Nanoscale Infrared Spectroscopy Reveals Nanoplastics at 5000 m Depth in the South Atlantic Ocean
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Supplementary Information
S1 Materials and Methods
[bookmark: OLE_LINK1]1.1 Infrared spectroscopy band assignments
The band assignments of reference infrared (IR) spectra are displayed in Figure S1 and listed in Table S1.
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Figure S1 | Reference spectra recorded using ATR-IR for white and blue colored bulk PET. The bands are indicated according to Table S1 and based on references 1–7.


	Number
	Band (cm-1)
	Assignment
	Intensity

	1
	1750 – 1712
	Stretching (ν) of C=O 1–7
	Very strong

	2
	1577-80, 1504, 1453
	ν of C=C in aromatic ring 1,3
	Very weak

	3
	1470-79, 1408-10, 1372, 1340-42
1453, 1410, 1342
	Bending (δ, asymmetrical and symmetrical in plane) of C-H 1,4
ν of the C-O group deformation of the O-H group 5 and bending and wagging vibrational modes of the ethylene glycol segment 3,4,6
	Weak – Medium

	4
	1283
1252,1240
1235
	O-CH2 stretching 7
ν of C-O in terephthalate group 1–3
ester group stretching 6
	Very strong

	5
	1134, 1118-24 (shoulder), 1090-98, 1050
	Methylene group (1090) 6 and ν of ester C-O (1118, 1096, 1050) and terephthalate group (1124) 1–3,5
	Strong

	6
	1016, 970
	δ (in plane) C-H aromatic ring 1,5
	Medium

	7
	870-72
	δ (out of plane) C-H aromatic ring 1,3
	Medium

	8
	847-48
	Rocking of C-H(-CH2-) 1,3
	Weak

	9
	719-723

712-730 3
	Wagging of C-H aromatic ring 1,2,5

Interaction of polar ester groups and benzene rings 5
	Very strong


Table S1. Main IR absorption band assignments for identifying PET (for a general discussion see also reference 7); the number corresponds to the labels in Figure S1.

The characteristic molecular vibrations of PET as listed in Table S1 have previously been reported to undergo changes upon degradation of the polymer 4–6,8. Polymer degradation proceeds via both abiotic pathways and biotic pathways (e.g. by microorganisms) 9,10. Although beyond the scope of this study, the impact of the (marine) biosphere on polymer degradation is significant 9. Microbes may even be able to provide novel enzymes towards recycling of depolymerization of polymers to monomers, as has been shown for PET 10,11. In case of the abiotic pathways, degradation can be brought about by e.g. water (hydrolysis), light, or heat. For example, the C=O stretching peak around 1725 cm-1, denoted as 1 in Figure S1 and Table S1, has been reported to broaden 4,5 and/or split into multiple peaks 4,8. In the case of hydrolytic degradation, which is particularly relevant in aquatic environments, terminal terephthalic acid groups can be formed. These groups display a C=O stretching vibration around 1745 cm-1 4. Hydrolysis also induces changes in the ethylene glycol segment of PET. The CH2 wagging vibration around 1370 cm-1 (trans) was reported to decrease, while the CH2 wagging vibration around 1340 cm-1 (cis) increased during degradation 4, suggesting a more crystalline PET structure upon degradation. Besides, a decrease in peak intensity has been reported for the O-CH2 stretching vibration around 1280 cm-1 4,8 and the terephthalate group around 1100-1150 cm-1 4. An increase in peak intensity was reported for the terephthalate C-O stretching vibration around 1240-1250 cm-1. The peaks denoted as 1, 3, 4, and 5 in Figure S1 and Table S1 were therefore used as age markers during the PiFM IR spectral analysis of the lab-generated PET nanoplastics, as well as PET nanoplastics from the ocean.


1.2 Reference spectra of bulk PET, PS, and PE recorded by ATR-IR and PiFM

[image: Chart, histogram

Description automatically generated]
Figure S2 | Reference spectra recorded for bulk PE, PS, and PET using both ATR-IR (top plot: dark red, dark green, dark blue) and PiFM (bottom plot: light red, light green, light blue). PiFM spectra were recorded for large and thick (several µm) pieces of plastics, therefore the broad Si-O vibrations from the silicon dioxide surface layer of the sample carrier that fall in the region of 1000-1100 cm-1 12–15 and are often seen in spectra recorded for nanoplastics 16 are not present here (see also Section S2).


S2 Nanoplastics found in the South Atlantic Ocean
Note that broad Si-O vibrations from the silicon dioxide surface layer of the sample carrier fall in the region of 1000-1100 cm-1 12–15 and often contribute to PiFM spectra of nanoplastics 16. Furthermore, the region between 1180-1300 cm-1 overlaps with bands related to the deformation of the CH3 group connected to the Si atom of silicone oil,17 a contamination that cannot be excluded to be present on some AFM tips. It is therefore difficult to assign bands in this region unambiguously, which is why these regions were not used in our identification of nanoplastics.

2.1 Polyethylene terephthalate nanoplastics from the South Atlantic Ocean

Figure S3 shows the nanoplastics that were identified as polyethylene terephthalate (PET) and found close to the ocean floor (5179 m). We particularly used the characteristic C=O stretching vibration ~1725 cm-1, the wagging modes of the ethylene glycol segment ~1360-1370 cm-1, the C-O stretching vibration ~1240 cm-1, and the O-CH2 stretching vibration ~1280 cm-1 to identify the PET nanoplastics. Some of the PiFM IR point spectra displayed a considerable amount of noise between 1350 and 1600 cm-1, which originates from water 18. This water signal could either be water vapor present in the sample compartment and sensed by the AFM tip or water absorbed by the PET nanoplastics. Note that no pre-treatments, such as filtering and pre-concentration, were performed prior to the PiFM measurements. We opted for this, as we noticed that a filtering step with a 0.22 μm filter (polytetrafluoroethylene (PTFE)) and a concentration step with tangential flow filtration (TFF) 19,20 removed a large fraction of the material under study. For example, another sample collected during the research cruise 64PE448 taken at a different location close to the ocean floor (at 3508 m depth at -29.875° S and -11.585° E) was filtered with a 0.22 μm filter and concentrated 50-fold via TFF. After this pre-treatment, we only detected one particle that could be identified as PET nanoplastic (Figure S4) during 2 separate measurements (scanning a total surface of 1225 μm2). This was considerably less (approximately a factor 500) compared to the unfiltered sample taken at 5179 m depth at -32.171° S and 6.287° E. Interestingly, most PET nanoparticles identified in Figure S3 seem to be aggregated together with other (organic/biological) matter, which may be the reason for their removal during pre-filtration treatments.
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Figure S3 | Polyethylene terephthalate nanoplastics found close to the ocean floor. Each column shows the AFM topographic images (left) and IR maps recorded at the C=O stretching peak at 1725 cm-1 or 1745 cm-1 (middle) of PET nanoplastics (n=12) found at the bottom of the ocean (5179 m). Panels on the right of each column display the corresponding PiFM point spectra of the respective PET nanoplastic (the measurement position is indicated in the topographic map). Row 3 from the top in the left column was classified as a microplastic and not counted as a nanoplastic particle. Row 4 from the top in the right column contains 4 PET nanoplastics (X, Y, Z, and A); one of them (X) is magnified in the row below that (row 5 from the top in the right column).


[image: ]
Figure S4. | Polyethylene terephthalate nanoplastic found in a filtered sample. AFM topographic image (left) and IR map recorded at the C=O stretching peak at 1725 cm-1 (middle) of PET nanoplastics found at 3508 m depth at -29.875° S and -11.585° E. The panel on the right displays the corresponding PiFM point spectrum (the measurement position is indicated in the topographic map). The sample was filtered with a 0.22 μm filter and concentrated 50-fold using tangential flow filtration (TFF). The mapped area therefore shows an agglomerate of particles that are smaller than 200 nm.

2.2 Polystyrene and nylon nanoplastics from the South Atlantic Ocean

Figures S5 and S6 show the nanoplastics that were identified as polystyrene (PS) or nylon and found both close to the ocean floor (5179 m) and in the pycnocline (60 m) respectively.
The IR maps were recorded either at the C-H bending peak at 1430-1450 cm-1 (C-H bending vibrations attached to the PS aromatic ring structure), at the C=C ring stretch at 1490 cm-1, or the COO- stretching peak at 1540-1560 cm-1 1,2,21.
All particles show the bands in the 1430-1600 cm-1 region that are typically used to identify PS, however, all show signs of degradation to different degrees. The point spectrum that was found to be most similar to the one of a pure PS reference spectrum is displayed in the top row of Figure S6 and indicates a particle found in the pycnocline that seemed to be in its original chemical state, i.e. no oxidative degradation had occurred. All other PiFM point spectra show strong peaks in the 1540-1560 cm-1 region, originating from the asymmetric stretching of a carboxylate ion group (RCOO-) and indicating oxidative degradation 21,22. The particle shown in the second row of Figure S5 additionally shows a strong peak at 1630 cm-1, indicating chain scission 23,24.
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Figure S5 | Polystyrene nanoplastics found close to the ocean floor (5179 m). AFM topographic images (left) and IR maps recorded at the COO- stretching peak at 1540 cm-1 21,22(middle). The panels on the right display the corresponding PiFM point spectra of the PS-like nanoplastics from the pycnocline (60 m); point spectra locations are indicated in the topography maps.
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Figure S6 | Polystyrene nanoplastics and a Nylon microfiber found in the pycnocline. AFM topographic images (left) and IR maps recorded at the C-H bending peak at 1430 cm-1, at the C=C ring stretch at 1490 cm-1, and the COO- stretching peak at 1540 cm-1 1,2,21 for the PS nanoplastics found in the pycnocline at 60 m depth (middle). The bottom row displays the topographic map (left) and IR image at the C=O stretching vibration at 1630 cm-1 2(middle) of a Nylon microfiber found in the pycnocline sample. The panels on the right display the corresponding PiFM point spectra; the location where point spectra were recorded is indicated with in the topography maps.


2.3 Polyethylene nanoplastics from the South Atlantic Ocean
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Figure S7 | Polyethylene nanoplastics found in the pycnocline. AFM topographic images (left) and IR maps recorded at the polyethylene (PE) C-H2 bending peak at 1460-1470 cm-1 2,22 and the C-H3 bending peak at 1380 cm-1 22(middle), the latter indicating PE degradation (middle bottom). Panels right display the corresponding PiFM point spectra of the PE nanoplastics from the pycnocline (60 m); locations indicated with red x in the topography maps. The C-H2 bending peak at 1460-1470 cm-1 is indicated with a red bar and the C-H3 bending peak at 1380 cm-1 with a blue bar in the spectra.




2.4 Fibers from the South Atlantic Ocean surface
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Figure S8 | Cellulose and Nylon fibers found at the ocean surface. AFM topographic images (left) and IR maps recorded at the S=O stretch vibration at 1173 cm-1 (middle top), the C-O-C stretch vibration at 1150 cm-1 (middle 2nd from top), and 1100 cm-1 22,25(middle 3rd from top) of sulfonated cellulose. Cellulose fibers, e.g. synthetic cotton, are often sulfonated to make them flame-resistant. The bottom row displays an AFM topographic image (left) of a Nylon fiber and the corresponding IR map recorded at the C=O stretch vibration at 1630 cm-1 2(middle). Panels right display the corresponding PiFM point spectra of the fibers from the ocean surface (5 m); location indicated with a red x in the topography maps.


2.5 Estimating nanoplastic concentrations in the South Atlantic Ocean
From the data collected with PiFM, we estimated the concentrations of nanoplastic particles in the South Atlantic Ocean (Table S2). For this, we prepared 3 SiO2/Si(100) sample carriers per sample with each 10 μL of the respective sample. For every carrier, we recorded PiFM maps on multiple locations. Next, we assessed the number of particles found in all individual scans (N.B. this could also be 0) and then calculated the average number of particles per μm2 for each sample carrier assuming equal distribution after spin coating. From this particle number surface density, we estimated the total number of particles on the whole sample carrier, in turn providing the number of particles in the spin coated volume. From this the particle number per unit volume (here mL) was calculated for each sample carrier, which provided average and standard deviation because three repetitive measurements (3 sample carriers) were made for all samples (different depths). The result of this estimation is provided in Table S2 and only reported for PET, where a significant number of particles was found.

	Depth
	Polymer
	Particles
	Total area scanned (μm2)
	Concentration (particles/mL)
	Quantity (ng/mL)a

	5179 m (bottom)
	PET
	12
	1925
	8.56*107 ± 4.12*107
	52.7 ± 29.8


Table S2. Estimated concentrations of the PET nanoplastics found in the South Atlantic Ocean,
a Assuming 100 nm (diameter) spheres and a density of 1.38 g/cm3 for PET.

The values we obtained in this way for PET nanoplastics at the bottom of the South Atlantic Ocean, are in the same range as those reported by an earlier study (107-109 particles per mL) that investigated nanoplastics in aquatic environments at different locations in Sweden using nanoparticle tracking analysis (NTA)26, which does not discriminate between plastic species.
Larger microplastics (PE, PS, and PP), on the other hand, have been reported in much lower concentrations of 10-3-10-4 particles per mL in the Atlantic Ocean at 10-270 m depth 27. The nature of the nanoplastics we found in the pycnocline (60 m depth) in this study matched well with the PE and PS microplastics found by Pabortsava et al at similar depths 27. In oceanic surface waters, microfibers have been found in concentrations of 10-2-10-5 fibers per mL and 80% of the synthetic fibers were cellulosic 28. The nature of the microfibers found there also corresponds well with the nanosized cellulose fibers that we found here in the surface layer of the South Atlantic Ocean. However, to further substantiate our estimated concentrations (note that estimating concentrations was not the purpose of this study), the results should be complemented with a bulk method that can assess very low concentrations of nanoplastics reliably. For example, Materić et al. used thermal desorption−proton transfer reaction−mass spectrometry (TD-PTR-MS) to detect micro- and nanoplastics in alpine snow 29,30. After filtering the snow samples with a 0.2 μm filter, they found concentrations of PET nanoplastics between 4.6 and 23.6 ng/mL in alpine snow 29. If we assume in our data an average PET nanoparticle size of 100 nm and a density of 1.38 g/cm3, we arrive at an estimated quantity of 52.7 ng/mL PET nanoplastics at the bottom of the South Atlantic Ocean. This is of the same order of magnitude as determined by Materić et al. 29.




S3. PET nanoplastics formed during degradation experiments in the laboratory
3.1 End group ratio analysis
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Figure S9 | A) Average PiFM point spectra of PET nanoplastics after 1, 2, 4, and 8 weeks of aging. (B) Ratio of the peak intensity of the 1740 and 1725 cm-1 absorption bands versus aging time indicating hydrolysis as the dominant degradation mechanism. Bubble diameters in B) indicate each particle’s size, where particle diameters from 0-350 nm are indicated in blue, those between 351-450 nm in green, and particles with diameters >450 nm in red.
	Sample name
	1740/1725 ratio
	N
	Average diameter (nm)

	PET 1w
	0.35 ± 0.08
	15
	325 ± 125

	PET 2w
	0.43 ± 0.04
	5
	304 ± 80.6

	PET 4w
	0.55 ± 0.03
	4
	278 ± 64.5

	PET 8w
	0.58 ± 0.11
	5
	271 ± 104

	PET pH=12; 4w
	1.08 ± 0.17
	4
	50.7 ± 31.0

	PET bulk
	0.38 ± 0.01
	12
	N.A.


Table S3. Ratios between 1740 and 1725 cm-1 absorption bands for lab-degraded PET samples.
3.2 PET Nanoplastic Formation at pH = 12
To verify our hypothesis that hydrolysis was indeed a degradation mechanism resulting in the formation of PET nanoplastics, we also aged PET in a basic environment at pH=12. One would expect a higher rate of degradation in this case, since hydrolysis is catalyzed by OH- 4. The results obtained by PiFM again showed the formation of nanoplastics (Figure S10). The PiFM spectrum of the PET nanoplastic after 4 weeks of aging (Figure S10C) shows that the ratio between the peaks at 1740 and 1725 cm-1 was significantly increased in comparison to the peak ratios found for the samples that were aged in neutral environments. This increase of the ratio from 0.55 ± 0.03 in a neutral environment to 1.08 ± 0.17 at pH=12 (see also Table S3) proves that the hydrolysis rate was much higher at pH=12 and consequently more terminal terephthalic acid groups had been formed.
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Figure S10 | (A) AFM topographic image of PET nanoplastics after 4 weeks of aging at pH=12. (B) Corresponding IR image at the C=O stretching peak at 1725 cm-1. (C) PiFM point spectra obtained on the PET nanoplastic particles (red), ATR-IR bulk reference (black) and on a bare SiO2/Si(100) wafer (blue).
3.3 Particle size analysis and concentrations of PET nanoplastics from PiFM images
	PSD and concentrations of the PET nanoplastics were determined via PiFM images recorded at 1725 cm-1. The resulting particle diameters are pixel-based values. Further details about the methodology of obtaining PSD from PiFM images can be found in reference 16. We prepared 2-4 SiO2/Si(100) sample carriers per sample with each 10 μL of the respective sample. As mentioned above, of every carrier, we recorded PiFM maps on multiple locations. Next, we assessed the number of particles found in all individual scans (N.B. this could also be 0) and then calculated the average number of particles per μm2 for each sample carrier assuming equal distribution after spin coating. From this particle number surface density, we estimated the total number of particles on the whole sample carrier, in turn providing the number of particles in the spin coated volume. From this the particle number per unit volume (here mL) was calculated for each sample carrier, which provided average and standard deviation because multiple repetitive measurements (multiple wafers) were made for all samples (weeks 1, 2, 4, 8). For the 2 weeks sample no average and standard deviation was determined as only one wafer was analyzed.
The results of the analysis are presented in Figure 2B (main text) and Table S4 and clearly showed that the mean nanoparticle size of aging PET decreased from 130 nm to 54.6 nm going from week 1 to week 8. We also saw that the concentration increased from 7.50*108 particles/mL to above 109 particles/mL within 4 weeks. Moreover, when we compared PET nanoplastics after 4 weeks of aging in a neutral environment to PET after 4 weeks of aging at pH=12 we saw that the mean particle sizes were similar at 62.1 nm and 61.4 nm, respectively. This suggests that the mean nanoplastic particle size is not necessarily related to the hydrolysis rate. However, the particle concentration was almost a factor 2 higher at pH=12 (2.03*109 particles/mL) compared to the neutral aging environment (1.31*109 particles/mL). This confirms that the presence of OH- catalyzes degradation of PET into nanoplastics via the hydrolysis mechanism.

	Sample
	Number of particles
	Total area scanned (μm2)
	Concentration (particles/mL)
	Quantity (μg/mL)a

	PET 1w
	86
	3429
	2.89*108 ± 3.88*107
	0.46 ± 0.06

	PET 2w
	8
	55
	1.20*109 ± n.a.
	n.a.

	PET 4w
	100
	875
	1.31*109 ± 2.12*108
	0.23 ± 0.04

	PET 8w
	109
	1976
	1.09*109 ± 1.48*109
	0.13 ± 0.17

	PET pH=12
	200
	601
	2.03*109 ± 2.11*109
	0.34 ± 0.35


Table S4. Estimated concentrations of PET nanoplastics produced in lab-based experiments in salt-water and in the absence of light. a A density of 1.38 g/cm3 was used to determine the quantity of PET.

PiFM images recorded at 1725 cm-1 were used for the PSD and concentrations, but when this information was linked to the AFM topographic images, the 3D shape of the PET nanoplastic particles could also be analyzed. When the Z height was plotted versus the XY diameter (Figure 2D, main text) we noticed that all particles were relatively flat, i.e. the XY diameter was mostly larger than the Z height of a particle. We also noticed that the aspect ratio (XY/Z) increased with the particle size, which means that larger particles are flatter compared to smaller ones. For example, particles between 15 and 30 nm in XY are on average 16 ± 2.5 nm in Z with an aspect ratio XY/Z=1.4 ± 0.3, whereas particles larger than 400 nm in XY are on average only 88 ± 32 nm in Z with an aspect ratio XY/Z=5.9 ± 2.0. To indicate the difference between naturally formed nanoplastics and reference materials used in e.g. toxicology studies, polystyrene (PS) size standards (20, 70, 150, and 400 nm) 16 were also plotted in Figure 2D (main text). The sizes of the PS standards were determined in our previous study, using a semi-automated script 16. When the PS particles agglomerated, the segmentation threshold had to be increased to enable the script to recognize individual particles. Therefore, the spread in XY was relatively large. These findings indicate that “real-life nanoplastics” have a significantly different shape than the nanoscale polymer beads used as reference material in laboratory studies 31,32.


3.4 Polarizer experiments
A spectral detail that stood out in the analysis of PET nanoplastics (see Figure S11) was the omnipresent peak around 1740 cm-1. This peak was not seen in the ATR-IR spectrum of bulk PET (black line) and we assigned this peak to C=O stretching vibrations of terminal terephthalic acid groups, that originated from hydrolysis. Bulk PET also contains carboxylic acid end groups, but the ratio between carboxylic acid carbonyl groups and ester carbonyl bonds is much lower than that of PET nanoplastics due to much longer polymer chains in bulk PET. Besides, PiFM is a near-field technique with a probing depth of ~30 nm and PiFM spectra are therefore, unlike bulk techniques, dominated by the signal of surface groups.
To investigate whether the peak at 1740 cm-1 is a local effect of molecular orientation, we have also recorded PiFM spectra using only s-polarized IR light. In both cases, i.e. using non-polarized and s-polarized light, both the peaks at 1725 and 1740 cm-1 are still present (see Figure S12), but the ratio 1740/1725 increases from 0.63 to 0.91 when using s-polarized light only. This could indicate that the vibration probed at 1740 cm-1 has a preferential orientation parallel to the sample surface. It is however not straightforward to generalize this hypothesis to all PET nanoplastics, since PiFM spectra are recorded very locally.
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[bookmark: _Hlk26971911][bookmark: _Hlk26972216][bookmark: _Hlk73363293]Figure S11 | AFM topographic images (A, B) and IR maps recorded at the C=O stretching peak at 1725 cm-1 of PET nanoplastics (C, D) found in samples aged for 1 week (A, C) and 8 weeks (B, D). Panels E and F display the corresponding PiFM IR point spectra of PET nanoplastics indicated in red and compared with PiFM IR point spectra recorded for the bare SiO2/Si(100) wafer that was used as the sample carrier (blue). The positions of the point spectra are indicated in the topographic maps. The PiFM IR spectra are further compared to bulk reference spectra recorded with ATR-IR (black) for pure PET. The colored regions in the spectra indicate the C=O stretching peak (yellow), the wagging vibration modes of the ethylene glycol segment (green), the C-O stretching vibrations (blue), and the vibrations from the terephthalate group (magenta).
[image: A picture containing chart

Description automatically generated]
Figure S12 | (A) AFM image of PET 8w and (B) corresponding IR image at 1725 cm-1. (C) PET and terephthalic acid molecules indicating which vibrations cause the absorption bands at 1725 and 1740 cm-1, respectively. (D) PiFM point spectra (black X in (A) indicates where the spectra were taken) with and without polarizer. Note that s-polarized light has an intensity that is only ~10% of the non-polarized light. Therefore, the signal of the red spectrum in D is much lower and the noise is higher than of the black spectrum.
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