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In this study, a convenient and effective method for determination of perfluoroalkyl substances (PFASs) in infant
formula was developed based on a novel dispersive solid-phase extraction using deep eutectic solvent-
functionalized amorphous UiO-66 (DES/aUiO-66) as sorbent. The synthesis of materials could be achieved
without the use of complex and environmentally unfriendly procedures. Parameters were systematically inves-
tigated to establish a simple, fast, and efficient green pretreatment method. The method demonstrated high
sensitivity, good precision, a detection limit of 0.330-0.529 ng-kg ™!, and low matrix effects (< 12.8%). The
mechanism for this material was elucidated by ab initio molecular dynamics (AIMD) simulations and quantum
chemistry calculations. The presence of massive pore structures and collectively synergistic binding sites facil-
itated affinity adsorption toward PFASs. Finally, this method was applied to the monitoring of PFASs in 10 actual
milk powder samples. This groundbreaking approach opens new possibilities for the advancement of analytical

techniques and food safety monitoring.

1. Introduction

Per- and polyfluoroalkyl substances (PFASs) are a group of man-
made compounds consisting of perfluorinated carbon chains and hy-
drophilic terminal functional groups. These structural features and
strong C—F bonds make them difficult to degrade chemically and bio-
logically while also providing waterproofing, oil resistance, and surface
energy reduction effects, making them widely used in various consumer
and industrial applications (Van Beijsterveldt et al., 2022). PFASs have a
long half-life, can accumulate in humans and other organisms, and have
been shown to cause a range of adverse effects, including immunotox-
icity, hepatotoxicity, carcinogenicity, and endocrine disruption (Ram-
irez Carnero et al., 2021). Studies have shown that PFASs can migrate
from soil, processing equipment, and packaging into food, making di-
etary intake the primary route of exposure to PFASs (Abafe, Macheka, &
Olowoyo, 2021). In addition, there were ionic interactions between
PFASs and proteins that allowed them to bind to -lactoglobulin in dairy
products, making milk an important food source for dietary exposure to
PFAS:s, especially perfluoroalkyl acids (Li et al., 2022). This fact has
drawn attention to the monitoring and detection of PFASs in milk. In
addition, PFASs and their mixtures may adversely affect early childhood

neurodevelopment (Zhou et al., 2023), which might contribute to the
manifestation of symptoms associated with attention-deficit/
hyperactivity disorder (ADHD) (Kim et al., 2023). Furthermore, expo-
sure to PFASs has been linked to diminished immune responses to
childhood vaccinations (Sigvaldsen et al., 2023). Mikolajczyk et al. have
studied infant exposure to PFASs in infant formula and baby food and
suggested that more sensitive methods should be used given their ultra-
trace levels (Mikolajczyk, Warenik-Bany, & Pajurek, 2023).

Mass spectrometry-related techniques are commonly used for their
detection in food. Milk powder is a complex sample matrix containing
various components such as lipids, sugars, and proteins. These compo-
nents may interfere with the signal strength of PFASs, thereby affecting
the accuracy of quantitative analysis. Therefore, it is necessary to adopt
appropriate extraction methods and sample pretreatment steps to ensure
the effective extraction of PFASs from milk powder and obtain reliable
analytical results. Liquid-liquid extraction (LLE), solid-phase extraction
(SPE), dispersive solid-phase extraction (DSPE), and magnetic solid-
phase extraction (MSPE) are the most widely used pretreatment tech-
nologies in recent years (Guo, Ren, Ji, Yang, & Di, 2022). Among them,
DSPE can effectively increase the contact area between the adsorbent
and analyte by dispersing the adsorbent throughout the sample
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extraction solution, shorten the extraction time, and simplify the oper-
ation process (Ren, Lu, Han, Qiao, & Yan, 2023). Many widely used
adsorbents today are effective only when used in large quantities, which
requires a large volume of eluent and additional nitrogen drying pro-
cedures, resulting in high costs. Reasonable design of adsorbent types
and enhancement of the interaction force between adsorbent and target
substance is an effective solution to achieve selective adsorption and
efficient extraction (Abad, Masrournia, & Javid, 2024; Cai et al., 2024).

MOFs are considered as potential adsorbents due to their tunable
structural properties. However, the regular periodic arrangement of
metal ions and organic ligands in traditional crystalline MOFs limits
their pore diversity, restricts mass transfer, and conceals metal centers
(Wang et al., 2022). Amorphous MOFs are similar in composition to
their crystalline counterparts, but lack long-range periodic order in their
structure, which results in scale defects, a high degree of disorder, and
unique amorphous properties. These additional properties endow them
with greater flexibility and a rich pore structure, providing more
adsorption sites and channels, which is advantageous for their applica-
tions in the field of adsorption. Some functionalized modifiers have been
used to enhance the selectivity of materials in complex matrices, such as
inorganic acids, carbon nanotubes, and surfactants (Wei et al., 2020).
However, these modifiers and material synthesis processes can have
detrimental effects on the environment, so there is an urgent need to
seek green modifiers and protocols to achieve the goals of sustainable
development and eco-friendliness (Liu et al., 2024). Deep eutectic sol-
vents (DESs) are green solvents with good biocompatibility, low toxicity,
and biodegradability formed by noncovalent interactions between two
or more compounds, which have been used in areas such as electro-
catalysts, extraction media, and separations (Li, Dai, Wang, & Row,
2019). Therefore, DESs can be combined with advanced materials to
modify their pore surfaces and provide functional groups. Our previous
study demonstrated that efficient enrichment and sensitive detection of
PFASs with different chain lengths in edible oils can be achieved by
rational design of DESs composition (Fan, Wang, Liu, & Cao, 2021).

Based on this background, the aim of this study was to prepare and
obtain a novel adsorbent for the detection of trace perfluorocarboxylic
acids in infant milk powder samples. This was achieved by functional-
izing an amorphous UiO-66 (aUiO-66) consisting of a zirconium metal
cation and a terephthalic acid ligand with DES synthesized from ace-
tylpropionic acid and 3-bromobenzeneacetonitrile in different ratios.
The DES would induce hetero-halogen interactions, thereby facilitating
selective affinity extraction (Fan, Shan, Yin, & Cao, 2023). The fabri-
cation of aUiO-66 was done in the ammonium salts/acetamide-based
eutectic mixtures. The parameters affecting the pretreatment process,
including the molar ratio of HBD/HBA, the amount of DES/aUiO-66, the
extraction time, the type of eluent, and its volume, were optimized by
the control-variable method in order to achieve the best extraction ef-
ficiency. The mechanism of dispersive solid-phase extraction for this
material was elucidated by theoretical simulations and calculations.
Finally, the developed method was validated and applied to the analysis
of five different chain-length PFCAs in real milk powder samples. To the
best of our knowledge, there has been no research on the use of DES-
functionalized amorphous MOFs for the analysis of contaminants in
food matrices, and this field is still in the exploratory stage. This study
provided new ideas and methods for trace analysis of food contaminants
and had guiding significance for improving the sensitivity of detection
methods.

2. Materials and methods
2.1. Materials and reagents

Terephthalic acid (BDC, 99%), acetamide (99%), zirconium tetra-
chloride (ZrCly, 98%), 3-bromophenylacetonitrile (3BP, 98%), dieth-

anolamine hydrochloride (99%), and mass-grade ammonium acetate
were purchased from Macklin Biochemical Co., Ltd. (China). Levulinic
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acid (LA, 98%) was obtained from Heowns Biochemical Technology Co.,
Ltd. (China). The standards of perfluorocarboxylic acids (PFCAs,
>99.0%) were purchased from Sigma-Aldrich (St. Louis, MO), including
perfluorobutanoic acid (PFBA), perfluorohexanoic acid (PFHxA), per-
fluorooctanoic acid (PFOA), perfluorodecanoic acid (PFDA), and per-
fluorododecanoic acid (PFDoA). The isotopically labeled standard, 13C8-
PFOA, was obtained from Wellington Laboratories (Guelph, ON, Can-
ada). Mass-grade methanol for liquid chromatography-mass spectrom-
etry (LC-MS) was acquired from Cleman Technology Co., Ltd. (China),
and ultrapure water was obtained using a Milli-Q water purification
system (Millipore Co., USA).

2.2. Preparation and characterization of DES-functionalized amorphous
Ui0-66

Amorphous UiO-66 (aUiO-66) was prepared according to the pro-
cedure described in our previously published article (Yin, Fan, Shan, &
Cheng, 2023). The general procedure is as follows: DES as the reaction
medium was obtained by mixing acetamide as HBD and diethanolamine
hydrochloride as HBA at a molar ratio of 2:1 at 80 °C, then adding equal
molar ratios of ZrCly and BDC to the DES solution containing 20% water,
and heating and stirring at 100 °C for 5 h to obtain amorphous UiO-66
material. Ideal defect-free UiO-66 was synthesized using N,N-dime-
thylformamide (DMF) according to Lillerud’s recipe (Shearer et al.,
2016). The DES for functionalization of amorphous UiO-66 was pre-
pared by mixing LA as HBD and 3BP as HBA in various molar ratios and
heating the mixture in a metal bath until a transparent, uniform liquid
was obtained. Then, 5 mg of amorphous UiO-66 was ultrasonically
dispersed in 1 mL of ethanol, and 20 pL of the above-prepared DES was
added. After ultrasonic mixing for 10 min, the ethanol was dried at 80 °C
to produce powdered DES/aUiO-66. Transmission electron microscopy
(TEM, JEOL-2000 EX-II) and scanning electron microscopy (SEM, JSM-
6700 F) were utilized to observe the morphology and structures of the
proposed sorbents. Fourier-transform infrared (FTIR, Nicolet 6700)
spectroscopy was conducted within the frequency range of 4000 to 400
cm™, at a spectral resolution of 2.0 cm™?, using a 1% sample in a KBr
pellet. The phases of the amorphous materials were identified through
X-ray diffraction (XRD, Rigaku D/MAX-RB) analysis by scanning the
diffraction angle (260) over the range of 5° to 90° with Cu — Ko radiation.
Their specific surface area and porosity characteristics were determined
by nitrogen adsorption/desorption isotherm measurements (ASAP 2020
Micromeritics).

2.3. Pretreatment procedure

Infant milk powder (10 g) was weighed into a 50 mL polypropylene
centrifuge tube and dissolved in 15 mL of ultrapure water. The internal
standard of 2 pg-kg~! was added and mixed by sonication. Then 15 mL
of acetonitrile was added to precipitate the protein in the sample and
centrifuged at 8000 rpm for 10 min at 4 °C. The 12 mL of supernatant
was removed with a pipette, 10 mg of DES/aUiO-66 was uniformly
dispersed into the sample solution, and it was oscillated and extracted
for 15 min. The adsorbent was then separated from the sample solution
by high-speed centrifugation at 8000 rpm, and the supernatant was
discarded. It was then desorbed by ultrasonic treatment in 200 pL of
eluent for 10 min. Finally, the collected eluate was centrifuged, and the
supernatant was transferred to a 1.5 mL LC vial with a liner tube for
direct LC-MS detection. To minimize errors, all sample extraction pro-
cedures were performed three times. To optimize the pretreatment
conditions, the conditions after the addition of PFCA standards to the
milk were investigated. Five extraction/desorption conditions were
investigated, including the amount of adsorbent (5-25 mg), the
extraction time (5-30 min), the type of eluents (methanol, acetonitrile,
acidified methanol, and alkaline methanol), the proportion of the cho-
sen additive (0.025-0.2%), and eluent volumes (50-400 pL). The se-
lection of eluent type was based on the published literature (Deji et al.,
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2022). The specific material preparation and its pretreatment procedure
are shown in Fig. 1. The analysis of perfluorocarboxylic acid was based
on our published article (Fan et al., 2021).

2.4. Molecular dynamics simulation and quantum chemistry calculation

The geometries of all initial DES materials were fully optimized at
the B3LYP-D3(BJ)/def2-TZVP level by the ORCA program system
(Version 5.0, https://orcaforum.kofo.mpg.de). Meanwhile, vibrational
frequency calculations were performed to confirm the optimized ge-
ometries as true minima. The 3-bromophenylacetonitrile/levulinic acid
simulation systems with the target analyte (PFBA was selected as the
representative compound) contained 55 molecules (HBD: HBA: target =
4:6:1). The initial conformations were initially generated via Packmol
(http://m3g.igm.unicamp.br/packmol), where the solvent molecules
were randomly and loosely packed into a cube (4 x 4 x 4 nm). Periodic
boundary conditions were implemented for cubic boxes in all directions
(box sides: 1.2 A; tolerance: 2.0 A). In all cases, long-range Coulomb
interactions were calculated using the particle mesh Ewald (PME)
method (grid spacing: 0.16 nm; interpolation order: 4). These systems
were then classically equilibrated in GROMACS (Version 2022, https://
manual.gromacs.org/) for 30 ns under canonical (NVT) and isothermal-
isobaric (NPT) ensemble dynamics at 1 atm and 298.15 K. The molecules
were treated with the General Amber Force Field (GAFF). The final
frame obtained from the classical NPT run was utilized as the input for
the ab initio molecular dynamics (AIMD) simulations. The AIMD simu-
lations were carried out in the CP2K package (Version 2024.1, htt
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ps://www.cp2k.org/) using the TVZP basis set to describe the valence
electrons and the Goedecker-Teter-Hutter (GTH) pseudo-potentials for
different atom types. Furthermore, the simulations employed the B3LYP
exchange-correlation functional with Grimme’s DFT-D3 empirical
dispersion correction and a time step of 1.0 fs. The system underwent an
initial equilibration with AIMD under NPT procedures for 10 ps, fol-
lowed by a production-level run of 40 ps at 298.15 K held using the V-
rescale thermostat. A density cutoff threshold of 520 Ry was imple-
mented. The finest grid level was defined with a multigrid value of 4 and
a relative cutoff of 60, employing smoothing techniques for both the
electron density and its derivative. The following analyses were con-
ducted by the TRAVIS program (http://www.travis-analyzer.de/). The
energy decomposition analysis was performed using the sobEDAw
methods (http://sobereva.com/multiwfn/).

2.5. Quality assurance and quality control

The validation of the analytical methods used in this study included
linear range, standard curve, recovery, inter-day precision, intra-day
precision, matrix effect, limit of detection (LOD), and limit of quanti-
tation (LOQ) to evaluate the applicability of the analytical methods. In
all analyses, PFCAs were added to infant milk powder samples at known
concentrations, and >Cg-PFOA was used as the internal standard for
PFCAs. The linear range of the method was evaluated at 9 levels from
0.02 to 40 pg-kg ™!, and the correlation coefficient (R?) was determined
by calculating the linear equation of the calibration curve using least
squares. The recoveries were determined by adding five selected PFCAs
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Fig. 1. Pretreatment procedure by using deep eutectic solvent-functionalized amorphous metal-organic framework.
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to the milk powder, and the samples were subjected to three replications
at two concentration levels (0.02 and 0.2 pg-kg ™). The limit of detection
(LOD) and limit of quantification (LOQ) of PFCAs were evaluated by the
signal-to-noise ratio of the chromatogram (LOD is S/N = 3, LOQ is S/N
= 10). After the addition of 4 pg-kg™! PFCAs to the sample, the entire
process was repeated six times in one day and three days, respectively, to
evaluate the repeatability of the method. Since the composition of the
matrix directly affects the quantification of PFCAs, it is necessary to
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evaluate the matrix effect. Blank milk powder was pretreated as
described in Section 2.3, and PFCAs were added to the blank matrix at a
concentration of 0.5 pgkg™l. The matrix effect was evaluated by
comparing the response values of PFCAs added to the blank matrix and
the standard solution. To monitor and analyze possible contamination in
the workflow, method blanks (i.e., samples prepared from the entire
pretreatment process without the addition of infant formula matrix)
were also determined, and the results were compared with the LOQ of
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Fig. 2. Characterization of deep eutectic solvent-functionalized amorphous UiO-66 and amorphous UiO-66. (A) XRD pattern of amorphous UiO-66; (B) Ny
adsorption-desorption isotherms; (C) Pore-size distributions; (D) FTIR spectra; (E) TEM image of DES-functionalized amorphous UiO-66; (F) SEM image of DES-

functionalized amorphous UiO-66.
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PFCAs. All laboratory equipment was thoroughly cleaned with water
and organic solvents before use.

3. Results and discussion
3.1. Characterization of DES-functionalized amorphous UiO-66

Fig. 2 (A) shows the XRD pattern of the DES/aUiO-66 material,
which has obvious amorphous characteristics. It can be seen that, except
for the broad main peak retained by the material at 6.2°, the remaining
diffraction peaks are very small in intensity and indistinguishable from
each other. This is due to the lack of long-range ordering in DES/aUiO-
66 and the inability to form distinct characteristic peaks, which are
manifested as broad peaks caused by diffuse scattering (Yin et al., 2023).
The Ny adsorption-desorption curves of aMOF and DES/aMOF are dis-
played in Fig. 2 (B). Both materials do not have a clear saturation
adsorption plateau and show type IV isotherms and H1 hysteresis loops,
indicating the presence of mesoporous and irregular pore structures in
the materials (Feng, Long, Liu, & Liu, 2022). Further research was
conducted on the BET specific surface area and porosity of the adsor-
bent, and detailed results are listed in Table S1. aMOF has a specific
surface area of 130.1 m?g~! and a total pore volume of 0.5954 cm®.g ™1,
with 67% mesopores and 32% micropores. DES/aMOF has a specific
surface area of 101.4 m2.g~! and a total pore volume of 0.4531 cm®.g 1,
with 40% mesopores and 59% micropores. Compared with aMOF, the
specific surface area and total pore volume of DES/aMOF decrease, and
the number of micropores increases, all due to the introduction of DES
into aMOF. Despite the decrease in porosity resulting from the intro-
duction of DES to enhance the selective affinity of the adsorbent mate-
rials, it is still superior to the ideal UiO-66, which only possesses limited
micropores. From the pore size distribution in Fig. 2 (C), it can be seen
that the main pore size of DES/aMOF increases within the mesopore
range, indicating that the material still has sufficient pore space, which
is conducive to the adsorption of PFCAs by the material.

The results of FT-IR characterization of aMOF, DES, and DES/aMOF
are shown in Fig. 2 (D). For primitive aMOF, the broad peak at 3389.65
cm ! correlated with the presence of adsorbed water or hydroxyl groups
(Jalali, Ahmadpour, Ghahramaninezhad, & Yasari, 2023). Peaks at
1565 cm ™! and 1403 cm ™! represented in-phase and out-of-phase tensile
vibrations of carboxylic acid groups (Shan, Zhang, Wang, & Liu, 2022).
The peak observed at 1101 cm ™! corresponded to the tensile vibration of
the Zr-OH single bond, demonstrating the binding of the BDC ligand to
the Zr node. The peaks at 749, 654, and 523 cm ™' were caused by the
combination of O—H and benzene ring C—H with Zr—O, which was
consistent with previous reports (He et al., 2024). For DES, character-
istic bands of LA were observed at 2920.22 cm™' and 1708.72 cm™ !,
corresponding to stretching vibrations of —OH and C—=O0, respectively,
and the C=N group vibration peak in 3BP was located at 2259.58 cm ™ *.
In the spectra of DES/aMOF, these different absorption peaks underwent
slight shifts. The blue shift of the COOH/COO- group vibration peak in
aMOF indicated the possibility of hydrogen bonding between DES and
the material. After the functionalization of DES, the broad band intensity
above 3000 cm ! decreased, and new absorption peaks appeared at
1710.81 and 2923.09 cm ™! for DES/aMOF, indicating the successful
loading of the LA-3BP eutectic system with aUiO-66. The apparent
morphology of DES/aUiO-66 was observed by TEM and SEM, as shown
in Fig. 2 (E)-(F). It can be seen that this material has nanoscale di-
mensions, a shape that tends to be spherical, a rough surface, and strong
particle aggregation. This is caused by strong interactions between
molecules, and the highly curved edges of their surfaces also show
relatively high reactivity (Mokhtari, Khosrowshahi, Farajzadeh, Nemati,
& Mogaddam, 2022).
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3.2. Comparison of different enrichment materials and effect of HBD/
HBA molar ratio

Under the same pretreatment process, the enrichment and adsorp-
tion effects of aUi0-66 and DES/aUiO-66 on PFCAs in infant milk
powder were evaluated and compared with those of ideal UiO-66 (iUiO-
66) and DES/ideal UiO-66 (DES/iUi0-66). The initial extraction con-
ditions were as follows: the HBD/HBA molar ratio of DES was 5:5, the
adsorbent dosage was 5 mg, the adsorption time was 30 min, and 200 pL
of acetonitrile served as the elution solvent. From the recovery of each
PFCA in Fig. 3 (A), it is known that there is a significant difference in the
enrichment ability between functionalized and non-functionalized
MOFs, and the enrichment ability of aUiO-66 is significantly better
than that of iUiO-66. aUiO-66 had a higher adsorption capacity than
iUiO-66, which may be due to interactions, including physical adsorp-
tion of aUiO-66 and chemical adsorption between PFCAs and adsorbents
(Yin, Fan, Cheng, & Shan, 2024). However, the recoveries of PFCAs in
milk powder by pristine UiO-66 were limited, which would be due to the
rapid saturation of nonspecific adsorption sites (Li et al., 2021). After
functionalization with DES, the materials showed higher adsorption
capacity for PFCAs, which could be attributed to the formation of new
adsorption sites by encapsulating DES on the surface of aUiO-66 (Liu
et al., 2019). Therefore, the material’s extraction capacity for five
different types of PFCAs can be improved by modifying the amorphous
material using DES functionalization. The molar ratio of HBD/HBA in
DES is crucial for its physical properties and the extraction efficiency of
the target substance. The effect of different molar ratios of HBD/HBA
(3:7, 4:6, 5:5, 6:4, 7:3) on the extraction of PFCAs from milk powder by
DES/aUiO-66 was investigated. As shown in Fig. 3 (B), the adsorption
effect of DES/aUiO-66 on PFCAs reaches its maximum at 4:6, and the
recovery is significantly better than other ratios. This may be attributed
to the oxygen-containing functional groups in DES forming hydrogen
bonds or dipole-dipole interactions with PFCAs to enhance the extrac-
tion performance (Eid et al., 2023), which will be clarified in the
following section.

3.3. Optimization of extraction conditions for DES-functionalized
amorphous UiO-66

A significant factor influencing extraction efficiency is the number of
adsorption sites, which correlates with the amount of adsorbent. In this
experiment, the effects of 5, 10, 15, 20, and 25 mg DES/aUiO-66 dosage
on sample recovery were investigated (Fig. 3 (C)) to determine the
optimal adsorbent dosage. The findings demonstrated that the recovery
of PFCAs in infant milk powder reached its maximum value when the
adsorbent dosage was increased to 10 mg, and the recovery gradually
decreased when the adsorbent dosage was further increased. This could
be explained by the fact that increasing the adsorbent dose resulted in
more active sites, which improved the adsorption efficiency of PFCAs.
When excessive amounts were used, the particles were more prone to
agglomeration, and it was difficult to effectively elute PFCAs from the
material with an eluent, thereby reducing the applicability of the
method. It can also be seen from the figure that long-chain PFCAs have a
much higher recovery rate than short-chain PFCAs when the dosage of
DES/aUiO-66 is low (5 mg). This difference in recovery rate may be due
to the higher affinity of long-chain PFCAs for the material (Valencia,
Ordonez, Sadmani, Reinhart, & Chang, 2023), which allowed them to
take the lead in competitive adsorption on the material when there were
fewer adsorption sites. Short-chain targets (PFBA, PFHxA, PFOA) were
more easily desorbed by limited eluents when the dosage of DES/aUiO-
66 was high (> 10 mg), and their recoveries did not change significantly
with the amount of adsorbent used. As a result, the ideal adsorbent
dosage for subsequent experiments was 10 mg of DES/aUiO-66.

In the extraction process, the DES/aMOF particles were uniformly
dispersed in the sample solution by oscillatory adsorption using an
oscillator, which could effectively increase the contact area between the
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Fig. 3. (A) Effects of different extraction materials on the extraction efficiency of perfluorocarboxylic acids, including iUiO-66 (ideal UiO-66), aUiO-66 (amorphous
Ui0-66), DES/iUiO-66 (DES-functionalized ideal UiO-66), and DES/aUiO-66 (DES-functionalized amorphous UiO-66); (B) Effects of different molar ratios of HBD/
HBA on the extraction efficiency of perfluorocarboxylic acids; Optimization of extraction conditions. (C) Amount of DES-functionalized amorphous UiO-66; (D)
Extraction time; Optimization of desorption conditions. (E) Type of eluents; (F) Volume proportions of NHzeH,O in CH30H; (G) Elution volumes of CH3CN; (H)
Eluent volumes of 0.1% NH3;eH,0/CH3;OH.
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material and the sample. It took time for the analyte to transfer from the
solution to the material, so the contact time between the adsorbent and
the solution was another important parameter to optimize. The effect of
adsorption time on extraction efficiency was investigated by varying the
oscillation time (5-30 min). The results of Fig. 3 (D) show that the re-
coveries of PFCAs reach their maximum when the adsorption is carried
out for 15 min. If the oscillation time is too long, the extracted PFCAs
will desorb from the DES/aMOF surface, which reduces the efficiency of
the method. Therefore, 15 min was chosen as the best extraction time in
the following experiment.

3.4. Optimization of desorption conditions

An appropriate eluent can efficiently desorb analytes from the
adsorbent surface, which is a critical element in determining the con-
centration of the up-sample assay. Four types of eluents were tested for
their influence on the extraction effect: methanol (CH3OH), acetonitrile
(CH3CN), NH3eH,0/CH3OH, and HCl/CH3OH. As shown in Fig. 3 (E),
the recoveries of the five target substances were significantly improved
when NH3eH,0/CH30OH was used as the eluent. The reason for the low
elution effect of a single solvent might be that different interaction
forces were involved in the adsorption process between PFCAs and ad-
sorbents. However, the addition of a small amount of NH3eH50O dis-
rupted the hydrogen bonding and electrostatic interactions between the
PFCAs and adsorbents, which was beneficial for the elution of the acidic
target substances. The other potential explanation for this phenomenon
could be attributed to the diminished hydrophobic interaction between
PFASs and the adsorbent in an alkaline environment, resulting in easier
elution of the PFASs (Deji et al., 2022). Conversely, the hydrophobic
interaction between PFASs and the adsorbent would be intensified in an
acidic environment. Therefore, NH3eH50 can be employed as a suitable
elution solvent to further investigate the influence of different ammonia
addition ratios on the extraction efficiency. Fig. 3 (F) illustrates that the
addition of 0.1% NH3eH50 to CH30H resulted in the maximum recovery
of the target. Further increasing the ammonia content resulted in a
decrease in recovery. Therefore, the 0.1% NH3eH>0O/CH3OH solution

First Maximum Height / nm?-3

A 8 161

183 205 28 250
First Maximum Distance / pm
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was selected as the elution solvent.

In this method, the volume of the eluent should be sufficient to
uniformly disperse the material and effectively desorb PFCAs. Besides,
the volume of the eluent should not be too high to ensure a good
enrichment factor and achieve a lower detection limit. We evaluated the
influence of 0.1% NH3eH>0O/CH3OH and pure acetonitrile (the most
used one in the reported works) as eluents on the recovery in the con-
centration range of 50-400 pL and 50-300 pL, and the experimental
results are shown in Fig. 3 (G) and Fig. 3 (H). The results showed that the
elution effect of 0.1% NH3eH,O/CH30H was much better than that of
acetonitrile solution. The recoveries of PFCAs increased steadily as the
volume of the 0.1% NH3eH>0/CH30H solution increased between 50
and 300 pL, and began to decline after the eluent exceeded 300 pL. For
subsequent tests, 300 pL was chosen as the eluent volume.

3.5. Mechanism

AIMD simulations were utilized to precisely investigate the origin of
the extraction characteristics of materials. The use of AIMD does not
require the specification of a force field, making it a suitable method for
studying functional materials with different chemical compositions.
AIMD simulations have the ability to provide an accurate and unbiased
investigation of the processes of interest. The initial peak of each radial
distribution function (RDF) was identified as the defining factor for
potential hydrogen bonds, facilitating the determination of interatomic
(donor-acceptor) interaction distance and strength. The resulting atomic
interaction sites were methodically arranged into a connection matrix
(cmat), where interactions were assigned a color code based on the peak
distance and height of the RDF (Fig. 4 (A)). The analysis of the
connection matrix allows the identification of atom pairs with note-
worthy interactions, including hydrogen bonding. Regarding the 3-bro-
mophenylacetonitrile and levulinic acid pairs, the interactions are
mainly developed by the -COOH group in the levulinic acid (H5 atom)
with the cyano group in the 3-bromophenylacetonitrile through its N
atom. After the addition of the target molecule, the trimers are formed
by the H atom of the carboxyl group in PFBA with the N atom of the

B

Total -11.12 Total -15.36
EI-16.09 EIl-15.46
Ex 24.18 Ex 23.77
In-7.98 In-9.02
Di-11.23 Di-14.65

3-Bromophenylacetonitrile/levulinic acid+PFAS

Electrostatics (EI) Exchange (Ex)
Induction (In) Dispersion (Di) kcal/mol

Fig. 4. (A) Connection matrix analysis of the perfluorocarboxylic acid in 3-bromophenylacetonitrile/levulinic acid eutectic solvent (4:6, molar ratio). Row stands for
hydrogen bond acceptors; Column represents hydrogen bond donors; The color in each square: the intensity and distance of the first maximum in the corresponding
radial distribution functions (RDF); (B) Binding energy and physical components of the corresponding binding energy at B3LYP-D3(BJ)/def2-TZVP level.
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cyano group in 3-bromophenylacetonitrile, as well as the O atom of the
carboxyl group in PFBA with the H atom of the carboxyl group in lev-
ulinic acid. The graph also suggests the possible presence of weak un-
symmetrical or hetero-halogen F---Br interactions as well as homo-
association of HBD. To compare the strength of these non-covalent in-
teractions, different binding energy (BE) values were obtained at the
B3LYP-D3(BJ)/def2-TZVP level (Fig. 4 (B)). The BE between PFBA and
levulinic acid within the trimer is determined to be —11.12 keal-mol ™%,
with electrostatic interactions (—16.09 keal-mol~?) playing a major role
in the formation of the bond. Additionally, the BE value between PFBA
and 3-bromophenylacetonitrile within the trimer system exhibits a
larger magnitude (—15.36 kcal-mol™1) and is also dominated by elec-
trostatic interactions (—15.46 kcal-mol™'). In the non-covalent in-
teractions between PFBA and 3-bromophenylacetonitrile, the dispersion
energy component cannot be overlooked (—14.65 kcal-mol™?), as it is
almost comparable to the electrostatic interactions. The proposed
eutectic system provides selectivity for the target analyte to a certain
extent. Furthermore, the PFAS adsorption on amorphous UiO-66 is
driven by synergistic capture effects according to our previously pub-
lished research: (1) coordinative bonding interaction (acid/base) be-
tween the carboxyl group termini of the targets and the Zr center of the
amorphous materials; (2) the fluorine of PFASs interacts with the
n-electrons of the aromatic compounds through CF-x; (3) the hydrogen
bonding interaction between = O of PFCA and -OH of the massively
exposed protonated BDC ligand; (4) hydrophobic interaction (Yin et al.,
2024). The presence of multiple types of interactions and the flexible
structure of the DES/amorphous UiO-66 nanocomposite material
significantly increased the exposure of functional groups to the target
analytes and facilitated the subsequent DSPE process.

3.6. Method validation

The linear range, recovery, reproducibility, limit of quantification
(LOQ), limit of detection (LOD), and matrix effect of the method were
validated under optimized pretreatment conditions, and the results are
shown in Table 1. After extraction, working solutions containing a range
of concentrations of PFCAs were analyzed, and standard curves were
plotted. According to the fitting results, the five PFCAs have acceptable
linearity in the range of 0.02-40 pg-kg~!, with RZ > 0.998. Next, the
recovery rates of the spiked samples were measured at two concentra-
tions (0.02 and 0.2 pg-kg™1), with results ranging from 69% to 118% and
a relative standard deviation (RSD) of 0.23-6.28%, indicating that the
method had good accuracy and precision. In addition, the limit of
detection (LOD, S/N = 3) of the method was 0.330-0.529 ng-kg_1 and
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the limit of quantification (LOQ, S/N = 10) was 0.549-0.882 ng-kg ™},
confirming that this method has ultrasensitive analysis of PFCAs.
Repeatability tests were conducted at a concentration of 4 pg-kg ™! for
each PFCA, and the accuracy of the procedure was examined in both
intra-day (n = 6) and inter-day (n = 6) scenarios, with an assessment
based on the relative standard deviation (RSD). Based on the calculated
results, the RSD ranged from 1.26% to 5.56%, suggesting good repro-
ducibility of the method. Overall, the DES/aMOF-DSPE method has
good linearity, a low detection limit, and high precision for the detection
of PFCAs in milk powder samples. Other compounds in milk powder
samples may affect the signal intensity of the mass spectra, causing a
difference in the peak areas of PFCAs in matrix and standard solutions,
and therefore, this matrix effect needs to be evaluated. In this study, a
single-site extraction method was validated at a concentration level of
0.5 pg-kg ! of each PFCA, and each sample was repeated three times.
The results showed a weak matrix effect, with values ranging from 1.1 to
12.8%, indicating that the method can accurately determine PFCAs in
milk powder.

3.7. Analysis of different milk powders

We used the proposed DES/aMOF-DSPE-based method to verify its
suitability for the detection of PFCAs in 10 commercially available in-
fant milk powder samples under optimized extraction conditions. Fig. 5
shows the typical chromatograms of spiked milk powder after pre-
treatment (top) and unspiked milk powder after pretreatment (bottom).
Each sample was analyzed three times to ensure reproducibility. As
shown in Table 2, all 10 milk powder samples showed the presence of
PFCAs. Among them, the detection values of short-chain PFCAs were
higher, while the detection values and rates of long-chain PFCAs were
lower. The concentration of each target analyte in infant milk powder
samples of different brands varied, with the concentration range of PFBA
from 4 to 28 ng-kg !, PFHxA from 1 to 19 ng-kg !, PFOA from 2 to 28
ngkg™!, PFDA from 2 to 11 ng-kg ! (the target substance was not
detected in one of the samples), and PFDoA from 2 to 7 ng-kg™' (not
detected in three samples). The above assays are generally consistent
with published literature (Zhang et al., 2020). Since PFCAs have been
shown to bind to proteins, it is possible that PFCAs may accumulate in
samples with high protein content. As a control, no significant target
peaks were found in the chromatograms of deionized water without
DES/aMOF treatment and with DES/aMOF treatment (Fig. S1). These
results suggest that the developed assay can effectively extract and
sensitively detect trace PFCAs in milk powder samples. In 2020, the
European Food Safety Authority revised its previous scientific opinions

Table 1
Quality analytical parameters of the entire method under optimum conditions.
Compounds  Linearity Calibration R? Spiked concentrations (pg-kg ™) Reproducibility LOD" LOQ" Matrix
a ;b -1 1
Eanf ) equation 0.02 0.2 Intra- Inter- (ng-kg™) (ng-kg™) effect
HE-XE day day
Recovery RSD Recovery RSD RSD (%, RSD (%,
(%) (%, n (%) (%, n n=6) n=6)
=3) =3)
PFBA 0.02-40 1:1615542.())( 0.9985 70 0.26 70 0.56 4.26 5.56 0.525 0.859 12.8%
PFHxA 0.02-40 1214188473&( 0.9995 69 5.05 75 0.47 4.28 4.59 0.529 0.882 8.3%
=2012.1
PFOA 0.02-40 v 0 * 0.9978 86 0.23 89 0.45 1.26 2.41 0.330 0.549 1.1%
+ 2470.7
PFDA 0.02-40 1:2121364:.&( 0.9980 94 6.28 110 2.24 213 1.95 0.357 0.595 3.1%
PFDoA 0.02-40 121824502&1;&( 0.9996 118 1.26 94 2.30 1.68 1.90 0.456 0.763 4.9%

@ Linear range was determined by spiked milk power samples with different concentration level of PFCAs after the pretreatment.

b Calibration equation was determined by spiked milk power samples with different concentration level of PFCAs after the pretreatment.

¢ Limit of detection (LOD): the concentration of targets, whose peak area was three times the area of the blank noise (S/N > 3); Limit of quantification (LOQ): the
concentration of targets, whose peak area was ten times the area of the blank noise (S/N > 10).
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Fig. 5. The typical chromatograms of perfluorocarboxylic acids obtained by the
method. Spiked milk power sample 0.2 pg-kg™' after pretreatment (above);
non-spiked milk power sample after pretreatment (below).

Table 2
Determination of target PFCA in actual milk powder samples (ng-kg ™).

Sample PFBA PFHxA PFOA PFDA PFDoA >

a

Sample 22.25 + 15.98 &+ 16.69 + 311 £+ 511 &+ 62.14 +
1 3.26 2.23 3.22 0.60 0.44 9.75

Sample 28.13 + 6.44 + 28.65 + 4.78 + ND 68.00 +
2 0.84 0.97 0.75 0.43 2.99

Sample 3.54 + 1.38 £ 13.64 + ND 1.62 + 20.20 =
3 0.77 0.24 0.80 0.29 2.13

Sample 12,92 + 3.37 + 6.74 + 2.83 + 312+ 28.98 +
4 2.47 0.33 0.54 0.26 0.94 4.55

Sample 13.36 + 1.52 + 17.22 + 1.77 £ 7.61 + 41.48 +
5 0.57 0.17 0.87 0.21 0.20 2.02

Sample 21.45 + 18.56 + 313 + 3.58 + ND 46.72 +
6 1.70 0.90 0.68 0.27 3.54

Sample 3.94 + 0.94 + 12.21 + 2.36 + 5.79 + 25.24 +
7 0.51 0.07 0.69 0.80 0.30 2.37

Sample 10.81 &+ 5.53 + 9.06 + 5.61 + 6.54 + 37.55 +
8 1.61 0.44 0.61 0.35 0.28 3.30

Sample 10.28 + 4.42 + 7.20 + 11.39 + ND 33.29 +
9 0.87 0.50 0.82 0.61 2.80

Sample 10.53 + 4.48 + 2.24 + 10.89 &+ 210+ 30.25 +

10 0.51 0.42 0.19 0.48 0.07 1.67

ND: not detectable.
@ Samples 1-8 were milk powders, and samples 9-10 were goat milk powders.

and established a new tolerable weekly intake for PFASs, setting the
threshold at 4.4 ng/kgp per week for a combined sum of four PFASs.
Furthermore, under Regulation (EU) 2022/2388, individual maximum
contaminant levels were defined for these four PFASs, including their
cumulative concentrations, across various food categories such as eggs
and seafood, meat, and offal. However, the current regulatory frame-
work does not specify permissible concentration limits for PFASs in in-
fant milk powder. Research has indicated associations between the
nutrition sources of infants at four months and the PFAS concentrations
in their dried blood spots, revealing that formula-fed or mixed-fed in-
fants exhibit higher PFAS levels compared to those who are exclusively
breastfed, thereby underscoring a potential health risk (Heinsberg et al.,
2024).

3.8. Comparison with other methods

The LLE method has become increasingly obsolete due to its well-
documented shortcomings, including significant solvent consumption
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and high sample requirements. Despite these recognized drawbacks, LLE
continues to be utilized by many researchers for the extraction of PFASs
(Ogunbiyi et al., 2023). In contrast to traditional LLE, SPE has shown
distinct advantages, including an improved ability to isolate target
analytes from interfering components, reduced extraction timeframes,
and diminished organic solvent consumption. However, SPE faces its
own challenges, as the elution of long-chain PFASs is more difficult than
that of their shorter-chain counterparts due to their reduced polarity.
Integrating environmentally friendly techniques or employing alterna-
tive, straightforward sample pretreatment methods could successfully
mitigate potential interferences, enhance the enrichment factor, and
effectively isolate the analyte (Dhiman & Ansari, 2024). DES/aMOF has
not yet been used as an adsorbent for dispersive solid-phase extraction of
PFCAs in milk powder. Several representative methods for the detection
of PFCAs in milk were compared, including the characteristics of
adsorbent dosage, extraction time, eluent volume, reproducibility, and
LOD, and the results are shown in Table 3.

The findings show that the DES/aMOF-DSPE approach developed in
this work is more straightforward, faster, and more effective than pre-
vious reports. This can be attributed to the high pore volume and
excellent selective adsorption of the DES/aMOF adsorbent material,
which provides evidence that the adsorbent was more efficient and
rapid. Due to its lower LOD than most other technologies and higher
enrichment coefficient in the eluent, this method has good sensitivity.
Furthermore, although the LOD of the developed method was compa-
rable to that of Fe304@COF (covalent organic framework), the current
method achieved superior reproducibility and precision, showing that it
is more accurate and reliable. It is evident from the literature that
extraction methods using commercial adsorbents involve cumbersome
steps, a long cycle time, and the need for repeated drying and redis-
solution. In comparison, the DES/aMOF-DSPE method does not require
a complex adsorbent synthesis process, nor does it involve the use of
harmful solvents during the synthesis process. It has advantages such as
environmental friendliness, lower cost, a simple pretreatment process,
fast extraction speed, and accurate and ultrasensitive analysis, which
has good potential for application in the detection of trace PFCAs in milk
or milk powder. Future research endeavors should consider prioritizing
the elimination of the centrifugation step and the seamless integration of
automated processes with a variety of analytical instruments. Further-
more, it is essential to expand the scope to include PFASs from other
categories.

4. Conclusion

In this study, a new material, DES/aUiO-66, was successfully syn-
thesized and used as an adsorbent to dispersedly solid-phase extract
PFCAs from infant milk powders. No harmful volatile organic solvents
were used throughout the entire material synthesis process. The char-
acterization results demonstrated that DES/aUiO-66 contained the
specific functional groups provided by DES in addition to the charac-
teristic properties of aUiO-66, such as a rich pore structure and large
specific surface area. Therefore, it is endowed with excellent selective
adsorption properties. Based on these advantages, a method for the
detection of analytes in complex food substrates was established. After
fine-tuning the sample pretreatment parameters, the optimal extraction
conditions were obtained. Interestingly, even a small amount of DES/
aUi0-66 (10 mg) could result in an excellent recovery rate (69-118%)
in a short extraction time (15 min). The proposed PFASs analysis method
exhibited high linearity, low LODs (0.33-0.53 ng-kg™!), good repro-
ducibility (1.26-5.56%), and a low matrix effect (1.1-12.8%), all of
which were successfully validated. The mechanism of dispersive solid-
phase extraction for this material was elucidated by AIMD simulations
and quantum chemistry calculations. The existence of massive pore
structures enhanced the accessibility of abundant adsorption sites, and
the collectively synergistic binding sites facilitated affinity adsorption
toward PFASs. Finally, the method was applied to detect PFCAs in 10
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Table 3
Comparison with other pretreatment methods of perfluoroalkyl substances in milk powder and milk.
Samples® Method Adsorbent Time Eluent Repeatability Precision LOD (ngkg™'  Reference
i % % Lt
Type Consumption (min) Type Volume %) %) or ng )
(mg) (mL)
NaOH/ Young, South, Begley,
Milk SPE Oasis WAX 150 - 6 <11 <12 385-2800 Diachenko, &
CH30OH .
Noonan, 2012
Milk QuEChERS C18, PSA, GCB 110 - HCIl/CH3CN 10 - 1.2-13.1 3-10 Yu et al., 2015
Milk DSPE C18, PSA 150 - CH3CN 10 6.2-13 3-12.2 20-100 He, 2017
powder
. C,HF30,/ Huang, Li, Bai, &
Milk SPME MMF - 50 CH4CN 0.4 5.3-11 3-11 0.9-12 Huang, 2018
Milk FM-SPE Fe304@COF 20 15 CH30H 1.5 0.5-11.8 2.3-11.7 5-50 Zhang et al., 2020
Milk QuEChErs ~ C18 Oasis 700 10 - - 5-28 4.6-34 30-60 Abafe et al., 2021
powder HLB
. Fe304-SiOo, : 1 on
Milk QuEChERS 710, C18 140 5 - - <99 <9.9 4-79 Shi et al., 2024
Milk DSPE DES/aUi0-66 10 15 NHs H20/ 0.3 1.26-5.56 0.23-6.28 0.33-0.53 This work
powder CH30H

Solid-phase extraction (SPE); Dispersive solid phase extraction (DSPE); Quick, easy, cheap, effective, rugged and Safe (QUEChERS); Fluorinated magnetic solid-phase
extraction (FM-SPE); Solid-phase microextraction (SMPE); Primary secondary amine (PSA); Graphitized carbon black (GCB); Covalent-organic framework (COF); Deep

eutectic solvent (DES); Monolithic fiber (MMF).

milk powder samples with concentrations ranging from 1 to 28 ng-kg !,
indicating high sensitivity of the method. In addition, the improved
DES/aUiO-66 extraction system was far superior to previously described
techniques due to its environmental friendliness, simplicity, speed, and
affordability. The utilization of amorphous MOFs and DESs in combi-
nation for the analysis of trace PFASs in milk powder presents an
innovative approach in the field of green synthesis of functionalized
materials and efficient detection of PFASs in food. It is pivotal for
developing innovative analytical techniques that minimize the envi-
ronmental impact of analytical procedures while concurrently
improving precision and sensitivity. This pioneering approach has un-
veiled new avenues for the advancement of trace micropollutant anal-
ysis and monitoring in foodstuffs.
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