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A B S T R A C T   

Increasing numbers of studies have demonstrated the existence of nanoplastics (1–999 nm) in the environment 
and commercial products, but the current technologies for detecting and quantifying nanoplastics are still 
developing. Herein, we present a combination of two techniques, e.g., scanning electron microscopy (SEM) and 
time-of-flight secondary ion mass spectrometry (ToF-SIMS), to analyze submicron-sized plastics. A drop-casting 
of a 20-nL particle suspension on a Piranha solution-cleaned silicon wafer with dry ice incubation and subsequent 
freeze-drying was used to suppress the coffee-ring effect. SEM images were used to quantify particles, and this 
technique is applicable for 0.195–1.04-μm polystyrene (PS), 0.311-μm polyethylene terephthalate (PET), and 
0.344-μm polyethylene (PE) at a minimum concentration of 2.49 × 109 particles/mL. ToF-SIMS could not 
quantify the particle number, while it could semi-quantitatively estimate number ratios of submicron PE, PET, 
polyvinyl chloride (PVC), and PS particles in the mixture. Analysis of submicron plastics released from three hot 
water-steeped teabags (respectively made of PET/PE, polylactic acid (PLA), and PET) was revisited. The SEM- 
derived sizes and particle numbers were comparable to those measured by a nanoparticle tracking analysis 
(NTA) regardless of whether or not the hydro-soluble oligomers were removed. ToF-SIMS further confirmed the 
number ratios of different particles from a PET/PE composite teabag leachate. This method shows potential for 
application in analyzing more-complex plastic particles released from food contact materials.   

1. Introduction 

Increasing numbers of nanoplastics-related publications have been 
released since 2016, and recently nanoscientists consider that these 
particles should be regarded as a significant source of global plastic 
pollution and a distinct issue from microplastics and engineered nano
particles (Gigault et al., 2021; Mitrano et al., 2021). Currently, due to 
the lack of universal and robust analytical methods, there are few data 
demonstrating the presence of nanoplastics (1–999 nm) in the envi
ronment, manufacturing, and products, for example, in seawater of the 
North Atlantic subtropical gyre (TerHalle et al., 2017), snow pit and 

surface snow in the Austrian Alps (Materić et al., 2020), recycled com
modity polyvinyl chloride (PVC) powder (Zhang et al., 2020), facial 
scrubs (Hernandez et al., 2017), hot water-treated tea bags (Hernandez 
et al., 2019), and laser printers (Fang et al., 2021). 

The same as with microplastics, the particle size, morphology, 
amount, and chemical composition are four important characteristics of 
nanoplastics with which scientists are concerned. Mass spectrometry 
(MS)-based methods, for example, thermo desorption-proton transfer 
reaction (TD-PTR)-MS (Materić et al., 2020), pyrolysis gas chromatog
raphy (Py-GC)-MS (Zhou et al., 2019), thermal extraction and desorp
tion (TED)-GC-MS (Dümichen et al., 2017), and thermal pretreatment 
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following matrix-assisted laser desorption/ionization time-of-flight 
(MALDI-ToF)-MS can provide quantitative information on different 
nanoplastics in mass units with limits of detection of 10–100 ng (Lin 
et al., 2020). However, separation of micro- and nanosized particles in 
advance is required, and combinations of other characterization tech
niques such as electron microscopy and asymmetric flow field flow 
fractionation (AF4) coupled with multiangle light scattering (MALS) are 
required to offer size and morphology information (Mintenig et al., 
2018). 

On the basis of Raman spectroscopic technologies, Raman tweezers 
(RTs) (Gillibert et al., 2019), centrifugal field-flow fractionation (CF3) 
coupled with MALS and RTs (Schwaferts et al., 2020), image 
resolution-improved confocal Raman imaging (Fang et al., 2020), and 
correlative Raman imaging and scanning electron (RISE) microscopy 
(Zhang et al., 2020) are able to identify a single plastic particle with a 
limit of detection of size ranging 30–360 nm. Size (primary or second
ary) and morphology data are also available. The former two methods, 
used to analyze liquid dispersions, need a minimum concentration of 109 

particles/L, while a quantification protocol for the latter two dry-based 
methods is still lacking. Nile red plastic staining with subsequent 
single-particle tracking can detect 2 × 106 particles/mL and a minimum 
size of 45-nm polystyrene (PS) particles (Molenaar et al., 2021). The 
staining capability of different types of plastic and selectivity to plastic 
and non-plastic particles still need to be proven. 

Scanning electron microscopy (SEM) can produce nanoscale resolu
tion imaging of nano/micro-sized materials through a high-energy 
electron beam. In nanoplastic-related studies, it was used to obtain the 
surface morphology of recycled commodity PVC powder (Zhang et al., 
2020) and nanoparticles in polyethylene (PE)-containing commercial 
scrubs (Hernandez et al., 2017), and even to quantify the micro/nano
plastics released from hot water-treated tea bags (Hernandez et al., 
2019). However, a method is needed to identify particle compositions. 
Time-of-flight secondary ion MS (ToF-SIMS) can obtain 
submicrometer-resolution mass imaging by utilizing a primary ion gun, 
which has a beam spot size of nano-to submicron-scale, as a probe. 
Sputtered fragment ions of 0.1–2 nm of a solid surface can be identified 
by a ToF mass analyzer with a mass resolution of ~9000. This technique 
has been used to identify degraded PE pellets in a mixture of Ottawa 
sand after 14 days of sea surf simulation, and a size down to 1 μm could 
be detected (Jungnickel et al., 2016). We suspect that it has potential to 
identify submicrometer plastics as well. Furthermore, to develop a 
particle number quantification method for the abovementioned two 
techniques, a reliable drop-casting method which eliminates heteroge
neity of the particle distribution after drying of liquid droplets needs to 
be developed. 

The objective of this study was to develop a new strategy for quan
tifying plastic particles at the submicron-scale. A dry ice-incubated 
super-hydrophilic silicon wafer with a subsequent freeze-drying pro
cess was selected for the drop-casting method. Applicable working 
conditions were tested on various sizes (0.99, 0.195, 0.305, and 1.040 
μm) and concentrations of PS particles by SEM. The differentiation 
capability and semi-quantification of the mixtures of submicron plastics 
(including self-prepared PE, polyethylene terephthalate (PET), PVC, and 
commercial PS submicron particles) using ToF-SIMS were validated. 
Finally, the techniques were applied to characterize submicron-sized 
plastics released from hot water-treated tea bags, in which the size 
and number concentration were compared to those determined using a 
nanoparticle tracking analysis (NTA). 

2. Material and methods 

2.1. Chemicals, commercial submicron plastics, and commercial teabags 

PVC (with a weight average molecular weight (Mw) of ~43,000 and 
a number average molecular weight (Mn) of ~22,000), PE (with an Mw 
of ~4000 and an Mn of ~1700), sulfuric acid, acetone, ethanol, 

hydrogen peroxide, and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) 
(>99%) were purchased from Sigma-Aldrich (Steinheim, Germany). 
Tween 80 and Span 80 were purchased from Xilong Scientific (Guang
dong, China). Tetrahydrofuran (THF) was purchased from Merck Mil
lipore (Darmstadt, Germany). Trifluoroacetic acid (TFA) was purchased 
from Fluorochem (Derbyshire, UK). Toluene and methanol were pur
chased from J.T. Baker (Phillipsburg, NJ, USA). PET (<300 μm) was 
purchased from Goodfellow (Coraopolis, PA, USA). Non-functionalized 
PS microspheres (0.099, 0.195, 0.305, and 1.040 μm in diameter) 
were purchased from Bangs Laboratories (Fishers, IN, USA). Tri
fluoroethanol (TFE) was purchased from Alfa Aesar (Ward Hill, MA, 
USA). Three different types of commercial plastic teabags were bought 
from grocery stores in Taipei, Taiwan. 

2.2. Visualization and quantitative analysis of submicron PS using SEM 

A linear relationship of an SEM-based quantitative method was 
determined using various sizes of PS standards (0.99, 0.195, 0.305, and 
1.040 μm) and different particle number concentrations. Particle num
ber concentrations of PS aqueous stock solutions were first determined 
by an NTA (NanoSight NS300, Malvern, Worcestershire, UK). Because 
submicron-sized plastics in the environment may contain PE or PP with 
a density of less than water (1 g/cm3) and may not be well suspended, 
we used a methanol/water solution (methanol: water = 20:12.5, v/v) 
instead of an aqueous solution to suspend and dilute all particle 
suspensions. 

To obtain a super-hydrophilic silicon wafer, diced silicon wafers 
were cleaned by treating them in Piranha solution (sulfuric acid: 30% 
hydrogen peroxide = 3:1, v/v) for 10 min. Then, the silicon wafers were 
washed with deionized water and dried at 85 ◦C for later use. 

A freeze-drying method was selected to suppress the coffee-ring ef
fect during drop-casting. First, a super hydrophilic silicon wafer was 
placed in a Petri dish and put on a piece of dry ice until the surface of the 
wafer was frozen (Fig. 1). A 20-nL suspension was dripped onto the 
frozen silicon wafer via a 0.5-μL microsyringe (Hamilton, Reno, NV, 
USA). The droplet immediately turned into ice on the wafer. Then, the 
wafer-containing Petri dish was placed into a − 30 ◦C pre-incubated 
freeze-drying flask and incubated for 30 min. Finally, the flask was 
immediately loaded into a freeze-dryer and dried for 30 min (UNISS, 
New Taipei City, Taiwan). 

For each droplet, a full-area image and 10 randomly selected partial- 
area images were obtained using the secondary electron mode of SEM 
(Hitachi SU3500, Tokyo, Japan) without sputter coating. Then the full 
droplet area and partial areas (observed at 3000 × or 104 × ) of images 
were analyzed by ImageJ software (LOCI, Madison, WI, USA). The 
number of particles was manually counted. 

Equation (1) was used to calculate the total particle number in the 
entire area: 

SEM-derived particle number =
Full droplet area

Partial magnified area
× Average particle number in 10 images.

(1) 

The particle number concentration was calculated by equation (2): 

Particle number concentration (#/mL) =
SEM-derived particle number

20 × 10− 6(droplet volume)
(2) 

Due to the error of the particle number concentration provided by 
the PS manufacturer and NTA measurement being within ±10%, the 
former value was used as a reference and was compared to the SEM- 
derived number concentration to obtain the relative error (%). 
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2.3. Validation of the (semi)-quantitative analysis by ToF-SIMS 

To examine whether ToF-SIMS could quantify different types of 
submicron plastics, a mixed suspension with a known number concen
tration (4.94 × 109 particles/mL) containing as-prepared submicron PE, 
PET, PVC (see Supplemental Information (SI) for details of the method), 
and 0.305-μm PS particles with a number ratio of 0.94:1:0.9:1 was 
prepared in a methanol-water solvent. Number concentrations of stock 
submicron PVC and PS particles were determined by the NTA, and the 
others were evaluated by SEM. Then, a 20-nL suspension was used to 
prepare a sample by the above-described process. The SEM-derived 
particle concentration was compared to known concentrations of par
ticle mixtures to ensure successful sample preparation. The ToF-SIMS 
analysis (ULVAC-PHI TRIFT IV, Kanagawa, Japan) was carried out 
using 30 keV of a Bi3++ primary ion beam at a dose density of 4.9 × 1012 

ions/cm2, and positively charged secondary ions were collected. The 
Bi3++ beam was selected in this study because it provides higher spatial 
resolution than the Bi+ or Bi3+ primary ion for analyzing inorganic and 
organic materials due to its higher kinetic energy (Holzlechner et al., 
2013; Shishido et al., 2016). The scanning area, collection time, and 
imaging resolution were 200 × 200 μm2, 1 h, and 1024 × 1024 pixels, 
respectively. 

Representative m/z values were selected, and ion images were 
overlaid as the image of a specific polymer using WinCadence software. 
PE was differentiated by m/z values of 69.07 (C5H9

+), 111.01 (C8H15
+), 

and 141.04 (C10H21
+), PET by m/z values of 104.03 (C7H4O+), 105.04 

(C7H5O+), and 165.06 (C8H5O4
+), PVC by an m/z of 61.99 (C2H3Cl+), 

and PS was differentiated by an m/z ratio of 91.05 (C7H7
+). The choice 

of peaks for all plastics depended upon known characteristic ions from 
each standard spectrum which did not overlap with each other (Abmayr, 
2006; Kern et al., 2019). To further examine the capability of 
particle-by-particle identification using ToF-SIMS, a silicon wafer with 
only 0.305-μm PS particles was prepared, and then ToF-SIMS and SEM 
images were captured at an approximate location. The number of 
detected pixels contained in each image was calculated by ImageJ 
software to estimate the numbers of plastic particles and their ratios. 
Brightness and sharpness of the ion images were adjusted to make them 
more visible for the presentation. 

2.4. Analysis of submicron plastics released after hot-water treatment of 
teabags 

2.4.1. Teabags 
Three types of teabags were purchased from grocery stores in Taipei 

City, Taiwan. One teabag did not contain tea leaves, while the other two 
did. The chemical composition of the teabags was confirmed using 
attenuated total reflection-Fourier transform infrared spectroscopy 
(ATR-FTIR, Nicolet-6700, ThermoFisher Scientific, Waltham, MA, USA) 
with a deuterated triglycine sulphate (DTGS) detector. Three positions 
were randomly selected when measuring each teabag. 

2.4.2. Hot-water steeping 
All tea leaves in the teabags were removed with scissors. Deionized 

water was filtered through a 100-kDa membrane with a stirred cell 
system (UHP–43K, Advantec, Tokyo, Japan) to remove most particu
lates. Then, the filtered water was heated to 95 ◦C. Three identical 
teabags were placed into a 50-mL polypropylene (PP) centrifuge tube. 
Hot water (15 mL) at 95 ◦C was added, and the teabags were steeped for 
8 min at room temperature. During the process, the teabags were 
completely submerged under the water. Then, the centrifuge tube was 
vortexed. Water remaining in the teabags was squeezed out with stain
less steel tweezers. Fresh water (5 mL) was used to wash the teabags, and 
the final volume of the leachate was 20 mL. The above-described 
experimental procedures were performed in a clean centrifuge tube 
without teabags as a blank. 

The hydrodynamic diameter and number concentration of plastic 
particles in the leachate were directly analyzed by an NTA (488-nm 
laser). For each measurement, triplicate videos were randomly captured 
and collected for 60 s. The primary size, number concentration, and 
morphology of the plastic particles were obtained by an SEM quantita
tive method. Methanol (800 μL) and 500 μL of teabag leachate were 
mixed. Then, the suspension was either directly dripped onto a silicon 
wafer or concentrated by centrifugation (20,000×g, 20 min) before 
dripping to achieve the required concentration. Finally, ion images were 
created by ToF-SIMS. The scanning area, collection time, and imaging 
resolution were 200 × 200 μm2, 1 h, and 1024 × 1024 pixels, 
respectively. 

Fig. 1. Suppression of the coffee-ring effect in a dry-ice-incubated submicron polystyrene (PS) droplet with freeze-dried casting. A submicron PS (20 nL, 
0.305 μm) suspension was dropped onto a silicon wafer without (a) and with underlying dry-ice treatment (b) and their corresponding SEM images (c and d). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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2.4.3. Oligomer removal from the leachate 
To remove possible oligomers existing in the three teabag leachates, 

10 mL of teabag leachate was added to a centrifugal concentrator with a 
100-kDa membrane (Vivaspin® Turbo 15, Sartorius AG, Göttingen, 
Germany) and centrifuged at 2000×g for 17 min. Then, the bottom so
lution (with oligomers only) was collected for subsequent experiments. 
Deionized water (10 mL) was added to the upper concentrate tube, 
particles on the membrane were re-suspended using ultrasonic probe 
treatment (30 W, 2 min) (Q125, Qsonica, Newtown, CT, USA), and the 
suspension was also collected. The number concentration and size 
detected by the NTA or derived via SEM were determined. 

To demonstrate the removal of oligomers in three teabag leachates, 
the upper suspensions (supposedly containing only particles) were 
filtered through a 100-kDa membrane with a stirred cell system to 
remove particles. Then, 5 mL of the upper suspension leachate and 
bottom solution was concentrated to 0.5 mL by freeze-dying. A 0.5-mL 
mixture of HFIP/THE/ethanol (2:2:4, v/v/v) was added to a final vol
ume of 1 mL. Finally, the 1-mL sample was filtered using a 0.22-μm PTEF 
filter before LC-MS qualitative detection for PET or polylactic acid (PLA) 
oligomers. A method blank was performed using deionized water only, 
and it was separated into upper and bottom blank samples as well. 
Conditions for the LC-MS operation are described in SI. 

3. Results and discussion 

3.1. Suppression of the coffee-ring effect 

When a non-volatile nanoparticle-containing droplet is dropped onto 
a solid surface such as a silicon wafer, the dominant outward capillary 
flow and weak inward Marangoni flow of the volatile solvent drive the 
solutes to the contact line of the droplet, which leads to a ring-like de
posit, and the so-called “coffee-ring effect”. One strategy to suppress this 
phenomenon is to weaken the outward capillary flow (Anyfantakis et al., 
2015; He et al., 2019; Sun et al., 2015). Herein, we developed dry-ice 
incubation followed by freeze-drying as a solution. 

Silicon wafers incubated without and with dry ice when the 0.305- 
μm PS was dripped onto the surface and their corresponding SEM images 
after freeze-drying are shown in Fig. 1. The former without dry ice had 
an obvious “coffee ring” around the edge of droplet, while the latter, in 
contrast, was relatively uniform. Droplets were dripped onto a solid 
substrate under dry-ice incubation (ca. − 76 ◦C), so that the droplets 
immediately froze, which prevented capillary flow from occurring both 
before and following freeze-drying. It was noted that if the temperature 
of the solid substrate was not low enough (<-5 ◦C), the particles still 
moved to the edge due to the formation of a quasi-liquid layer (He et al., 
2019). 

To clarify the necessity of cleaning the silicon wafers with Piranha 
solution in the protocol, 0.305-μm PS was also dripped onto a wafer 

Fig. 2. Linear relations of submicron polystyrene (PS) using an SEM quantification method. SEM images of a full droplet (left) and a partially magnified (right) 
area at (a) the lowest and (b) the highest number concentrations of 0.305-μm PS. A full droplet (left) and partially magnified droplet at (c) the lowest and (d) highest 
number concentrations of 1.040-μm PS are shown. The linear relationship of (e) 0.305 and (f) 1.040 μm between theoretical and SEM-derived particle concentrations 
(n = 3). Both R2 values reached >0.995. 
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without the cleaning step. Even though using dry-ice incubation with 
subsequent freeze-drying, the PS particles aggregated and were 
centralized without Piranha treatment (Fig. S1). The lower contact angle 
(<90◦) between the droplet and hydrophilic silicon substrate verified 
that the substrate had high surface energy, which explains the even 
stacking of particles on the Piranha-treated silicon wafer. In contrast, the 
untreated silicon wafer had a higher contact angle (>90◦), which ex
plains the more-numerous, stacked PS agglomerates (Franssila, 2010). 

3.2. Quantification of submicron plastics by SEM 

Fig. 2a–d shows the representative entire and partial areas of SEM 
images for 0.305- and 1.040-μm PS at the lowest and highest concen
trations. Linear relations of the SEM quantitative method are shown in 
Fig. 2. R2 of the calibration curve for 0.305-μm PS at 2.58 × 108–2.58 ×
109 particles/mL was 0.9980, and it was 0.9968 for 1.040-μm PS at 4.10 
× 107–6.55 × 108 particles/mL. The relative errors were 12%~38% and 
− 1%~23% for 0.305- and 1.040-μm PS, respectively (Table S1). How
ever, large, irregularly shaped aggregates formed and could not be 
quantified when the concentrations of PS were 2.15 × 108 and 2.05 ×
107 particles/mL for 0.305- and 1.040-μm PS, respectively (Fig. S2). PS 
at 0.195 μm could be quantified at 2.49 × 109 particles/mL with a 
relative error of − 6%±3%, while aggregates formed at 6.25 × 108 

particles/mL (Fig. S3). Unfortunately, 0.099-μm PS formed aggregates at 
3.83 × 109–3.83 × 1010 particles/mL (Fig. S2). Thus, as the number 
concentration exceeded 2.49 × 109 particles/mL, 0.195- to 1.040-μm PS 
could effectively be quantified. It seems that the smaller the PS diameter 
was, the higher the concentration that was required for analysis. In the 
freeze-drying process, the heterogeneous freezing of a droplet is induced 
by the PS particles. With smaller and a lower concentration of PS par
ticles, the freezing speed was relatively lower. PS particles, as impu
rities, were more likely to be concentrated in grain boundaries of ice 
crystals and cause squeezing deformations. On the contrary, with a 
higher freezing speed, the PS particles were more likely to be incorpo
rated into ice matrixes. 

3.3. Detection of submicron plastics using ToF-SIMS 

3.3.1. Effects of aged micro/submicron plastics on ToF-SIMS 
To ensure that ToF-SIMS could identify the plastic type regardless of 

whether they were aged or not, PE microplastics (<74 μm) were exposed 
to UV light for 0–15 days, and both positive and negative ions of ToF- 
SIMS were collected for microplastics (for details of the method, see 
SI; Fig. S4). The main characteristic m/z peaks of PE significantly 
changed to oxidation peaks in the negative ion model after 2 days of 
irradiation. However, the main characteristic peaks in the positive ion 
model did not change at any time points (Fig. S5). Therefore, in this 
study, we collected positive ions for subsequent experiments. 

3.3.2. Characterization of as-prepared and commercial submicron-plastics 
PVC, PET, and PE submicron-particles were prepared to validate 

semiquantitative detection using ToF-SIMS. TEM images showed that 
PVC nanoparticles had a spherical shape and were 238 ± 41 nm in 
diameter. PET and PE nanoparticles had irregular shapes and were 311 
± 109 and 344 ± 202 nm in diameter, respectively (Fig. 3). DLS mea
surements showed that PVC and PET had hydrodynamic diameters of 
293 ± 41 and 932 ± 61 nm with respective values of the polydispersity 
index (PdI) of 0.13 and 0.44 (Fig. S6). Commercial 0.305-μm PS had a 
spherical shape, and particles were 316 ± 18 nm in diameter according 
to TEM. PS had a hydrodynamic diameter of 591 ± 13 nm with a PdI of 
0.15 as measured by DLS (Fig. S6). The NTA showed that the number 
concentrations of submicron PVC and PS were 2.41 ± 0.61 × 1010 (230 
± 3 nm) and 6.90 ± 1.23 × 1012 particles/mL (282 ± 6 nm), respec
tively. Due to PET and PE submicron particles not being stable or well 
suspended in water, the number concentration was measured by SEM 
developed in this study rather than by the NTA. SEM images showed that 
the homogeneity of particles of both PET and PE on the silicon wafers 
was similar to that of PS, indicating that the method was also applicable 
to different plastic types (Fig. 3). Number concentrations of submicron 
PET and PE were 5.15 ± 1.53 × 109 and 4.18 ± 0.92 × 109 particles/mL, 
respectively. 

3.3.3. Validation of the semiquantitative analysis 
A mixture of self-synthesized, 0.344-μm PE, 0.311-μm PET, 0.238-μm 

PVC, and commercial 0.305-μm PS with a known particle number ratio 

Fig. 3. Primary size, morphology, and number concentration of self-synthesized and commercial polystyrene (PS) submicron plastics. Data on the former 
two were acquired by TEM, and the latter was derived via a nanoparticle tracking analysis (NTA) or SEM quantification method. Fifty particles were analyzed to 
derive the TEM size. A representative SEM image of full and partially magnified droplets used for quantification are shown for polyethylene terephthalate (PET) and 
polyethylene (PE) submicron plastics. 
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was prepared. Fig. 4 shows representative SEM images of the mixed 
particles in full-droplet and partial-droplet areas, and the number con
centration was 6.15 × 109±3.89 × 109 particles/mL. Compared to the 
theoretical concentration (4.94 × 109 particles/mL), the relative error 
was 24%, indicating that the SEM-based quantification method also 
worked relatively well for a mixture of different submicron plastics. 
Fig. 4 shows ToF-SIMS total ions, spectrum, and specific ion images 
which represented different plastics. Distribution patterns of the four 
different plastics (i.e., PE, PET, PVC, and PS) were similar due to their 
being well-mixed in the methanol/water solution. However, the planar 
images were slightly distorted because of the 45◦ incidence angle of the 
primary ion beam (Rangarajan and Tyler, 2006). Due to similar sizes 
among the four plastics, we estimated particle numbers using detected 
pixel numbers in the images with a pixel size of 195 nm. Respective pixel 
numbers of PE, PET, PVC, and PS were 1658, 1959, 1784, and 1902, 
which corresponded to 8812, 10,412, 9482, and 10,109 in the entire 
droplet area (212,596 μm2). The numbers were underestimated 
compared to the theoretical particle numbers (24,200, 25,800, 23,000, 
and 25,800, respectively), suggesting that submicron plastic particles 
were likely not able to be quantified by ToF-SIMS. Fig. S7 shows SEM 

and ToF-SIMS images of 0.305-μm PS in the approximate partial droplet 
area. It was clearly observed that ToF-SIMS failed to identify all particles 
shown in the SEM image. By analyzing detected pixel numbers, particle 
numbers were again underestimated (8052 for detected and 25,800 for 
theoretical particles). Surprisingly, the ToF-SIMS detected signal 
showed no particles in SEM. The underestimation might be explained by 
insufficient lateral resolution, influence of ionization probability by the 
matrix, and/or an uneven particle arrangement that caused variant top 
atomic layers between particles (Bennet et al., 2020). The undesired 
signal might have resulted from residual PS oligomers in the commercial 
product. Nevertheless, the number ratios of the four submicron plastics 
were 0.85:1:0.91:0.97 for PE: PET: PVC: PS and 0.95 ± 0.1:1 ± 0:1.17 ±
0.26:0.88 ± 0.09 for a combination of another independent replication 
(n = 2), which were similar to the theoretical ratio of the different 
plastics (0.94:1:0.9:1). This suggests that ToF-SIMS can be used as a 
semiquantitative method to evaluate ratios of submicron plastic 
numbers. 

Fig. 4. SEM and ToF-SIMS images of mixtures of the four (polyvinyl chloride (PVC), polyethylene terephthalate (PET), polyethylene (PE), and polystyrene 
(PS)) submicron particles. (a) Full droplet and (b) partially magnified area of SEM images (c) ToF-SIMS total ion and specific plastic images and (d) mass spectrum. 
Specific plastic images were obtained by overlaying the representative m/z values of each plastic, and the detected pixel numbers of ion imaging were counted using 
ImageJ software. 
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3.4. Application for detecting submicron plastics released from hot water- 
treated teabags 

3.4.1. Composition of teabags 
Infrared spectra of teabags are shown in Fig. S8. The original teabag 

without tea leaves had characteristic peaks of PET and PE (Fig. S8a) 
(Jung et al., 2018). The other two original teabags with tea leaves 
exhibited peaks of PLA (Choksi and Desai, 2017) (Fig. S8b) and PET 
(Fig. S8c) (Jung et al., 2018). 

3.4.2. Comparison of sizes and number concentrations using SEM and the 
NTA 

Particle sizes and number concentrations of teabag leachates were 
measured by both SEM and the NTA. Fig. 5 and Table S2 respectively 
show SEM images and particle size distributions of the three teabag 
leachates. The particles all had spherical or elliptical shapes, with size 
distributions of 100–300 nm. Average particle sizes were 188 nm for 
PET/PE, 193 nm for PLA, and 181 nm for PET teabag leachates. Hy
drodynamic sizes measured by the NTA were 156, 173, and 165 nm 
respectively. 

The SEM-derived number concentrations were 2.45 ± 0.03 × 109 

(PET/PE), 2.93 ± 0.27 × 109 (PLA), and 6.40 ± 0.59 × 108 (PET) par
ticles/mL. Relative errors between SEM-derived and NTA-derived con
centrations were +8% ± 2% (PET/PE), +37% ± 13% (PLA), and +16% 
± 18% (PET) (Table S3). The NTA-derived particle number concentra
tion was 3.48 ± 0.57 × 107 particles/mL for the blank experiment, 
which was 16–65-times lower than the teabag groups (Fig. 5). These 
results indicated that particle sizes and number concentrations obtained 
by SEM were more or less similar to those obtained by the NTA. 

To compare the submicron plastic release capability among the three 
kinds of teabags, the particle number per unit area of a teabag (particles/ 

cm2) was expressed. The PLA teabag released the highest particle 
number per cm2, followed by the PET/PE and PE teabags (Table S3). 
PLA has poor heat resistance, and it is more easily subjected to hydro
lytic degradation compared to PET and PE (Rodriguez et al., 2016), 
which might explain these findings. Compared to results from Hernan
dez et al. (2019), our PET teabag released 3.67 × 109 particles/bag, 
which was lower than those of two teabags of the same composition 
(1.91 × 1010 and 2.14 × 1010 submicron particles/bag) (Table S3). The 
difference might be attributed to different teabag sizes or hot-water 
immersion times. 

3.4.3. Confirmation of the composition by ToF-SIMS 
Ion images of each type of plastic were made by overlaying their 

representative characteristic ions, and in this way, the location of the 
plastic particles was identified. PE and PET were characterized by the 
same mass-to-charge ratios as the method validation experiment. PLA 
was characterized by an m/z of 56.04 (C3H4O+) (Manna et al., 2014). 

Total ions and specific plastic ion images of teabag leachate are 
shown in Fig. 5. Original mass spectra are shown in Fig. S9. In the ion 
image of the PET/PE teabag leachate, respective pixel numbers of PET 
and PE at 200 × 200 μm2 were 1932 and 1943. The ratio of pixel 
numbers (0.99) can be regarded as the number ratio of PET/PE particles 
due to their narrow size distribution as observed by SEM or the NTA. In 
ToF-SIMS images of PLA and PET teabag leachates, the specific plastic 
images corresponded well with the total ion results, which precisely 
confirmed the compositions of the particles. The compositions of the 
teabag leachates were qualitatively characterized by FTIR and x-ray 
photoelectron spectroscopy (Hernandez et al., 2019). As shown in this 
study, ToF-SIMS not only provided precise composition information, but 
also was able to determine the number ratio of different submicron 
plastics. 

Fig. 5. SEM images, nanoparticle tracking analysis (NTA) size distributions, and ToF-SIMS images of submicron plastics released from hot-water-treated 
(a) polyethylene terephthalate (PET)/polyethylene (PE), (b) polylactic acid (PLA), and (c) PET teabags and the method blank (d). Particle sizes analyzed by 
SEM were 188 ± 40 (PET/PE), 193 ± 42 (PLA), and 181 ± 44 nm (PET) (n = 50) and hydrodynamic diameters measured via NTA were 156 ± 77 (PET/PE), 173 ± 85 
(PLA), and 165 ± 75 nm (PET). The NTA-derived number concentration in the blank solution (without teabags) was 3.48 ± 0.57 × 107 particles/mL, which was 
16–65-times lower those of the teabag-containing groups. 
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3.5. NTA and SEM analyses after removing oligomers from the leachate 

According to Busse et al.’s (2020) comments on a study by Hernan
dez et al. (2019), hydrosoluble oligomers released from PET teabags 
(37–214 μg/L) might crystallize when leachates are dried for the SEM 
analysis, and thus the particle number might be overestimated. To 
determine whether this assumption is correct, we used centrifugal 
concentrators with a 100-kDa membrane (with an estimated pore size of 
10 nm) to separate particles and oligomers. All low-molecular-weight 
hydrosoluble oligomers of PET dimers to heptamers should be able to 
pass through the membrane, as was found in Tscochatzis et al.’s (2020) 
study of PET teabags. After analysis of the upper (which should have 
fewer oligomers) and bottom solutions (which should contain oligo
mers) by LC-MS, fewer of the PET or PLA oligomer types and lower 
abundances were identified in the upper solution than the bottom one, 
indicating that pretreatment effectively eliminated oligomers from the 
three teabag leachates (Table S4) (Tsochatzis et al., 2020; Ubeda et al., 
2019). Interestingly, by comparing the NTA- and SEM-derived particle 
number concentrations of oligomers-contained with the deletion sus
pension, similar particle numbers were found in all leachates (Table S5, 
Fig. S10). Therefore, the particle number as determined by SEM was not 
overestimated because of the presence of oligomers. Interpretation of 
the slightly higher number detected by SEM than by NTA was not due to 
the presence of oligomers and requires further study. 

3.6. Benefits and limitations of the method 

Several studies have used SEM to quantify or visualize micro- or 
submicron-sized plastics released from hot-water-immersed plastic- 
containing food contact materials, such as teabags, infant feeding bottles 
(Li et al., 2020), and disposable paper cups (Ranjan et al., 2021), or from 
a face mask (Ma et al., 2021). However, details and limitations of the 
drop-casting procedures were not discussed. In this study, we clarified 
that the cleaning of the silicon wafer and dry-ice incubation before 
freeze-drying are important to suppress the coffee-ring effect. Submi
cron PS (0.195–1.040 μm), PET (0.311 μm), and PE (0.344 μm) could be 
effectively quantified. Although a concentration of at least 2.49 × 109 

particles/mL should be prepared, only 20 nL (4.98 × 104 particles) was 
required for analysis. A combination of ToF-SIMS ion images could 
semi-quantitatively identify different submicron plastics, but the parti
cles should have similar sizes. Due to limits of the quantitative analysis 
using ToF-SIMS, our developed method is more suitable for high-purity 
submicron-plastic samples, while it is not applicable to more-complex 
environmental samples containing non-plastic particles. It was noted 
that the common food contact material, PP, which was not addressed in 
this study, is hard to differentiate from PE by ToF-SIMS due to their 
similar mass spectra. Normalization of some positive ion peak intensities 
(e.g., C3H5

+) to C2H3
+ or negative ion peak intensity (C6H− ) to C4H− can 

be a solution, but further studies are needed (Abmayr, 2006; Nie, 2016). 

4. Conclusions 

In this study, we successfully suppressed the coffee-ring effect by 
drop-casting submicron plastics using a silicon wafer cleaned with 
Piranha solution and dry-ice incubation before dripping, followed by 
freeze-drying. SEM images can be used to analyze the particle size, 
morphology, and number. Positive ion ToF-SIMS images can be used to 
qualitatively and semi-quantitatively identify submicron plastics. The 
developed method was then applied to analyze plastics released from 
teabags. Comparable size and particle number results were found be
tween the SEM and NTA methods. The SEM analysis did not over
estimate particle numbers due to the presence of oligomers. Estimation 
of the number ratio of PET and PE particles in teabag leachate by ToF- 
SIMS can provide more-informative data when the composition of 
food contact materials is complex. 
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