumulation potentials of environmental contaminants,
including in vivo bioconcentration factor (BCF) tests using
fish11 and octanol−water partition coefficient measurements
based on OECD Test Guidelines.12 However, these conven-
tional methods are often limited by high costs, long duration,
and low throughput, making them impractical for screening the
vast number of emerging QACs. As a result, the bioaccumula-
tion potential of most QACs remains poorly characterized.
Inspired by the strategy of affinity purification with nontarget
analysis (APNA), which has been successfully used to identify
biologically relevant ligands from complex environmental
samples,13,14 we sought to develop a similar approach to
evaluate bioaccumulation potentials of QACs. Our previous
study showed that approximately 72−97% of QACs will be
bound to serum proteins, demonstrating a strong binding
affinity between QACs and serum proteins.6 Thus, we
hypothesized that key plasma proteins in human blood could
serve as molecular baits to enrich QACs with greater
bioaccumulative potential,15,16 thereby increasing their like-
lihood of detection in biomonitoring studies.

To extend our protein-affinity-based approach, we applied
ultrafiltration mass spectrometry (UF-MS), a high-throughput
technique for ligand screening.17−23 In addition to its ability to
quantify protein−ligand binding affinities,24,25 similarly to
conventional approaches such as isothermal titration calorim-
etry (ITC), nuclear magnetic resonance (NMR), surface
plasmon resonance (SPR), and fluorescence-based techniques,
UF-MS further enables efficient screening and identification of
unknown small-molecule ligands in complex systems,17,26 which
is difficult to achieve using these traditional methods. However,
UF-MS is prone to nonspecific binding on filter membranes,
leading to false positives.27 To address this, we first developed
the two-filter UF-MS method to minimize nonspecific
interactions and increase identification accuracy. Then, we

tested 18 QACs for their binding to three major serum proteins,
including human serum albumin (HSA), human liver fatty acid
binding protein (hL-FABP), and transthyretin (TTR), which
have been reported to be important carriers of endogenous and
exogenous compounds.28−32 Based on these results, we
established a protein affinity UF-MS strategy (PA-UF-MS) to
screen for high serum transporter protein affinity QAC ligands in
disinfectants. Moreover, the bioaccumulation potentials of the
newly identified QACs were validated using in silico prediction,
toxicokinetic modeling with in vivo data, and molecular docking
analysis. Finally, we quantified a broad range of QAC
homologues, including traditional QACs and newly identified
QACs in disinfectants, indoor dust, and human serum.

■ MATERIALS AND METHODS

Chemicals and Reagents
Eighteen QAC native standards were obtained from online reagent
companies,4 a technical standard of silane quaternary ammonium salt
(silane-C18-ATMAC) was purchased from Aladdin (Shanghai, China).
Three mass-labeled internal standards, including benzyldimethyldode-
cylammonium-d7 chloride (d7-C12-BAC), benzyldimethyltetradecy-
lammonium-d7 chloride (d7-C14-BAC), and decyltrimethylammo-
nium-d9 bromide (d9-C10-BAC), were purchased from Toronto
Research Chemicals (Toronto, ON, Canada). HSA was purchased
from HARVEYBIO (Beijing, China), while hL-FABP and TTR were
obtained from Sino Biological (Beijing, China). Ultracentrifugal filters
(Amicon Ultra-0.5, 10 kDa) were obtained from Millipore Corp
(Bedford, MA, U.S.A.). All solvents used in this study were Optima-
grade.
Sample Collection and Pretreatment
Seventeen disinfectants from different brands were purchased from
JD.com, one of the largest online commercial shopping platforms,
between February and March 2023 in China. These disinfectants were
manufactured within the past three years, and all of them are frequently
used with sales volumes ranked within the top 10 in the Chinese market.
For the analysis of disinfectants, 10 μL of a sample was diluted with 9.99
mL of methanol, and then 1 mL of the diluted disinfectants was spiked
with the internal standard (d7-C14-BAC) prior to instrumental analysis.

Thirty-eight dust samples were collected from residential homes in
Shenzhen, China, from July to September 2022. The samples were
collected using a precleaned nylon stock (with a pore size of 25 μm)
coupled with a commercial vacuum cleaner (Dyson, V8 Fluffy Extra).
After the nylon bag was detached and wrapped in clean aluminum foil, it
was placed in a polypropylene (PP) bag, transported to the laboratory,
and stored at −20 °C for further chemical analysis. Briefly,
approximately 100 mg of sieved dust was weighed into a polypropylene
tube, spiked with surrogate standards (d7-C12-BAC and d9-C10-
ATMAC), and extracted with 4 mL of acetonitrile using sonication at
room temperature. The extraction procedure was repeated in replicates.
After extraction, the combined extracts were concentrated to near
dryness under a gentle nitrogen stream and then reconstituted in 1 mL
of methanol, followed by the addition of the internal standard (d7-C14-
BAC) prior to instrumental analysis.

A total of 90 blood samples were obtained from delivering women
recruited through the Third Affiliated Hospital of Sun Yat-sen
University from April to July 2019. All participants gave informed
consent before participation. The study protocols were approved by the
Research Ethics Committee of The Third Affiliated Hospital of Sun
Yat-sen University ([2019]02-637-01) and the Research Ethics
Committee of Jinan University (JUNKY-2021-011). Each blood
sample was immediately centrifuged at 3000 rpm for 5 min at 4 °C
to collect serum. HPLC water was also collected into the same type of
tubes as field blanks, along with blood collection. Serum samples were
stored at −80 °C until chemical analysis.

Serum sample pretreatment was processed according to previous
methods with a minor modification.33,34 Briefly, 200 μL of serum
samples, thawed at room temperature, were fortified with the surrogate
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standards (d7-C12-BAC) and were extracted in 3 mL of ethyl acetate
with a multi-tube vortexer for 20 min. The sample was then centrifuged
at 3500 rpm for 5 min, and the supernatant was transferred to a new
tube. This re-extraction process was repeated twice more, for a total of
three extractions, and the supernatants were combined. The extract was
further evaporated to dryness and reconstituted in 50 μL of methanol
and frozen at −80 °C overnight. Following centrifugation at 15000 rpm
for 5 min, the supernatant was collected and spiked with the internal
standard (d7-C14-BAC) prior to instrumental analysis.

Development of the Ultrafiltration Mass Spectrometry
(UF-MS) Method
Mixtures of C12-QACs (C12-BAC, C12-DADMAC, and C12-
ATMAC) and C14-QACs (C14-BAC, C14-DADMAC, and C14-
ATMAC) were selected as the substrate to evaluate the effectiveness of
the UF-MS method in reducing nonspecific binding. For one filter
procedure, the final reaction mixtures consisted of 199 μL of HSA (7.5
μM) in 0.1 M phosphate buffer saline (PBS) solution (pH 7.4) and 1 μL
of substrate (0.5 μM) in dimethyl sulfoxide (DMSO). Incubations were
carried out in triplicate in 2 mL centrifuge tubes at 37 °C, and 150 μL
was transferred to an ultrafiltration device (Millipore, 10 kDa) after 60
min. 200 μL 0.1 M PBS solution (pH 7.4) was added into each
ultrafiltration device before 10 min centrifugation (13 000 rpm at 4 °C)
was carried out, and repeated three times to eliminate unbound ligands.
After the washing step, 200 μL of ice-cold acetonitrile was added to each
ultrafiltration device, and then it was centrifuged at 13 000 rpm for 20
min at 25 °C. The final total volume of 600 μL was prepared for further
chemical analysis. The process was repeated twice to disrupt the
protein−ligand complexes.

For the two-filter procedure, samples were prepared similarly to
those in the one-filter procedure. In order to minimize the extent of
nonspecific binding, a new filter was substituted for the ultrafiltration
filter prior to the ligand dissociation and elution step (Figure S1).35

Incubations containing no protein were used as control samples to
assess potential nonspecific binding (NSB) interference.

HSA, hL-FABP, and TTR (7.5 μM for each) were selected to identify
the protein with the highest bound fraction toward QACs. The two-
filter procedure was employed on a mixture of 18 QACs (0.5 μM for
each QAC), including C8−C18 BACs, C8−C18 DADMACs, and C8−
C18 ATMACs. All steps were performed as previously described,
except for the solution used for hL-FABP, which was dissolved in 50
mM Tris−HCl, 150 mM NaCl, and 1 mM dithiothreitol (pH 8.0).

All final solutions were spiked with an internal standard (d7-C14-
BAC) before instrumental analysis. The NSB of QACs to the
ultracentrifugal filter and the bound fraction of QACs to serum protein
( f b), reflecting their relative binding affinities, were measured using the
equations below36,37

M
M

NSB 1 after

before
=

(1)

f
M
M

100%b
b

t
= ×

(2)

whereMafter is the molar mass of QACs in the buffer after centrifugation,
Mbefore is the molar mass of QACs in the buffer before centrifugation,Mb
is the molar mass of the bound compound, and Mt is the initial molar
mass of the compound.

Protein Affinity Pull-Down Using the Two-Filter
Ultrafiltration Mass Spectrometry
To prepare the mixed disinfection product solution, equal aliquots (20
μL each) of the individual disinfection products (n = 17) were diluted
100-fold and combined to achieve a standardized cocktail for
subsequent binding experiments. One μL of the cocktail solution was
incubated with 199 μL of HSA solution (50 μM) in 0.1 M PBS (pH
7.4). The incubation, ultrafiltration, and pretreatment methods were
performed as described in the previous section. Oleic acid, an
endogenous ligand of HSA, was included as a positive control to
confirm the effectiveness of the pull-down assay.

The nontarget analysis was conducted using an Agilent 1290 Infinity
ultrahigh-performance liquid chromatograph system coupled to an
Agilent 6546 quadrupole time-of-flight mass spectrometer (UPLC-
QTOF/MS) (Santa Clara, CA) in electrospray ionization positive
mode (ESI+). Details of the instrumental methods are presented in
Text S1. To identify the potential QACs binding to HSA through the
PA-UF-MS strategy, a suspect list of more than 200 QACs was included
in the in-house database established in our previous study.4 The data
analysis workflow was performed as follows: the high-resolution mass
spectrometry (HRMS) raw data were converted to mzXML format and
deconvolved by XCMS online for feature detection, filtering, and
alignment across samples. Formula assignment and suspect screening
were performed in Agilent MassHunter qualitative software (version
B.10.1). In detail, formula assignment was predicted using an elemental
composition range of C0−50H0−200N0−3O0−10P0−10S0−10Si0−10 with a
mass error of 5 parts per million (ppm). Suspect screening was
performed with the Molecular Feature Extraction (MFE) algorithm
(peak height >600 counts; [M]+ adducts), which matched to
theoretical exact mass (<5 ppm) and retention times (<0.2 min) of
the in-house database, and were further incorporated into the MS/MS
preferred list. Features not matched with our in-house database but
with a high score (>95) and containing heteroatoms (O, P, S, and Si)
were prioritized for obtaining their MS/MS spectra. For the structure
elucidation of the features, MS/MS spectra were confirmed using
commercial standards or compared with MS information in public
libraries (i.e., mzCloud and MassBank). Moreover, a synthesized
standard of silanol-C18-ATMAC was used to confirm its tentative
structure, which was prepared through a simple hydrolysis reaction by
mixing silane-C18-ATMAC with pure water for 60 min. A detailed
procedure is provided in Text S2.

For ligand annotation, identification confidence was reported using
the Schymanski classification,38 with level 1 (confirmed by standards),
level 2 (probable structures supported by MS/MS evidence or library
matching), and level 3 (tentative candidates without unique structural
confirmation).

Pseudotargeted Analysis of Silanol-ATMACs in Human
Blood Using HPLC−MS/MS
Pseudotargeted analysis was employed to enhance the sensitivity of
detection and reduce false positives in the quantification of silanol-
ATMACs within complex serum matrices.39 Instrumental analysis was
performed on an ultraperformance liquid chromatograph coupled to a
5500 Q Trap triple quadrupole mass spectrometer (AB Sciex, Toronto,
ON) in positive electrospray ionization (ESI+) mode. Separation of the
target analytes was performed on an Acquity UPLC RP C18 column
(100 mm, 2.1 mm i.d., 1.7 μm thickness, Waters). The mobile phase
consisted of water with 5 mM ammonium acetate (A) and acetonitrile
(B), both containing 0.1% formic acid. The flow rate was maintained at
0.4 mL/min. The gradient used was as follows: 5% B for the initial 1.5
min, increased to 50% B by 4.5 min, followed by an increase to 100% B
at 10 min and held for 5 min, then returned to 5% B at 15.1 min, and
equilibrated for 2 min after each run. The injection volume was set to 5
μL. The settings for the nebulizer, gas flow, gas temperature, capillary
voltage, sheath gas temperature, and sheath gas flow were 25 psi, 10 L/
min, 300 °C, 3500 V, 350 °C, and 12 L/min, respectively. Data
acquisition was conducted in a multiple reaction monitoring (MRM)
mode, with the optimized MRM transitions, declustering potential, and
collision energies detailed in Table S1.

(Semi-)Quantification of Silanol-ATMACs
Quantification of target analytes was performed using extract mass (±5
ppm) extracted ion chromatograms (EICs) from full scan measure-
ments. For 18 traditional QACs, the quantification of these analytes
using commercial standards was conducted via isotope dilution based
on a linear internal regression calibration curve. For 5 newly identified
silanol-ATMACs lacking commercial standards, given their structural
similarity to ATMACs, semi-quantification was performed by assuming
the silanol-ATMACs have equal molar instrumental responses
compared to the reference standard of ATMACs. Both (semi-
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)quantification using a linear regression calibration ranging from 1 to
100 ng/g with regression coefficients of >0.99.

In Silico Bioaccumulation Potential Assessment
The half-lives of silanol-ATMACs and ATMACs were estimated using
the online bioaccumulation prediction platform (http://tkpara.hhra.
net), which is built upon a stacking machine learning framework that
integrates multiple base learners and is optimized via linear regression
techniques. The model was trained on a curated data set of 2934
chemicals with experimentally derived human half-life values. All
compounds were entered in SMILES format, and molecular descriptors
were automatically extracted and processed within the platform to
generate predictions relevant to pharmacokinetic behavior.

In Vivo Bioaccumulation Potentials Assessment of
Silanol-C18-ATMAC and C18-ATMAC
Six-week-old Sprague−Dawley rats (three males and three females, 155
± 5 g) were purchased from Weitong Lihua (Beijing, China). All animal
procedures were approved by the Animal Use and Care Committee of
Shenzhen Huateng Biomedical Technology Co., Ltd. (Protocol
B202409-1). Rats were housed under standard conditions (12 h
light−dark cycle, 22 ± 2 °C, 50 ± 10% relative humidity). Due to the
absence of an authentic silanol-C18-ATMAC standard, we prepared a
stock solution by mixing several commercial products. The mixing
ratios were determined based on the weighted average concentrations
of C18-ATMAC and silanol-C18-ATMAC present in each product.
Consequently, C18-ATMAC and silanol-ATMACs were administered
via intravenous injection at equal doses of 0.1 mg/kg. It should be
noteworthy that the administered doses were below the known LD50.
The formulation of this stock solution, administered doses, and
reported LD50 values are presented in Table S2. Blood was collected
from the tail vein at 0, 0.2, 0.5, 1, 1.5, 2, 4, and 8 h into polypropylene
tubes and stored at −80 °C.

A 100 μL aliquot was extracted with 0.4 mL of acetonitrile using
sonication for 30 min, centrifuged at 8000 rpm for 10 min, and the
procedure was repeated twice. The combined supernatant was filtered
(0.2 μm nylon), spiked with d7-C14-BAC as an internal standard before
instrumental analysis. The half-life of the target analyte in blood was
determined using the one-phase exponential decay function in
GraphPad Prism (version 9.0.0).40,41

Molecular Docking
The 3D structures of C18-ATMAC and silanol-C18-ATMAC were
drawn in ChemDraw and converted to energy-minimized 3D
conformations with Chem3D. Molecular docking was performed
using AutoDock Vina (v1.2.7)42 to evaluate the binding affinity of both
compounds with HSA (PDB: 1H9Z),43 focusing on Sudlow sites I and
II as potential QAC-binding sites.44−46 Protein structures were
preprocessed by removing water molecules and native ligands. Ligands
were prepared with AutoDockTools (v1.5.7), and the top 9 ranked
docking scores were evaluated based on conformations, orientations,
and binding energies. The top-ranked docking poses were visualized
using PyMOL (v2.4.0), and protein−ligand interactions were further
analyzed in Discovery Studio. Detailed docking parameters are
provided in Text S3.

Isothermal Titration Calorimetry Titrations
The Microcal VP-ITC (MicroCal, LLC, Northampton, MA, U.S.A.)
titrator was used for the calorimetric titrations. The HSA and four
QACs (CPC, C14-ATMAC, C12-BAC, and C10-DADMAC)
solutions were prepared with PBS buffer (pH 7.4). HSA solutions
were 0.05 mM, and the concentration of QACs solutions ranged from
0.5 to 1.42 mM. The titrations were performed at 25 °C. The injection
volume was 10 μL and the interval between injections was 120 s to
guarantee the equilibrium in each titration point. The obtained data
were analyzed through the Origin 7.0 software supplied by Microcal.
The ITC data were collected automatically and analyzed to get the
binding site number (n), the dissociation constant (Kd), the enthalpy
change (ΔH), and the entropy change (ΔS) associated with the
interaction.

Quality Assurance and Quality Control (QA/QC)
Acetonitrile extraction recoveries for the 18 QACs in the protein−
ligand incubation solution ranged from 77 to 97% (with the exception
of C16-ATMAC, 64%), while matrix effects were minimal, ranging from
96 to 105% (Tables S3 and S4). QACs concentrations in dust and
serum were corrected by subtraction of the procedural blank levels from
the sample levels. Method detection limits (MDLs) were set as 3 times
the standard deviation of target analyte levels detected in the procedural
blanks. For compounds not detected in the procedural blanks, MDLs
were defined as the analyte concentrations corresponding to a signal-to-
noise ratio of three. MDLs, procedural blanks, and field blanks for all
target analytes are included in Table S5. The recoveries of BACs,
DADMACs, and ATMACs ranged from 93 to 108%, from 77 to 104%,
and from 104 to 134% for dust and from 91 to 106%, from 61 to 136%,
and from 101 to 119% for serum, respectively (see the complete data in
Table S6).
Data Analysis
Basic and descriptive statistics were conducted using IBM SPSS
Statistics 24 and Microsoft Excel 2021. A Mann−Whitney test was used
for the comparison of the logarithmically transformed concentrations.
Differences between groups for the peak features pulled out were
compared by Student’s t test. The difference was considered statistically
significant at a p value of <0.05.

■ RESULTS AND DISCUSSION

Method Development of Ultrafiltration Mass Spectrometry
QACs are readily adsorbed onto container surfaces due to their
unique cationic properties, which may lead to strong nonspecific
binding of QACs to the filters.47 As shown in Figure S1, all tested
QACs, including C12- and C14-BACs, C12- and C14-
DADMACs, and C12- and C14-ATMACs, exhibited high
NSB in the one-filter UF−MS procedure (21 ± 3 to 105 ± 16%),
rendering this approach unsuitable for quantifying their binding
affinities to serum proteins. After adopting the two-filter
procedure previously used to eliminate NSB in retinoic acid
receptor ligand screening,48 the NSB of C12-QACs and C14-
QACs was substantially reduced to 0.516−14.3%. These results
demonstrated that the two-filter UF-MS procedure has the
potential to decrease the NSB of QACs.

To identify the primary protein contributors to QAC binding
in blood, we evaluated the bound fractions of 18 commonly used
QACs with three representative transport proteins, including
HSA, hL-FABP, and TTR. In general, QACs exhibited the
strongest binding affinities toward HSA with f b ranging from
0.37 to 99.9%, significantly higher than those for hL-FABP and
TTR (from 0.01 to 10.3% and from 0.85 to 46.0%, respectively;
Figure S2). This is likely due to HSA’s unique structure, which
includes two main binding sites and several additional
hydrophobic pockets,49,50 and numerous nonspecific binding
sites on the surface, enabling broad ligand interactions.51 A
similarly wide range of f b has been reported for methylimida-
zolium chlorides with C4−C12 alkyl chains, where no binding
was observed for C4, while C12 reached up to 85%.52 The weak
binding of short-chain QACs to HSA is likely due to insufficient
van der Waals interactions within the binding sites.53 This result
suggests that HSA may serve as a more significant binding
protein for QACs in blood than hL-FABP and TTR. Based on
this rationale, HSA was selected as the primary target protein for
subsequent PA-UF-MS analysis.

Interestingly, the f b generally increased with the alkyl chain for
the C8−C16 compounds, then declined for the C16−C18
QACs in the case of HSA. By contrast, neither hL-FABP nor
TTR exhibited a consistent trend in bound fractions comparable
to that observed for HSA. For hL-FABP, binding was
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consistently low across all QACs, but a weak parabolic trend
with a peak at intermediate chain lengths (C14) was still
observable for DADMACs and C10 for ATMACs. For TTR,
binding showed a pronounced maximum at C12−C16
specifically for DADMACs, while exhibiting a clear increasing
trend with longer chains for both BACs and ATMACs. These
differences highlight HSA’s more binding sites compared to the
more selective and lower affinity hL-FABP and TTR.51 The
strongest HSA binding affinities were observed for C16-QACs,
with f b of 80.8, 99.9, and 68.6% for C16-BAC, C16-DADMAC,
and C16-ATMAC, respectively. The structure-dependent
binding potency of these compounds can be attributed to a
protein−molecular interaction mechanism, in which an optimal
chain length facilitates favorable hydrophobic interactions
within the HSA’s binding pockets.54,55 It should also be noted
that protein−ligand binding affinity is not determined solely by
the chemical structure or lipophilicity of the ligand; intrinsic
properties of the protein, such as binding pocket geometry, steric
compatibility, and specific interaction sites, also play a critical
role. Therefore, the observed binding pattern likely reflects the
combined influence of both ligand structure and protein binding
characteristics.56 In our previous study, the highest binding
affinities to whole human serum were observed for C12-QACs,
likely due to the combined contributions of multiple serum
proteins that may exhibit complementary binding preferences
for this chain length.6

Suspect Screening of HSA Ligands in Disinfectants
We then employed the PA-UF-MS strategy to identify potential
HSA ligands from commercial disinfectants (Figure S3). Only
chemicals exhibiting at least 10-fold higher abundance in the
dosed group compared to the negative control group (without
protein addition) were considered potential HSA ligands. The
effectiveness of the pull-down assay was validated using oleic
acid, a positive chemical for HSA, with a FC of 14.3 (Figure S4).

Among the 15 355 features detected under ESI+, 285 features
were identified as putative HSA ligands (Figure 1). To annotate
these putative ligands, we searched against an in-house database
established in our previous studies, which included over 200
QACs reported in the literature.4 As a result, 12 QACs were
tentatively identified in the present study, comprising 8
traditional QACs, including C12-, C14-, and C16-BACs, C6-

and C10-DADMACs, and C12-, C14-, and C16-ATMACs, as
well as 4 emerging QACs, including cetylpyridinium chloride
(CPC), C2:14-DADMAC, C8:10-DADMAC, and methyltrioc-
tylammonium chloride (MTOAC). The identities of these
QACs were further confirmed by their corresponding
commercial reference standards and previous records (Figure
1 and Figure S5).4

Apparently, C12-, C14-, and C16-BACs were identified as
high-affinity HSA ligands with FCs of 28.0, 39.0, and 10.1,
respectively. Their strong serum protein binding affinity has
been reported in our earlier study.6 CPC, an isomer of C12-
BAC, was also identified as a high binding affinity HSA ligand
(FC: 30.6), which is reported to be an ingredient in
antimicrobial mouthwashes and toothpaste.10 In addition,
C2:14-DADMAC was identified as the most abundant QAC
with high HSA-binding affinity (FC: 60.0). Other mixed
DADMACs, such as C8:10-DADMAC, were also isolated as
putative HSA ligands with a higher FC of 22.9. The binding
affinities of these mixed DADMACs were generally higher than
those of paired chain DADMACs, including C6-DADMAC and
C10-DADMAC (FC: 19.7 and 16.6, respectively). A plausible
explanation is that paired-chain DADMACs exhibit greater
steric hindrance than mixed-chain DADMACs due to their
structural symmetry and increased bulk near the pharmaco-
phore, which may restrict favorable electrostatic and hydro-
phobic interactions with HSA.57 Nevertheless, further inves-
tigation is warranted to confirm the observed higher FCs of
mixed-chain DADMACs. In addition, most ATMACs, including
C12-ATMAC, C14-ATMAC, and C16-ATMAC, were isolated
as putative HSA ligands with FCs of 10.1, 12.7, and 14.7,
respectively. The binding affinities of ATMACs to HSA were
comparable to those of paired chain DADMACs (FCs: 16.6−
19.7), which were generally lower than those of BACs (FC:
10.1−39.0). Furthermore, MTOAC, a structural analogue of
ATMACs, was identified as a high-affinity HSA ligand with a
higher FC of 25.3, even higher than those of traditional
ATMACs discussed above. Overall, these results demonstrate a
structure-dependent binding affinity of QACs to HSA.

Among the identified high-affinity HSA ligands, only C12-
BAC, C14-BAC, C12-ATMAC, C14-ATMAC, and C16-
ATMAC have demonstrated bioaccumulation potential and

Figure 1. Identification of HSA ligands in the mixtures of commercial disinfectants by PA-UF-MS strategy. (a) Volcano plots representing the log-
transformed fold changes (FCs) and corresponding p values of each feature measured in the mixtures of commercial disinfectants. Blue dots represent
the features that have conspicuously abundant abundances (FCs > 10; p < 0.05), while red dots represent the identified compounds from pulled-out
features. (b) Comparison of the representative LC chromatograms of the identified pulled-out features detected in treatment groups and control
groups. (c and d) Corresponding MS/MS spectrum of the identified pulled out features of panel b detected in the mixtures of commercial disinfectants
under different collision energies. (e) Proposed structure of the identified pulled-out features at m/z 334.2773.
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have been detected in human serum.4 However, for the other
newly identified QACs, a more comprehensive assessment of
their bioaccumulation potency and biomonitoring is warranted
in the future, particularly for those not routinely measured in
human blood.
Comparison between the Bound Fraction and ITC
Parameters

To further validate whether the FC obtained from the pull-down
assay, which serves as a relative measure of the bound fraction,
reliably reflects the binding affinity of compounds to HSA,
supplementary ITC experiments were conducted on four
representative QACs (C12-BAC, C14-ATMAC, CPC, and
C10-DADMAC) that exhibited distinct fold change values
(12.7−30.6) in the pull-down assay.

As shown in Table S7 and Figure S6, for three compounds
with comparable binding site numbers (n), namely, CPC (n =
1.64), C12-BAC (n = 1.94) and C14-ATMAC (n = 1.13), the
trend of fold change values derived from the pull-down assay
were in good agreement with their ITC-derived Kd values, with
lower Kd corresponding to higher FC. ITC analysis further
revealed that the binding of these three compounds to HSA was
characterized by negative enthalpy changes (ΔH < 0) and
positive entropy changes (ΔS > 0), resulting in negative Gibbs
free energy changes (ΔG < 0), indicative of spontaneous
binding.58,59

In contrast, C10-DADMAC exhibited a higher FC than C14-
ATMAC despite having a weaker binding affinity (higher Kd).

This apparent discrepancy can be attributed to its significantly
larger binding site numbers (n = 8.7), which contribute to a
higher overall bound fraction. Notably, the interaction between
C10-DADMAC and HSA was endothermic, with both ΔH and
ΔS being positive. It suggests that the binding process is
predominantly driven by hydrophobic interactions. Moreover,
the Gibbs free energy change calculated using the van’t Hoff
equation (ΔG = ΔH − TΔS) was negative (−5.71 kcal/mol),
confirming that the binding of C10-DADMAC to HSA is also
spontaneous.60

Taken together, these results demonstrate that the FC
obtained from the pull-down assay can effectively represent
the relative binding affinity of compounds to HSA. However,
because FC is jointly determined by Kd and n,61 FC does not
provide quantitative thermodynamic parameters. Therefore,
quantitative techniques such as ITC are necessary for
mechanistic interpretation and precise affinity determination.
Nontarget Screening of HSA Ligands in Disinfectants

Among the 285 putative ligands captured by the HSA proteins,
only 12 features matched entries in the suspect screening list
(Table S8). The majority of statistically significant features (p <
0.05) exhibiting high FCs over 10 remained unidentified.
Therefore, we then moved forward to elucidate the structures of
other potential emerging QACs with high bioaccumulation
potentials through nontarget analysis. In general, traditional
QACs typically consist only of C, H, and N atoms and account
for 1−3% (w/w) in disinfectant formulations. To better account

Figure 2. LC-TOF-MS chromatograms and MS/MS spectra of silanol-ATMACs detected in disinfectants. (a−e) Silanol-C10-ATMAC (RT of 2.72
min), silanol-C12-ATMAC (RT of 3.33 min), silanol-C14-ATMAC (RT of 3.93 min), silanol-C16-ATMAC (RT of 4.57 min), and silanol-C18-
ATMAC (RT of 5.03 min).
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for the unidentified features, we broadened our formula search
to include heteroatoms such as Si, P, and S, which are frequently
incorporated into commercial products to enhance specific
functional properties.62,63 We used MassHunter qualitative
analysis to predict molecular formulas and calculate ring and
double bond equivalents (RDB) for the unknown features, using
a b r o a d e l e m e n t a l c o m p o s i t i o n r a n g e
(C0−100H0−100O0−50N0−50Si0−10P0−10S0−10). Among the pre-
dicted candidates, one molecular ion with the formula
C17H40NO3Si, containing both silicon and nitrogen, was not
found in our in-house database. This feature showed a high
intensity in the full scan MS1 spectrum and exhibited a FC of
18.5 (p < 0.05), warranting further structural characterization.
To elucidate its potential structure, the precursor ion of m/z
334.2773 was included in the data-dependent acquisition
(DDA) preferred list for HRMS acquisition to obtain its MS/
MS spectra at stepwise collision energies (20 and 40 eV). For
example, a collision energy of 20 eV produced fragments that
included m/z 78.9846 (H3O3Si+, 0.13 ppm), indicative of a
silanol group, and m/z 214.2532 (C14H32N+, 1.4 ppm),
supporting the presence of a quaternary ammonium structure.
To further confirm the structure, an online search using the
elemental formula yielded a match in the PubChem database
with compound CID of 154153066 (dodecyl-dimethyl-(3-
trihydroxysilylpropyl)azanium (CAS number: not available).
Collectively, the candidate was identified as silanol-C12-
ATMAC, which was a structural analogue of C12-ATMAC.

Next, we proceeded to directly extract peaks with diagnostic
fragment ion (m/z 78.9846, H3O3Si+) to search for potential
silanol-ATMAC candidates in crude disinfectants. Conse-
quently, in addition to silanol-C12-ATMAC, a series of
silanol-ATMAC homologues with varying carbon chain lengths,
including silanol-C10-ATMAC, silanol-C14-ATMAC, silanol-
C16-ATMAC, and silanol-C18-ATMAC, were also identified in
these products. The identities of these silanol-ATMACs were
further evidenced by their stepwise retention times with
increasing carbon chain lengths and identical fragmentation
patterns (Figure 2 and Figure S7). Notably, silanol-C14-
ATMAC, silanol-C16-ATMAC, and silanol-C18-ATMAC
were observed to be significantly pulled out by HSA protein
(p < 0.05) but with relatively low FCs of 4.71, 3.35, and 2.61,
respectively.

No authentic standards were available to further validate the
identification of these silanol-ATMACs. Fortunately, we found a
commercial standard available under the name of (3-

(trimethoxysilyl)propyl)octadecyldimethylammonium (silane-
C18-ATMAC), a structural analogue of silanol-C18-ATMAC,
which is mainly used as an antibacterial agent in household
products.64 Previous studies have demonstrated that silane
groups readily hydrolyze to silanol in the presence of water.65,66

Therefore, silane-ATMACs composed of silane coupled to a
QAC structure are expected to undergo the same hydrolytic
transformation as other silanes. To further validate this potential
transformation pathway of silane-C18-ATMAC, a laboratory
hydrolysis experiment was conducted in an aqueous solution. As
a result, an increasing trend in silanol-C18-ATMAC concen-
tration was observed, accompanied by a decrease in silane-C18-
ATMAC levels, followed by stabilization after 60 min (Figure
S8). Subsequently, we analyzed the mixture solution prepared in
our study using the same LC conditions and DDA mode as those
used for disinfectants. The extracted ion chromatograph of m/z
418.3714 (C23H52NO3Si+, 0.72 ppm) in the full scan spectrum
of the mixture solution exhibited the same retention time as that
in disinfectants (Figure S9). This was further evidenced by the
characteristic fragment ion m/z 78.9847 (H3O3Si+, 1.06 ppm)
and m/z 298.3474 (C20H44N+, 1.0 ppm) in their MS/MS
spectra, observed in the mixture solution and consistent with
those of disinfectants (Figure S9).

To the best of our knowledge, these silanol-ATMACs were
first developed by Dow Corning Corp. (Midland, MI) under the
trade name of 5700 Antimicrobial Agent (DC 5700) as early as
1967, which were designed to fulfill antibacterial functions in
textiles.67 In addition to these early applications, silanol-
ATMACs have been patented and utilized as solvent-free or
water-stable compositions for cleaning hard and soft surfaces,
including office furnishings and healthcare facility coatings,
where they provide durable antimicrobial protection through
covalent bonding to substrates.68−70 Beyond surface cleaning,
they have also been employed as emulsifiers or shampoo
conditioners, surfactants, and flocculants in softeners, consumer
products, pesticides, and wastewater treatments.71−74 More
recently, silanol-ATMACs have been formulated into alcohol-
free or biocompatible systems to provide long-lasting anti-
microbial activity in medical and personal care applications,
including oral sterilization, wound disinfection, intracanal
medicaments in dentistry, and antiherpesviral treatments.75

Given their widespread usage across diverse environments and
applications, it is important to understand their presence and
distribution in both environmental and biological matrices.

Figure 3. Bioaccumulation potentials assessment of silanol-ATMACs (blue) and ATMACs (red). (a) Predicted half-life in human (days) by chain
length (C10−C18). (b) Concentration in rat blood (μg/L) over 8 h post-dose (mean ± SD; n ≥ 3). (c) Average binding affinity (−kcal/mol) at
Sudlow’s site I and Sudlow’s site II of human serum albumin (HSA) (−kcal/mol; higher values indicate stronger binding).
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In Silico and In Vivo Bioaccumulation Potential Assessment
of Silanol-ATMACs

The predicted half-lives of both silanol-ATMACs and ATMACs
increased with increasing alkyl chain lengths (Figure 3a), likely
due to enhanced hydrophobicity, which in turn contributes to
higher bioaccumulation potential.6 However, predicted half-
lives of silanol-ATMACs did not exhibit a consistently
increasing trend with longer alkyl chain lengths, this deviation
from the expected chain-length-dependent trend may result
from error amplification within the stacked ensemble prediction
model, as minor fluctuations from individual base learners can
be magnified during model integration.76 Notably, silanol-
ATMACs consistently exhibited longer half-lives than their
nonhydroxylated counterparts, suggesting that the introduction
of a silanol group significantly enhances their persistence in the
human body. This enhancement can be attributed to silicon’s
role as a bioisostere, which increases molecular lipophilicity
(e.g., via larger bond lengths and reduced electronegativity
compared to carbon), thereby improving membrane penetra-
tion and reducing metabolic clearance across cell barriers.77 This
trend was further validated by in vivo bioaccumulation
assessment of the available C18-ATMAC and hydrolytically
generated silanol-C18-ATMAC (Figure 3b). Silanol-C18-
ATMAC persisted in rat blood at higher concentrations for a
longer duration compared to C18-ATMAC (half-lives: 0.551
and 0.171 h, respectively), indicating slower systemic clearance.
The elevated bioaccumulation potential of silanol-C18-ATMAC
is likely due to its stronger binding affinity toward HSA. Due to
the limited availability of silanol-ATMAC analytical standards,
cross-validation between predicted and experimental half-lives is
currently not feasible.

For molecular docking method validation, redocking of the
native ligands was performed, and the Root Mean Square
Deviation (RMSD) values between the redocked poses and their
crystallographic conformations were 0.362 Å for R-warfarin at
Sudlow’s site I and 1.672 Å for myristic acid at Sudlow’s site II,
indicating that the docking protocol is reliable. The molecular
docking results showed that silanol-C18-ATMAC and C18-
ATMAC exhibited similar binding affinities at Sudlow’s site I
(−6.04 and −6.09 kcal/mol, respectively), but silanol-C18-
ATMAC demonstrated a significantly stronger interaction at
Sudlow’s site II (−6.62 and −7.01 kcal/mol, respectively)
(Figure 3c), likely due to favorable interactions with LEU430 at
this site (Figure S10).78,79

Although direct comparisons of half-life between silanol and
carbon-based parent molecules are limited, accumulating
evidence suggests enhanced bioaccumulation potential for
silylated-modified compounds, which have been frequently
applied in drug design. For instance, silperisone, which contains
a quaternary ammonium group, has demonstrated prolonged
duration and increased oral bioavailability.77 These findings
support that a silanol group in ATMAC structures can increase
lipophilicity, potentially leading to prolonged plasma half-lives.
Concentrations of Silanol-ATMACs and Traditional QACs in
Disinfectants and Indoor Dust

To better understand the distribution of silanol-ATMACs
relative to traditional QACs across commercial disinfectants, we
analyzed a series of popular products in the market (Figure S11).
Initial comparisons across product forms (e.g., sprays, wipes, and
liquids) and brands showed no consistent differences in the
concentrations of silanol-ATMACs versus traditional QACs.
However, a specific medical-grade (product 12) contained

silanol-ATMACs at concentrations up to 5080 mg/L, while
traditional QACs were present at relatively low concentrations
(Figure S11). This observation motivates us to reclassify the
products based on their intended uses, categorizing them into
medical and household purposes.

All silanol-ATMACs were found in all of the collected medical
disinfectants. The total concentration of silanol-ATMACs
(∑silanol-ATMAC) ranged from 158 to 5080 mg/L in these
products, with a median concentration of 779 mg/L, which was
4.4−52 times higher than corresponding levels of traditional
BACs, DADMACs, and ATMACs (Table 1). In contrast, only
two silanol-ATMACs, namely silanol-C16-ATMAC and silanol-
C18-ATMAC, were detected in household disinfectants with
detection frequencies of 20 and 100%, respectively. Compared
to the levels of ∑silanol-ATMAC in the medical disinfectants,
∑silanol-ATMAC concentration declined to 4.58 mg/L in the
household disinfectants, approximately 1−2 orders of magni-
tude lower than those of traditional QACs, such as BACs,
DADMACs, and ATMACs (medians: 1180, 169, and 47.4 mg/
L, respectively). Obviously, ∑silanol-ATMAC concentrations
were significantly higher in medical disinfectants than in
household disinfectants, indicating a predominant presence of
silanol-ATMACs in medical-grade products (p < 0.001; Figure
4). No silane-ATMAC was detected in any of the disinfecting

products. To the best of our knowledge, silane-ATMACs were
originally used as active commercial formulas in disinfectants to
meet excellent antimicrobial functions. Due to their high
reactive properties, these silane-ATMACs would hydrolyze
into silanol-ATMACs in the presence of water. These results
indicate that silanol-ATMACs are a transformation product of
silane-ATMAC, rather than primary additives.

The composition profiles of traditional QACs, including
BACs, DADMACs, and ATMACs in the household disinfec-
tants were different from those reported in the products sold in
the United States (84.2, 12.1, and 3.40% vs 64, 14, and 22%,

Figure 4. Concentrations of different groups of QACs in household and
medical disinfectants (mg/L). Concentrations are shown as box plots,
representing the 25th and 75th percentiles; black lines represent the
median; the whiskers represent the 10th and 90th percentiles; and the
dots represent the 5th and 95th percentiles. ∗∗∗ represents the
statistical significance at p < 0.001.
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respectively). These differences likely reflect variations in
environmental conditions, usage patterns of cleaning and
disinfecting products, and regulatory frameworks.10 In total,
traditional QACs dominated household disinfectants, account-
ing for 99.7% of the ∑QAC concentration, while a significant
decline in the proportion of traditional QACs was observed in
medical disinfectants, where silanol-ATMACs contributed up to
79.1% of the total QAC concentration (Figure 5). The different

profiles of traditional QACs and silanol-ATMACs in these
disinfectants may be due to differences in their distinct
functions, stemming from the active ingredients present in the
analyzed products. This disparity aligns with literature indicating
that household disinfectants favor shorter chain traditional
QACs (e.g., C8−C16 BACs) for rapid action and low residue,10

while medical formulations often incorporate organosilane
QACs for their superior durability, covalent bonding to surfaces,
and extended antimicrobial efficacy in high-risk environments
like hospitals.80,81 Such profiles may also reflect regulatory
preferences, with medical disinfectants prioritizing nonvolatile,
low-leaching compounds to minimize recontamination in sterile
settings.81 The detection of silanol-ATMACs in household
disinfectants, albeit at relatively low concentrations, may result
from their unintentional introduction as impurities associated
with traditional QACs or from their intentional use as
proprietary additives to enhance disinfecting performance.

Similarly, silanol-ATMACs were detected in all the dust
samples, indicating that these newly identified chemicals are
ubiquitously distributed in indoor environments. The ∑silanol-
ATMAC concentrations ranged from 0.001 to 0.0886 μg/g with
a median concentration of 0.00804 μg/g. The levels of ∑silanol-
ATMACs were significantly lower than those of ∑traditional
QACs (median: 35.9 μg/g; Table 1). To explore the potential
source of silanol-ATMACs in residential dust, we compared the
contributions of traditional QACs and silanol-ATMACs in the
dust and products (Figure 5). Given that disinfectants were
classified by their distinct application scenarios, only traditional
QAC disinfectants were regularly used in the homes.
Intriguingly, a similar pattern was observed in residential dust
and household disinfectants (99.9 and 0.10% vs 99.7 and
0.30%), suggesting that these household disinfectants may have
been heavily used in these homes. The lower but ubiquitous
silanol-ATMAC residues in dust likely originate from household
products, where they serve as minor additives that potentially

migrate through aerosol deposition or wear from treated textiles
and surfaces.
Concentrations of Silanol-ATMACs and Traditional QACs in
Human Serum

To further validate the presence of these emerging QACs in
human blood, a highly sensitive method was developed to
analyze these chemicals using a pseudotargeted analysis strategy
(see the chromatograms in Figure S12). As a result, silanol-C10-,
C12-, C14-, C16-, and C18-ATMACs were detected in more
than 88% of the samples with median concentrations of 1.18,
2.65, 0.102, 3.56, and 2.46 ng/mL, respectively. The ∑silanol-
ATMAC concentrations ranged from 2.02 to 21.5 ng/mL with a
median concentration of 10.6 ng/mL in the serum, generally
higher than those of ∑BAC, ∑DADMAC, and ∑ATMAC
(medians: 1.94, 2.16, and 7.96 ng/mL, respectively). Notably,
significant differences in the profiles of traditional QACs and
silanol-ATMACs were observed between the residential dust
and human serum (99.9 and 0.10% vs 53.3 and 46.7%,
respectively; Figure 5), suggesting that other factors and
exposure pathways, rather than dust ingestion, may influence
the body burden of these chemicals. This may be attributed to
the use of silanol-ATMACs in wound disinfectants and textiles,
leading to direct human exposure via dermal contact. In contrast
to traditional QACs, which primarily enter the body through
indirect pathways such as dietary intake or dust ingestion
requiring translocation across the intestinal epithelium barrier,82

silanol-ATMACs may exhibit higher absorption efficiency due
to their direct dermal exposure route. Intriguingly, similar
composition profiles of traditional QACs and silanol-ATMACs
were found between the serum and the medical disinfectants
(53.3 and 46.7% vs 20.9 and 79.1%, respectively; Figure 5).
These results further suggest that medical disinfectants may
serve as a significant source of silanol-ATMACs, resulting in
widespread human exposure to these chemicals. This linkage is
supported by evidence of organosilane QACs’ use in medical
settings for durable antimicrobial coatings on wounds, textiles,
and surfaces,68−70,75 where direct contact increases exposure
risks, potentially contributing to health outcomes like skin
irritation, asthma, or antimicrobial resistance in vulnerable
populations.

■ ENVIRONMENTAL IMPLICATIONS
This study has several limitations. The sample size was small for
both disinfectants and indoor dust samples. Besides, the dust
and serum samples collected from limited geographic areas may
not represent the general distribution characteristics of QACs in
China. Thus, the findings in this study may require further
validation and need to be exemplified with larger sample
volumes to reveal the widespread existence of this compound in
the indoor environment and human serum. Additionally, the
levels of QACs and silanol-ATMACs may be overestimated
through semi-quantification due to the lack of commercial
standards.

Nonetheless, our present study has isolated bioaccumulative
chemicals in disinfectants based on a PA-UF-MS strategy, which
has successfully identified and prioritized thousands of HSA
ligands. Given the structural diversity of QACs in production
and use, the successful identification of silanol-ATMACs
highlights the effectiveness of our PA-UF-MS strategy,
particularly in analyzing complex environmental mixtures. In
addition, a pseudo-MRM strategy was employed to quantify
silanol-ATMACs in environmental matrices. This approach

Figure 5. Comparison of contributions of four QAC groups to the
∑QAC concentrations in household disinfectants, medical disinfec-
tants, residential dust, and human serum. Stacked bars show mean
proportional composition.
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enables more reliable detection of these compounds and
facilitates pathway-guided interpretation, thereby advancing
our understanding of their environmental occurrence and
potential health relevance. In this study, UF-MS was applied
for the first time to screen potential novel bioaccumulative
contaminants in real environmental samples. Although the
technique has been widely used in fields such as pharmaceutical
research for screening natural ligands, it has not previously been
incorporated into the screening of unknown environmental
contaminants. The two-filter strategy effectively reduces false
negatives for amphiphilic compounds and shows strong
capability for identifying bioaccumulative contaminants with
mixed hydrophobic and hydrophilic characteristics. In addition,
the increase in production and use of disinfectants would
unavoidably lead to continuous contamination of QACs in the
indoor environments. Furthermore, the identification of BACs
as the high-affinity ligands of HSA is significant. This is due to
comparing with other QAC groups, BACs were the predom-
inant species among QAC groups detected in indoor dust and
disinfectants.3,4 Moreover, previous studies have demonstrated
that BACs exert higher toxicity than other QAC groups.83,84

Finally, it is worth noting that silanol-ATMAC homologues were
identified in this study; further efforts are warranted to
investigate their environmental occurrence, persistence, and
potential toxicity.
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