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" Developed a simple, inexpensive, sensi-
tive and rapid PFAS detection based on 
PS-MS and DPS-MS. 

" Food packaging paper can be cut and 
directly analyzed for PFAS contamina-
tion by PS-MS in less than 1 min. 

" Soil sample in a small amount can be 
directly analyzed by DPS-MS for PFAS 
identi昀椀cation, with no sample 
preparation.  
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A B S T R A C T   

Traditional PFAS analysis by mass spectrometry (MS) is time-consuming, as laborious sample preparation (e.g., 
extraction and desalting) is necessary. Herein, we report fast detection of PFAS by paper spray (PS)-based MS 
techniques, which employs a triangular-shaped 昀椀lter paper for sample loading and ionization (f 3 min per 
sample). In this study, PS-MS was 昀椀rst used for direct PFAS analysis of drinking water, tap water, and waste-
water. Interestingly, food package paper materials can be directly cut and examined with PS-MS for possible 
PFAS contamination. For samples containing salt matrices which would suppress PFAS ion signal, desalting paper 
spray mass spectrometry (DPS-MS), was shown to be capable of rapidly desalting, ionizing and detecting PFAS 
species such as per-昀氀uorooctanoic acid (PFOA) and per-昀氀uorosulphonic acid (PFOS). The retention of PFAS on 
paper substrate while salts being washed away by water is likely due to hydrophilic interaction between the PFAS 
polar head (e.g., carboxylic acid, sulfonic acid) with the polar 昀椀lter paper cellulose surface. The DPS-MS method 
is highly sensitive (limits of detection:1.2–4.5 ppt) and can be applicable for directly analyzing soil extract and 
soil samples. These results suggest the high potential of PS-MS and the related DPS-MS technique in real-world 
environmental analysis of PFAS.  
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1. Introduction 

Per- and poly-昀氀uoroalkyl substances (PFAS), widely recognized as 
“forever chemicals” [1], are a class of organic substances in which 
backbone hydrogens are substituted with 昀氀uorine atoms [2,3]. Per-
昀氀uoroalkyl chains (CnF2n+1) with polar heads (e.g., CO2- , SO3- ) are a 
common structural feature of PFAS molecules [4]. PFAS are man-made 
chemicals with unique surfactant properties and oil/water repellency 
and have been used in manufacturing, consumer, and industrial prod-
ucts since the 1960 s [5,6]. PFASs are very stable due to the high C-F 
bond energy (531.5 kJ.mol−1), making them resistant to degradation 
and environmentally persistent [7,8]. Organization for Economic 
Cooperation and Development (OECD) global database reveals that 
more than 4700 PFAS-related CAS numbers are identi昀椀ed, having 
manifold physicochemical properties [9]. Based on the recently revised 
de昀椀nition of PFAS to include any chemical containing at least one 
saturated CF2 or CF3 moiety, PubChem, one of the largest open chemical 
collections, now contains over 7 million PFAS [10]. Among commonly 
found PFAS species, PFOA and PFOS are of great concern within this 
family of compounds because of their persistence, toxicity, and potential 
bioaccumulation in the environment [11]. From a regulatory point of 
view, PFOA and PFOS have been included by the Stockholm Convention 
as persistent organic pollutants in Annex A and B, suggesting their 
eradication and production restrictions [12–14]. These compounds have 
been linked to several health issues. Exposure to PFOA and/or PFOS 
causes adverse effects on fetus development, e.g., decreased birth 
weight. The non-cancer effect of updated health advisories for PFOA and 
PFOS is the suppression of vaccine response, causing a decrease in serum 
antibody concentrations in children [12]. 

Recent reports disclose that PFAS are present in different matrices 
such as food, water, biological samples, and soil [15–17] with varying 
levels (e.g., 1 ppt to 237 ppb) [12,18–20]. For example, the study of 
PFAS in food packaging materials and soils are given lots of attention. 
Packaging has become a crucial aspect of food manufacturing as it serves 
several vital purposes: safeguarding food from external factors, enabling 
preservation and convenient transportation, and furnishing consumers 
with information about ingredients and nutrition [21,22]. Over recent 
years, there has been a substantial increase in the production and uti-
lization of packaging materials to meet the substantial demand in the 
food industry. Remarkably, food packaging now constitutes nearly 
two-thirds of the overall volume of packaging waste [21]. While the 
packaging manufacturing sector endeavors to create materials that 
minimize environmental impact while ensuring food safety, there has 
been a growing concern regarding packaging as a potential source of 
food contamination. This is primarily due to substances migrating from 
the packaging into the food [23]. Among the various harmful chemicals 
identi昀椀ed in recent research [24], 昀氀uorochemical compounds have 
emerged as a signi昀椀cant concern in terms of food safety. This is because 
they are extensively employed as coatings on food packaging to repel 
grease and water [24]. Also, PFAS is often found in soil. Soil is a complex 
matrix with various organic and inorganic components. 

Due to the complexity and variety of sample matrices, the detection 
of PFAS typically requires sample preparation and/or pretreatment 
before analysis. Solid phase extraction (SPE), solid phase micro-
extraction (SPME), liquid-liquid extraction (LLE), and dispersive liquid- 
liquid microextraction (DLLME), are extraction techniques commonly 
reported to remove sample matrices and to preconcentrate samples prior 
to analysis but ended up with low recovery yields of analytes and false 
negative results in trace analyses [25–27]. Due to the demand for high 
sensitivity and low limit of detection (LOD) for trace analysis of PFAS, 
liquid chromatography (LC) coupled with electrospray 
ionization-tandem mass spectrometry (ESI-MS/MS) or high-resolution 
mass spectrometry (HRMS) is mostly used after sample pretreatment 
for targeted and non-targeted analyses [28,29]. LC/MS provides a 
foundation for PFAS analysis but possesses several drawbacks. 
Time-consuming LC separation step, excessive solvent consumption and 

generation of large amounts of chemical waste forge LC techniques 
uncooperative to high-throughput analyses, given that separation times 
were on the magnitude of tens of minutes [28–30]. Second, another 
grand challenge for PFAS analysis of environmental samples by MS is the 
ion signal suppression by matrix. Thus, the matrix needs to be removed 
before MS analysis. This can be done by extraction and/or desalting 
prior to MS analysis [31], but it would also take time. For instance, for 
analyzing PFAS coated packaging material, specially microwaved 
popcorn paper, Zabaleta et al., mentioned burdensome extraction pro-
cedure [32]. The procedure demands cutting the paper into a certain size 
(1 dm2) and soaked in a vessel containing methanol. After soaking the 
paper requires sonication and then evaporation to dryness. After that, 
the sample was reconstituted for subsequent LC/MS analysis. The whole 
process is time consuming. Likewise, sample preparation for LC/MS 
analysis of PFAS in soil samples is also troublesome. It is time-consuming 
due to the intricate extraction and cleanup processes involved, which is 
labor-intensive and requiring substantial manual effort. Moreover, the 
specialized consumables and equipment required, such as SPE cartridges 
and solvents, add to the 昀椀nancial burden of PFAS analysis. Achieving the 
necessary sensitivity for PFAS detection can be challenging, especially 
when dealing with complex sample matrices or low-level PFAS com-
pounds. Simon et al. reported SPE method to extract organically bound 
昀氀uorine (EOF) from soil samples and quanti昀椀ed by high 
resolution-continuum source-graphite furnace molecular absorption 
spectrometry (HR-CS-GFMAS). The procedural LOD was shown to be 
3.43 µg/kg (3.43 ppb) [31]. Yeung et al. did similar studies and quan-
ti昀椀ed PFOS present in the surface and core sediment of near Lake 
Ontario using LC/MS method, in which LOD for PFOS was found to be 
30.1 μg/kg (30.1 ppb) [33]. Rankin et al. reported PFAS soil concen-
trations for a single sampling site located in Antarctica. After collecting 
the soil sample extraction experiment was performed where they pri-
marily mixed the soil with methanol in centrifuge tube. Then they added 
sodium hydroxide and ACN: water (90:10) for vortexing (15 ~ 30 s) and 
then sonicated for 60 min in an ice bath. After extraction the sample was 
passed to SPE manifold. PFOA and PFOS concentrations were measured 
to be 0.05 and 0.007 µg/kg (50 ppt and 7 ppt), respectively, as analyzed 
by LC/MS/MS [34,35]. Recently, a 3D-printed cone ionization strategy 
was reported for in situ analysis of per- and poly昀氀uoroalkyl substances 
in soils and sediments, where 1 g sample was deposited the cone cavity. 
PFAS was extracted and eluted by adding 1 mL of methanol to the cone 
for spray ionization with − 5.75 kV high voltage. The method showed 
LOD at 100 ppt level. In that study, cone clogging was a challenge after 
sample deposition [6]. 

Paper spray mass spectrometry (PS-MS) [36–38], pioneered by 
Cooks, Ouyang, and their colleagues, offers a rapid and direct analytical 
technique that requires minimal or no puri昀椀cation steps. PS-MS has 
gained prominence as one of the most extensively employed ambient 
ionization methods for analyzing a diverse range of compounds, 
including drugs, peptides, proteins, reaction intermediates, various food 
components, metabolites, and environmental pollutants [39–47]. 
However, few studies for PFAS analysis by PS-MS were reported. Sero 
et al. reported an analysis of 昀氀uorotelomer alcohols (FTOHs), 昀氀uo-
roctane sulfonamides (FOSAs) and 昀氀uorooctane sulfonamido-ethanols 
(FOSEs) by photoionization paper spray where a high energy 
UV-krypton light beam was installed to ionize the sample. The most 
intense ions observed in the mass spectra were [M–H]– for FOSAs and 
[M+O2]–" for FTOHs and FOSEs, respectively, and the quantitation 
sensitivity of mg.L−1 (or ppm) was reported [13]. Therefore, an effective 
MS method based on paper spray (PS) with enhanced speed and sensi-
tivity would be desirable for PFAS analysis. In this study, we 昀椀rst showed 
the rapid detection of PFAS from environmental water samples by PS-MS 
(e.g., tap water, drinking water and wastewater; ca. 2 min per sample 
analysis). To examine PFAS contaminant of food packaging materials, 
PS-MS can be directly applied, in which packaging material is cut into a 
triangular shape paper substrate for PFAS analysis (ca. 1 min per sam-
ple). In addition, for PFAS samples containing complicated matrices (e. 
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Table 1 
Observed fragment ions of PFAS ions from standard PFAS samples upon CID.  

PFAS Structures Precursor ions Precursor ions 
(m/z) 

Fragment ions 

PFBA C3F7COO-  212.9 C3F7- (m/z 168.9), C2F5- (m/z 118.9) 

PFPeA C4F9COO-  262.9 C4F9- (m/z 218.9), C3F7- (m/z 168.9), C2F5- (m/z 118.9) 

PFBS C4F9SO3-  298.9 C4F9- (m/z 218.9), C3F7- (m/z 168.9), C2F5- (m/z 118.9), FSO3-"(m/z 98.9), SO3-"

(m/z 79.9) 

PFHxA C5F11COO-  312.9 C5F11- (m/z 268.9), C2F5- (m/z 118.9) 

PFHpA C6F13COO-  362.9 C6F13- (m/z 318.9), C3F7- 

(m/z 168.9), C2F5- (m/z 118.9) 

6:2FTCA C6F13CH2COO-  376.9 C7F11- (m/z 292.9)  

PFOA C7F15COO-  412.9 C7F15- (m/z 368.9), C4F9- (m/z 218.9), C3F7- (m/z 168.9), C2F5- (m/z 118.9) 

(continued on next page) 
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g., salts, soils) which would cause ion suppression, enhanced detection 
sensitivity was achieved by desalting paper spray mass spectrometry 
(DPS-MS) [37,38], a PS-based method which integrates the desalting 
step with the ionization step for fast chemical analysis (ca. 3 min per 
sample). The rationale for using DPS-MS in this case is that the regular 
昀椀lter paper consists of hydrophilic cellulose [37] and PFAS contains 
polar heads of COO- or SO3- . We reason that there would be strong in-
teractions between the PFAS molecules and the paper substrate. Thus, 
one could deposit the sample onto the paper substrate and apply water 
to rinse away the non-volatile salt matrix while keeping PFAS retained 
on the paper for subsequent paper spray ionization. As a result, we 
successfully demonstrated the analysis of PFAS in different salt matrices 
as well as the rapid PFAS detection from soil extract and soil samples by 
DPS-MS. 

2. Experimental section 

2.1. Material 

Per-昀氀uorobutanoic acid (PFBA, CAS No. 375–22-4), Per- 
昀氀uoropentanoic acid (PFPeA, CAS No. 2706–90-3), Per- 
昀氀uoroheptanoic acid (PFHpA, CAS No. 375–85-9), Per-昀氀uorononoaic 
acid (PFNA, CAS No. 375–95-1), PFOA (CAS No 335–67-1), PFOS 
(CAS No. 1763–23-1), per-昀氀uorohexanoic acid (PFHxA, CAS No. 
307–24-4), per-昀氀uorobutanesulfonic acid (PFBS, CAS No. 375–73-5) 
were purchased from Sigma-Aldrich (St. Louis, MO, USA; Structures are 
shown in Table 1). 2H, 2H-Per昀氀uorooctanoic acid (6:2 FTCA, CAS No. 
53826–12-3) was purchased from Synquest Laboratories (Alachua, FL). 
Potassium chloride, sodium chloride, sodium sulfate, HPLC-grade 
acetonitrile, and methanol were obtained from Fisher Scienti昀椀c (Wal-
tham, MA, United States). Deionized water was from EMD Millipore 
(Burlington, MA, United States). A Fisher brand p8 昀椀lter paper was 
purchased from Fisher Scienti昀椀c Co. and used in our PS-MS and DPS-MS 
experiments. Stock solutions of 1 mM PFOA, PFOS, PFHxA and PFBS 
were prepared by dissolving solid compounds in a solvent of methanol: 
water (20:80). Working samples were prepared by diluting a suitable 
volume of stock solution using water. 50 µM of PFOA solution was used 
as a test sample to optimize the DPS-MS condition. Great Value micro-
wave popcorn paper and Beef Pho Instant Noddle’s were purchased from 
the local Walmart store. McDonalds burger wrapper, Burger King 
wrapper and burger king French fry box were collected from corre-
sponding local restaurants. 

2.2. Soil sample collection and extraction 

Soil sample was collected in the Keegan land昀椀ll area of New Jersey 

on April 13, 2022. Soil sample was collected around 0.05 m deep below 
the ground using steel shovel. 5 g of sample was transported from the 
sampling location to laboratory by 昀椀lling into Ziploc bag. 3 g of soil 
sample was measured, 昀椀nely grinded and transferred to 20 mL glass 
bottle and 2 mL water was added to extract and concentrate possible 
PFAS contaminants. The sample was then further sonicated for 1 min in 
a water bath to extract PFAS. 

2.3. Wastewater sampling 

The wastewater sample was obtained from an anonymous location 
and thus sampling location is not included in this work due to con昀椀-
dentiality agreement. The sample was stored in high density poly-
ethylene (HDPE) to prevent the loss of PFAS to the container, or 
contamination of the sample with PFAS. It was placed in a cooler on ice 
at 4 çC during transportation and was maintained at 4 çC until analysis 
[48]. 

2.4. Apparatus 

A high-resolution Q Exactive Orbitrap mass spectrometer (Thermo 
Scienti昀椀c, San Jose, CA, USA) was used to conduct MS and MS/MS ex-
periments. The instrument underwent calibration on a weekly schedule. 
Calibration was performed using a commercially accessible solution, 
Pierce™ ESI Negative Ion Calibration Solution, obtained from Thermo 
Scienti昀椀c. The commercial ESI ion source was removed to accommodate 
our paper spray (PS), desalting paper spray (DPS), and nano electrospray 
ionization (nanoESI) ion sources. The capillary inlet temperature was set 
to 250 çC. Data analysis was acquired by Thermo Xcalibur (3.0.63). To 
conduct collision-induced dissociation (CID) MS/MS experiment, 10–45 
normalized collision energy (NCE) was used. Instruments parameters 
such as AGC target, microscan and maximum injection time were 
adjusted based on relative abundance of detected PFAS ions. In general, 
AGC target was selected from 2E4 ~ 1E6, microscans 3 ~ 8 and 
maximum injection time was set from 30 ~1000 ms. For the LC/MS 
experiment as a comparison, a Waters ultra-performance liquid chro-
matography (UPLC, Milford, MA, USA) system equipped with a C18 
column was used for LC/MS experiment for separation and detection of 
PFAS. 10 mM ammonium acetate and methanol were used as mobile 
phase A and B, respectively. The elution gradient was run for 18 min to 
separate PFAS species at the 昀氀ow rate of 0.3 mL/min. 

2.5. SEM and EDX 

Scanning electron microscopy (SEM) analysis was performed on EM 
JSM-7900 F, JEOL operated at 15 kV to characterize the surface 

Table 1 (continued ) 
PFAS Structures Precursor ions Precursor ions 

(m/z) 
Fragment ions 

PFNA C8F17COO-  462.9 C8F17- (m/z 418.9), C5F11- (m/z 268.9), C4F9- (m/z 218.9), C3F7- (m/z 168.9), 
C2F5- (m/z 118.9) 

PFOS C8F17SO3-  498.9 C8F17- (m/z 418.9), C6F12SO3-" (m/z 379.9), C6F13- (m/z 318.9), C5F11- (m/z 
268.9), C4F9- (m/z 218.9), C3F7- (m/z 168.9), C2F5- (m/z 118.9)  
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morphology. SEM micrograms of target sample were taken at x200 
magni昀椀cation. Energy-dispersive X-ray spectroscopy (EDX) was used to 
analyze the elemental composition of the paper substrate before and 
after loading PFAS. 

2.6. PS-MS analysis 

To conduct PS-MS [39,49,50] analysis, the Fisher brand qualitative 
p8 昀椀lter paper was cut into triangle shapes. Triangular shape 昀椀lter paper 
(10 mm × 5 mm, height x width) was sonicated sequentially by acetone, 
methanol, and methanol/water (50:50 v/v, 15 min each). Sample so-
lution (~ 40 µL) was dropped onto the triangular paper substrate. After 
drying, the paper triangle was then held in front of the MS inlet (8 mm 
away, see apparatus shown in Fig. 1a; picture is shown in Fig. S1) and 
30 µL of MeOH (100%) was added directly onto the paper triangle to 
elute target compounds for ionization upon application of a high voltage 
(−3.5 kV) to the wetted paper. 

To analyze food packaging materials, the packaging material paper 
was cut into triangles (10 mm × 5 mm, height x width) and held in front 
of the MS inlet (8 mm away). 30 µL of MeOH (100%) was added directly 
onto the paper triangle to direct extract and elute compounds for ioni-
zation upon application of a high voltage (−3.5 kV). 

2.7. DPS-MS analysis 

In this DPS-MS experiment, the Fisher brand qualitative p8 昀椀lter 
paper (Fisher Scienti昀椀c) was cut and cleaned in the same way as in the 
PS-MS experiment. As shown in Fig. 1b, a 10 µL sample solution was 
spotted onto the cleaned paper triangle placed on top of a Kimwipe to 
facilitate the absorption by capillarity (in some cases, 10 µL of sample 
was added 4 times onto the paper substrate to enhance the detection 
sensitivity) [51]. Desalting was achieved by loading 30 µL of ultrapure 
H2O (10 µL of H2O each time, three time loadings) onto the paper placed 
on top of another Kimwipe (to help suck the loaded water) to wick the 
sample salts and other matrix chemicals. The paper triangle was then 
held in front of the MS inlet (8 mm away) using a high-voltage cable 
with an alligator clip, and 30 µL of MeOH (100%) solution was drenched 

with the paper triangle to elute the target compounds for spray ioniza-
tion upon application of a high voltage (−3.5 kV) to the wetted paper. 

2.8. nanoESI-MS analysis 

A pulled fused-silica capillary with a conical tip (i.d., ~1 µm) was 
produced using a laser puller (model P1000, Sutter Instrument Inc, 
USA). Sample solution was directly infused into the pulled fused-silica 
capillary at a 昀氀ow rate of 2 µL/min using a syringe driven by a syringe 
pump. The capillary was placed 8 mm distance from the mass spec-
trometer inlet, and high voltage (−3.5 kV) was applied to the syringe 
needle for triggering ionization. 

3. Results and discussion 

As PFAS occurs in trace level in complicated matrices, a method with 
high sensitivity, high speci昀椀city and fast analysis speed would be 
needed. We considered the PS-based MS approach because it is highly 
sensitive and fast as it involves minimum sample preparation. Also, high 
resolution MS measurement provides accurate mass for PFAS identi昀椀-
cation with high speci昀椀city. In this study, we adopted PS-MS for 
analyzing environmental water samples and food packaging paper ma-
terials. In addition, we also attempted DPS-MS for soil samples and 
samples with salt matrices. 

3.1. PFAS analysis by PS-MS 

3.1.1. Water sample analysis by PS-MS 
First, we explored the application of our PS-MS (see apparatus in 

Fig. 1a) for the analysis of PFAS in water samples. As PFAS is ubiquitous, 
care was 昀椀rst taken to ensure no PFAS signal was seen from the blank 
control experiment. In our blank control experiment, a triangular- 
shaped blank paper was examined for cross-contamination of the most 
pervasive PFOA, PFOS, PFHxA and PFBS. For this experiment we 
attached a blank paper to a high voltage alligator clip which was aligned 
and pointed to the mass inlet and 30 µL of MeOH was added directly to 
the blank paper to extract any of the mentioned PFAS for ionization and 

Fig. 1. Schematics showing the apparatus and work昀氀ows of a) PS-MS and b) DPS-MS.  
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detection. No PFOA, PFOS, PFHxA and PFBS were seen from this control 
experiment (MS spectrum shown in Fig. S2). To conduct water analysis, 
water samples were collected from three different locations: Harrison 
City (Harrison, NJ), New Jersey Institute of Technology (Newark, NJ), 
and an anonymous location. After collecting water, a 10 µL sample was 
added to the paper substrate four times, and we waited 30 s until it 
dried. As shown in the acquired MS spectra (Fig. S3b-c), PFOA with low 
intensity was detected in both Harrison and NJIT tap water samples 
(mass error <2.6 ppm), while no PFOA was observed in a blank sample 
(Fig. S3a). Interestingly, no PFOA was found in NJIT fountain water 
Fig. S3d, probably because of the 昀椀ltration system. 

In addition, for the wastewater from an anonymous location, 
different PFAS compounds such as PFOA (measured m/z 412.96591, 
theoretical m/z 412.96643, mass error: −1.3 ppm), PFOS (measured m/ 
z 498.92952, theoretical m/z 498.93022 and mass error: − 1.4 ppm), 
PFHxA (measured m/z 312.97248, theoretical m/z 312.97281, mass 
error: −1.1 ppm), PFBS (measured m/z 298.94254, theoretical m/z 
298.94299, mass error: −1.5 ppm) and per昀氀urohexane sulfonic acid 
(PFHxS, measured m/z 398.93624, theoretical m/z 398.93660, mass 
error: −0.9 ppm) were observed, as shown in the acquired mass spec-
trum of the corresponding analysis (Fig. S4). This result indicates the 
power of PS-MS for analysis of different water samples in a short period 
of time (ca. 2 min per sample). 

To test the accuracy of our PS-MS method for PFAS detection, we 

spiked the NJIT lab tap water sample with low concentrations of PFBS, 
PFHxA and PFOS (100 ppt each). This lab tap water sample only con-
tained PFOA before spiking (Fig. S3-b). After spiking, we successfully 
detected all three spiked PFAS along with the pre-existing PFOA by PS- 
MS, which suggests the reliability and accuracy of our PS-MS detection 
of PFAS in real samples. In comparison, we also ran LC/MS for the spiked 
tap water sample. Although all three spiked PFAS along with PFOA were 
detected by LC/MS, their ion intensities from LC/MS were lower than 
PS-MS (Fig. S5). In particular, the ion intensities for PFOS and PFOA 
from LC/MS was lower than those of PS-MS by 10 and 88 folds, 
respectively. This result shows the strength of PS-MS for the detection of 
trace amount of PFAS in real samples. 

3.1.2. Food packaging sample analysis by PS-MS 
We further examined the direct analysis of PFAS contamination in 

food packaging material using PS-MS. In this experiment, food pack-
aging material papers were cut into triangular shapes, to serve as paper 
spray emitters. To extract and ionize PFAS contained in the paper ma-
terial, MeOH (100%) was added onto the paper. This process was rapid, 
completed in less than 1 min. The process is similar to the previously 
reported leaf spray [52] technique. In our experiment, we examined 昀椀ve 
commercially available food packaging papers in different brands and 
identi昀椀ed several different classes of PFAS such as 
per-昀氀uorocarboxylate, per-昀氀uorosulfonate and 昀氀uorotelomer 

Fig. 2. Negative ion mode PS-MS spectra of a) Microwave popcorn paper, b) Burger King French fry box, c) Instant noodles box (Beef Pro), d) McDonalds burger 
wrapper, and e) Burger King wrapper. Various PFAS including PFBA, PFPeA, PFHxA, 5:3 FTCA, 5:3 FTUCA, 6:2 FTUCA, PFHpA, 6:2 FTCA, PFOA, PFNA and PFOS 
were found in these food packaging materials. 
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unsaturated carboxylate. The primary purpose of using them in food 
packaging paper is to provide protection against grease, moisture, heat, 
and to ensure that the packaging is safe to the food. The identi昀椀ed PFAS 
compounds including PFBA, PFPeA, PFHxA, 5:3 FTCA, 5:3 FTUCA, 6:2 
FTUCA, PFHpA, 6:2 FTCA, PFOA, PFNA, and PFOS as illustrated in Fig. 2 
were con昀椀rmed by their accurate masses (mass error < 5 ppm, Table S1, 
Supporting Information) and collision-induced dissociation (CID) anal-
ysis (see MS/MS data listed in Table S1, Supporting Information). The 
corresponding EIC spectra of these observed PFAS ions (shown in Fig. 2) 
are illustrated in Fig. S6. Upon CID, the fragmentation of these PFAS ions 
(shown in Fig. 2) occurs mainly via C-C or C-F cleavages or by losses of 
CO2 or SO3 (fragment ions are summarized in Table S1), which is in 
agreement with ion dissociation behaviors of PFAS ions generated from 
standard PFAS samples (MS/MS results are summarized in Table 1; MS 
spectra of PFAS ions from standard samples are also shown in Fig. S7). 
Interestingly all the papers contained different types of PFAS. In 
particular, Popcorn paper contained the most varieties of PFAS com-
pounds (Fig. 2a). It was observed that PFOA is ubiquitous and found in 
all the tested samples. Results from McDonalds wrapper (Fig. 2d) and 
Burger King French fry box (Fig. 2e) showed the existence of PFOA with 
reasonable intensity (1E4 ~ 1E5), but Berger King French fry box 
(Fig. 2b) contained both classes of shorter chain PFAS (per昀氀uoro 
carboxylate and per昀氀uoro sulphonate). Furthermore, we identi昀椀ed three 
shorter chain PFAS (PFHxA, PFHpA and PFOA) from Instant noodles box 
container (Fig. 2c). Recently, Indiana environmental organization 
outreached similar news and Huang et al. [53]. reported the presence of 
PFAS in ice tea, instant noddle and bubble tea container. Herein, our 
study demonstrated the power of PS-MS in PFAS analysis, which is quite 
fast as no sample preparation is needed (ca. 1 min per sample). 

3.2. PFAS analysis by DPS-MS 

In some preliminary tests of PS-MS experiments, we also found the 
signal suppression effect for samples containing high level of non- 
volatile salt matrices. To solve this problem, we added one “on-paper” 

desalting step for PS-MS, namely DPS-MS, for PFAS analysis, as 
described below. DSP-MS was shown to be effective in analyzing glycans 
and glycopeptides in the presence of salts [37,38]. 

3.2.1. Optimization of DPS-MS 
Effort was 昀椀rst made for DPS-MS signal optimization, using 50 µM 

PFOA solution prepared in 50 mM KCl as the test sample, as the ion 
signal from DPS ionization could be in昀氀uenced by various factors (e.g., 
the distance between the paper tip and the mass inlet, the volume of the 
loaded sample, the amount of spray solvent used, the applied spray 
voltage, the elution solvent, and the number of desalting cycles). To 
optimize the distance between the triangular-shaped paper and MS inlet, 
three different distances, 4, 8, and 12 mm were tested. It was found that 
the highest intensity of PFOA at m/z 412.9 was 3.77E8 at 8 mm distance 
and ion signal decreased with increasing distance (Fig. S8a, Supporting 
Information). Thus, the distance between the paper and MS inlet was set 
to 8 mm for DPS-MS in this study. Sample loading volume onto paper 
substrate was examined. The sample was loaded from 4 to 10 µL and 
found highest intensity at 10 µL (Fig. S8b, Supporting Information, note 
that multiple drops of 10 µL of sample could further enhance ion signal 
as demonstrated below). The spray solvent volume effect was also 
examined for extraction and ionization of PFOA, and the highest in-
tensity was found at 30 µL (shown in Fig. S8c). The highest ion signal 
was seen at − 3.5 kV, as shown in Fig. S8d. To check the elution solvent 
effect, H2O, ACN and MeOH were examined (Fig. S8e). The highest in-
tensity was found for MeOH. Desalting cycle (10 µL H2O was used each 
time) was checked and signal intensity was found to be the best after 
three times desalting for minimum signal suppression (shown in 
Fig. S8f). Finally, the optimized experimental conditions included: paper 
tip to MS inlet distance (8 mm); spray voltage (−3.5 kV), elution solvent 
(MeOH), sample loading volume (10 µL); spray solvent volume (30 µL 
MeOH), and desalting time (three times). 

Signal stability was also checked for PFOA at m/z 412.9 in our DPS- 
MS experiment. After spraying the solvent of MeOH, there was a time 
delay of about 0.13 min to get a stable EIC current for m/z 412.9 
(Fig. S9, Supporting Information). The delay might be caused by the 
electrophoretic migration of PFAS sample to the paper tip for spray. The 
signal stabilized for about 0.42 min (0.13–0.55 min) before declining. 

3.2.2. Recovery test 
To perform the recovery test, a 50 µM PFOA sample was prepared 

without using KCl (50 mM). This sample was tested 昀椀rst and 10 µL 
sample was directly spotted onto the triangular-shaped paper and eluted 
by MeOH for ionization. Another 50 µM PFOA sample was prepared in 

Fig. 3. Negative ion mode MS spectra of 50 µM PFOA in 50 mM KCl were collected using a) nanoESI-MS (no MeOH was added), b) nanoESI-MS (MeOH was added), 
and c) DPS-MS. d) CID MS/MS spectrum of the PFOA ion C7F15COO- at m/z 412.9. 
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50 mM KCl for comparison. KCl matrix was removed from the PFOA 
sample by washing with 10 µL H2O three times and then subjected to MS 
detection during DPS-MS analysis. Both samples were tested three times. 
Results were averaged and shown in Fig. S10 (Supporting Information). 
The intensity of PFOA without 50 mM KCl at m/z 412.9 was found 
1.93E8. The signal intensity for PFOA with 50 mM KCl (washed with 
H2O) was found 1.75E8. The signal ratio of two signal intensities was 
91%, indicating the PFAS recovery of 91% after water washing for 
desalting. This result that PFOA does have strong interaction with the 
paper, which is in agreement with our assumption mentioned above. 

3.2.3. PFOA analysis by DPS-MS vs. nanoESI-MS 
After signal optimization, we conducted the analysis of PFOA, chosen 

as a test sample of PFAS, by DPS-MS compared to traditional nanoESI- 
MS. First, 50 µM PFOA in 50 mM KCl in H2O was directly ionized by 
nanoESI, as shown in MS spectrum (Fig. 3a), an ion C7F15COO- at m/z 
412.9 (measured m/z 412.96482, theoretical m/z 412.96643 and mass 
error: −3.9 ppm) corresponding to deprotonated PFOA, was detected 
but the intensity was low (7.88E4). The low intensity of PFOA ion was 
likely due to the ion suppression by the KCl salt matrix. By adding MeOH 
into the sample (昀椀nal volume ratio of MeOH to H2O: 1:1), the ion signal 
was improved to 2.04E6 (Fig. 3b). In contrast, when 50 µM PFOA 
aqueous solution containing 50 mM KCl was ionized by DPS-MS (via 
desalting on the paper using water, followed by MeOH elution for spray 
under high voltage), the PFOA signal was found to be 1.74E8, which was 
more than 80–2000 times higher than that from nanoESI-MS technique. 
Fig. S11 also shows the corresponding EIC spectra of the PFOA ion 
[PFOA-H]- (m/z 412.9) detected by nanoESI and DPS-MS, from which it 
can be seen that nanoESI ion signal was not very stable, probably due to 
the salt present in the samples. It can be seen that DPS-MS is advanta-
geous over nanoESI for PFOA analysis in salt-containing samples, due to 
the capability to remove salt matrix. 

In addition, DPS-MS is fast (about 3 min per sample), as desalting 
and spray ionization are performed using the same paper substrate. The 
assignment of the PFOA ion from DPS-MS was further con昀椀rmed 
through CID analysis. Upon CID, the ion at m/z 412.9 gave rise to 
fragment ions of m/z 368.9, 218.9, 168.9, and 118.9, by consecutive 
losses of CO2 and C3F6, C4F8 or C5F10 (Fig. 3d) consistent with its 
structure. 

3.2.4. Matrix test 
In another set of experiments, we attempted to determine if the DPS- 

MS method could tolerate other salt matrices for detecting PFAS in a low 
concentration. In this test, we dissolved PFOA (1 nM) in 50 mM NaCl 
and 50 mM Na2SO4 and analyzed by DPS-MS. Again, the signal of PFOA 
at m/z 412.9 was clearly detected in the presence of both salts within 
mass error < 4 ppm (Fig. S12-b and S12-d). In contrast, nanoESI-MS 
failed to detect PFOA in the presence of salt NaCl or Na2SO4 (Fig. S12- 
a and S12-c). 

3.2.5. Other PFASs analysis by DPS-MS 
We further examined the application of DPS-MS to analyze other 

PFASs, including PFOS, PFHxA and PFBS (structures shown in Table 1). 
As shown in Fig. S13, 50 µM PFOS, PFHxA and PFBS in water containing 
50 mM KCl were analyzed by DPS-MS and all these PFASs were clearly 
detected with high ion intensity (>10E8). Similar to the deprotonated 
PFOA (m/z 412.9), upon CID, these PFAS ions lose either CO2 or SO3 and 
undergo C-C bond cleavages by losses of C2F4, C3F6, etc. (Fig. S14 & 
Table 1), consistent with their ion assignments. This result demonstrated 
that DPS-MS is applicable to detecting PFAS in the presence of salt 
matrices in general. 

3.3. Investigation of the interaction of PFAS with paper substrate 

An effort was made to study the interaction of PFAS with the paper 
substrate used for DPS-MS. As mentioned above, PFAS molecule often 
contains a hydrophobic tail like per昀氀uoroalkyl groups CnF2n+1 and a 
hydrophilic polar head like CO2- or SO3- . Due to possible polar-polar 
interaction between the polar head of targeted PFAS and cellulose of 
the paper substrate, PFAS would be retained on the paper when water is 
added onto the paper to wash away the salt matrix. To con昀椀rm the 
holding of PFAS on the surface of desalted paper, SEM and EDX inves-
tigation were conducted. SEM micrograph evidenced the 昀椀brous nature 
of the surface with the presence of pores (Fig. 4a). The porous nature of 
the surface allowed the removal of salt by water rinsing. Upon spotting 
the PFOS on the surface, pores became smearing (Fig. 4b), suggesting 
the adsorption behavior of PFOS, or binding of PFOS with the 昀椀lter 
paper surface. The EDX spectrum of this paper showed the existence of F 
and S peaks (Fig. 4d). Such EDX data con昀椀rmed the adsorption of PFOS 
on the paper substrate, as PFOS is the source for 昀氀uorine and sulfur. In 

Fig. 4. SEM images of Whatman p8 昀椀lter paper a) before and b) after loading PFOS; EDX images of Whatman p8 昀椀lter paper c) before and d) after loading PFOS.  
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contrast, a blank paper only showed the elemental composition of paper 
consisting of C and O (Fig. 4c). Also, the relative elemental compositions 
of carbon and oxygen decreased following the adsorption of PFOS as 
shown in Figs. 4c and 4d. This result is in agreement with a study that 
was conducted to investigate the adsorption of PFAS on cellulose and 
modi昀椀ed cellulose [54]. It has been established that the sulfuric group of 
PFOS is negatively charged and hydrophilic. On the other hand, C-F 
chain of PFOS is more hydrophobic. Besides these polar-polar group 
interactions, the hydrophobicity of C-F enhanced intermolecular inter-
action of PFOS may also contribute to stabilizing PFOS adsorption onto 
the paper [33]. 

3.4. Sensitivity of DPS-MS for PFAS detection 

In this study, we sought to evaluate the PFAS detection sensitivity of 
our DPS-MS method. For this experiment, we used samples containing a 
constant concentration of KCl (50 mM), while the concentration of 
PFOA, PFOS, PFHxA and PFBS was reduced from 50 µM to 100 pM so 
that the KCl concentration was 5 × 108 times higher than PFAS. As 
shown in Fig. S15, all four PFAS ions were successfully detected (PFOA: 
measured m/z 412.96780, theoretical m/z 412.96643, mass error: 
3.3 ppm; PFOS: measured m/z 498.93094, theoretical m/z 498.93022, 
mass error: 1.4 ppm; PFHxA: measured m/z 312.97278, theoretical m/z 
312.97281, mass error: −0.1 ppm; PFBS: measured m/z 298.94292, 
theoretical m/z 298.94299, mass error: 0.2 ppm), despite the presence 
of a high concentration KCl matrix. In contrast, nanoESI-MS failed for 
such a detection (Figure not shown). 

In the case of PFOA, we further lowered the PFOA concentration 10 
times more to check the DPS-MS sensitivity. A 10 pM (4.1 ppt) PFOA 
sample in 50 mM KCl (KCl concentration was 5 ×109 times higher than 
PFOA) was prepared. In addition, a control experiment was also con-
ducted in parallel by adding 50 mM KCl onto paper followed by paper 
washing, in which no PFOA was observed (Fig. S16a, Supporting In-
formation). As shown in Fig. S16b (Supporting Information), the PFOA 
signal was clearly observed with good mass error (measured m/z 
412.96770, theoretical m/z 412.96643, mass error: 2.4 ppm). There-
fore, the DPS method appears to have a good desalting capability and, at 
the same time, high sensitivity for PFAS analysis. 

3.4.1. Analysis of soil extract 
We applied our DPS-MS method for PFAS analysis of soil sample 

extract. To conduct the experiment, 40 µL soil sample extract (aqueous) 
was directly spotted onto paper and washed with 30 µL water to clean up 
the background matrix. Moreover, a parallel experiment was conducted 

by loading the same amount sample for PS-MS analysis without the 
desalting step. As shown in the corresponding spectra (Fig. S17), while 
PFBS at m/z 298.9 was detected in both cases with similar intensity, 
PFHxA m/z 312.9 was only detected by DPS with good mass accuracy 
(measured m/z 312.97170, theoretical m/z 312.97281, mass error: 
−3.5 ppm). The result suggests that background interference of the soil 
extract may have caused signal suppression in PS-MS, which could be 
removed by washing step during DPS-MS analysis. Initially detected 
PFAS was con昀椀rmed by collision-induced dissociation MS/MS study 
(shown in Fig. S18, note that, due to low intensity of PFHxA and PFBS, 
only one fragment ion was observed during CID event). 

Quantitative analysis for DPS-MS analysis of PFAS is possible. Fig. 5 
displays the images showing the viscous soil sample extract (Fig. 5a) and 
soil sample extract deposited on the paper substrate (Fig. 5b). Fig. 5c 
illustrates the DPS-MS apparatus where a three-axis XYZ platform [38] 
was used to support the paper substrate for position control, to gain 
signal stability and reproducibility for accurate quantitation. To run 
quantitative experiments, we doped PFOA as an internal standard (IS). 
Initially, a 40 µL of soil sample extract (doped with a chosen internal 
standard (I.S.) of 400 pM PFOA) spotted onto the paper substrate and 
mass spectrum was acquired by DPS-MS, which showed the detection of 
PFBS (m/z 298.9) and PFHxA (m/z 312.9, Fig. 5d). To measure the 
amounts of PFBS and PFHxA in the soil extract sample, we made cali-
bration curves of PFBS and PFHxA. As shown in Figs. S19 and 20, the 
plot was linear over PFBS and PFHxA concentrations ranging from (10 to 
1000 pM) with a correlation coef昀椀cient higher than 0.99 (unweighted 
linear curve 昀椀tting was used for plotting). The excellent linearity of the 
plot indicated the DPS-MS method can be suitable for quantitative 
analysis. The limit of detection (LOD) for PFBS and PFHxA was calcu-
lated as 1.2 and 2.7 ppt, respectively. The amounts of PFBS and PFHxA 
in the soil extract was quanti昀椀ed and found to be 145.2 and 79.3 ppt, 
respectively. To achieve reproducible quantitative analysis results, we 
adopted paper substrates of the same size. We loaded the same volume 
(10 µL) of sample onto the same location of the paper substrate each 
time. In addition, we 昀椀xed the paper substrate position (relative to MS 
inlet) using the xyz stage platform. We have also made a calibration 
curve of PFOA and PFOS at various concentrations and the LODs of 
PFOA and PFOS were found to be 1.9 and 4.5 ppt (Fig. S21 and 22, 
Supporting Information). 

3.4.2. Direct soil sample analysis 
In order to address the potential issue of PFAS dilution during the 

extraction process, we pursued an alternative approach by conducting 
direct analysis of solid soil samples without the need for extraction in 

Fig. 5. Images showing a) soil extract with water, b) soil extract sample spotted onto the paper substrate; and c) DPS-MS apparatus. d) Negative ion mode DPS-MS 
spectrum of soil extract. 
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DPS-MS analysis. This method would offer advantages such as time- 
saving and the use of a small amount of sample (e.g., 40 mg in this 
study). Typically, the detection of PFAS in soil samples involves labor- 
intensive sample preparation techniques that include solvent extrac-
tion followed by solid-phase extraction to concentrate PFAS. In our 
approach, we took a different route by directly applying a 40 mg soil 
sample onto a paper substrate. First, we applied PS-MS where we 
directly ionized the sample with MeOH (100%) was added to the soil 
sample for paper spray ionization with an applied high voltage of 
− 3.5 kV. Fig. 6a shows detection of PFHxA with low signal intensity 
(3.03E3) which might be due to interference of background matrices. In 
contrast, by using DPS-MS (water was added to wash the soil sample and 
followed with spray ionization using MeOH and high voltage of 
−3.5 kV, both PFBS and PFHxA with elevated intensity (1.14E4 and 
5.72E3) were detected (Fig. 6b) by DPS-MS in which we washed the 
sample with H2O and then ionized it using MeOH (100%). EIC spectra of 
the detected ions by PS-MS and DPS-MS are shown in Fig. S23. These 
strategies allowed us to streamline the analysis process and mitigate the 
challenges associated with matrix interference in soil samples when 
detecting PFAS. It can be seen that the desalting step in DPS-MS played a 
crucial role during soil analysis process as it would clean up background 
interference and boost up PFAS signal intensity. 

4. Conclusions 

This study shows the power of PS-MS and related DPS-MS for trace 
analysis of PFAS in different environmental samples. PS-MS integrates 
extraction and ionization together for sample analysis with minimum 
sample preparation, thus enabling a fast detection of PFAS in various 
water samples (1–2 min per sample). Remarkably, food packaging ma-
terials can be directly cut and analyzed with PS-MS. DPS-MS further 
integrates a desalting step together with extraction and ionization, using 
the same paper substrate, for analyzing samples with high background 
matrix. Our results showed that DPS-MS is able to detect trace amount of 
PFOA at 10 pM level in the presence of 50 mM of KCl and LODs for 
various PFAS is at low ppt level (1.2–4.5 ppt). The high tolerance of DPS- 
MS to salt allowed the fast analysis of PFAS in soil extract. More 
importantly, by using DPS-MS, a small amount of soil (e.g., 40 mg) can 
be directly analyzed within 3 min for PFAS detection without additional 
sample preparation. These results clearly suggest that PS-based MS 
techniques are fast, sensitive and versatile for PFAS analysis in water, 
food packaging and soil samples, which would 昀椀nd extensive real-world 

applications in the 昀椀elds of environmental, food, and health sciences. 

Environmental implication 

Per- and poly昀氀uoroalkyl substances (PFAS) are omnipresent in 
environmental in trace level and poses crucial environmental issue. 
These compounds are linked to fetus development, suppressed vaccine 
response, affecting our immune systems. Trace detection of these com-
pounds from complex samples is crucial for securing ecosystems and 
human health. Our manuscript reports a novel and unprecedented 
method, which is both fast (in few minutes per sample analysis) and 
sensitive (ppt level LOD), for trace detection and quanti昀椀cation of PFAS 
in various environmental samples including water, soil and food pack-
aging material. Such a method would help 昀椀nd effective mitigation 
strategies to PFAS. 
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