Photothermal Infrared Imaging: Identification and
Visualization of Micro- and Nanoplastics in Environmental
Matrices

Ilia M. Pavlovetc®™", Kirill Kniazev®!, Junyeol KimP, Kyle Doudrick®", and Masaru Kuno®®"

2Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, IN
46556,USA
PDepartment of Civil and Environmental Engineering and Earth Sciences, University of Notre
Dame, Notre Dame, IN 46556
‘Department of Physics, University of Notre Dame, Notre Dame, IN 46556, USA

ABSTRACT

Infrared photothermal heterodyne imaging (IR-PHI) is an established all-optical, table-top approach for con-
ducting super-resolution mid-infrared microscopy and spectroscopy on submicrometer-sized particles. The in-
strument’s capabilities are highlighted by its ability to operate in spectroscopically-crowded environments. This
includes specimens obtained from environmental matrices where particulates with different morphologies, chem-
ical compositions, and abundances exist. Here, proof-of-concept IR-PHI measurements have been conducted on
anthropogenic micro- and nanoplastics (MNPs) derived from the breakdown of consumer products. In particular,
IR-PHI is used to characterize MNPs extracted from steeped plastic teabags and floor dust from a household vac-
uum. IR-PHI results reveal the presence of complex MNP structures made of polyamide fibers and acrylonitrile
butadiene styrene MNPs.
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1. INTRODUCTION

Plastics are ubiquitous in modern society. Inevitable degradation results in the presence of micro- and nanoplas-
tics (MNPs) in the world’s seas, oceans, mountains, and urban environments.’'?> Recent reports additionally
reveal the intended and unintended presence of MNPs in consumer products, including tea,? infant feeding bot-
tles,* seafood,” 7 table salt,® beverages,® cosmetics,'% ! and toothpaste.'? There is growing concern,'®>1® about
the effects of MNPs on human health,'® especially given their small size (0.01-100 ym) and chemical complexity.'”

MNPs have been studied using various analytical techniques. No single approach, however, fully accounts
for their complexity in terms of size, morphology, chemical composition, and environmental fate. Thermal
analyses provide data on polymer type and information regarding the presence of chemical additives. They
are destructive, though, and require complex data deconvolution due to overlapping thermal transitions.'”!?
Thermal decomposition techniques additionally yield only total mass data for MNPs. MNP sizing and counting
lie beyond its capabilities. In contrast, electron microscopies readily characterize NMP size and shape. However,
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they provide highly restrictive chemical information. This results in a high percentage of false positives when
trying to identify MNPs.!?

Vibrational spectroscopies/microscopies such as Fourier Transform Infrared (FTIR) or Raman are non
destructive techniques, and more relevantly, provide chemical specificity. Unfortunately, their spatial resolution
is limited by the optical diffraction limit to values on the order of half the wavelength of light. For FTIR,
this means length scales on the order of ~ 5 ym. For Raman, use of a visible laser results in an improved
spatial resolution of order ~ 300 nm. Raman, however, is less sensitive than infrared (IR) absorption given small
scattering cross-sections ~10 orders of magnitude smaller than corresponding infrared absorption cross-sections.
Raman additionally suffers from interference due to specimen autofluorescence.

We have recently developed a far-field, super-resolution IR imaging technique, called IR Photothermal
Heterodyne Imaging (IR-PHI). The technique is capable of chemically characterizing individual particles.??3° Of
note is that IR-PHI possesses a spatial resolution below the IR diffraction limit.23 2831734 Tts operating principle
is the detection of photothermal changes induced in a specimen following its absorption of IR radiation. IR-
PHI’s super-resolution (~300 nm) comes from its use of a visible “probe” laser to quantify induced photothermal
changes. IR-PHI is also notable in that it reports on specimen IR absorption as opposed to extinction. This is
important in microparticle studies to avoid unwanted Mie scattering artifacts.?>3¢ Olson et al. have exploited
this to perform physicochemical and spectroscopic analyses of ambient aerosol particles over a vast range of sizes
(0.4 — 5 pm).37

Here, we apply IR-PHI to identify and characterize MNPs in environmental matrices. The study comprises
of two samples with varying degrees of complexity. The first involves MNPs, leached from plastic teabags.? The
second demonstrates IR-PHI’s analytical possibilities by testing its imaging and spectroscopic capabilities on
untreated household vacuum dust. Both are thought to contain MNPs, linked to the degradation of plastic-
containing consumer products such as nylon teabags, plasticware, and carpet.

2. MATERIALS AND METHODS

IR-PHI measurements. The IR-PHI setup consists of a tunable, pump laser, which is a pulsed (A = 5.4 —9.6
pm, 7 = 1040 — 1840 cm~!) mid-infrared optical parametric oscillator (OPO, M Squared Lasers). A continuous
wave (CW), 532 nm, diode-pumped solid state laser serves as the probe. The OPO output is focused onto a spec-
imen coverslip using a reflective objective (Ealing, 0.65 NA). Probe light is focused onto the same spatial location
using a refractive objective (Nikon, 0.95 NA).2? Objectives are arranged in a counterpropagating geometry to

maximize IR-PHI’s spatial resolution.?3

Samples are deposited onto CaF5 coverslips (Crystran) and are raster scanned through mutual pump and
probe focii using a closed-loop, nano-positioning stage (Mad City Labs). Scan ranges are limited to 300x300
m? with typical step sizes between 0.05 and 1 pum. Corresponding pixel dwell times range from 10 to 100 ms.

Pump-induced changes to specimen refractive indices/scattering cross sections are detected via intensity
modulation imprinted onto scattered probe light.?® Scattered probe light is collected with the same refractive
objective used to focus it and is directed onto a Si photodiode. An IR-PHI signal is then extracted using a
lock-in amplifier (Zurich Instruments, MFLI) referenced to the OPO repetition rate. A detailed description of

the IR-PHI instrument and operating principle can be found in Reference 2°.

Sample preparation. MNPs from plastic teabags were prepared using a procedure near identical that
used previously.? Locally purchased plastic teabags were cut open, emptied, rinsed with ultra pure water (UPW,
18.2 M cm), and dried in a fume hood. Emptied and cleaned teabags were then steeped in boiled UPW water,
cooled to 95 °C, for 5 minutes.

Floor dust was collected from a household vacuum cleaner. Samples were dispersed in UPW at an estimated
concentration of 5.6 g/L and stirred at 300 rpm with a magnetic stirrer for 96 hours. This ensured that sample
fibers/particulates were disentangled.



Specimens for IR-PHI measurements were prepared by drop casting teabag/floor dust suspensions onto
CaFy coverslips. Teabag (floor dust) suspension volumes of 1.0 mL (250 uL) were used. CaFy coverslips were
pre-cleaned with methanol/acetone and were flamed/plasma cleaned prior to use. Before conducting imaging
studies, IR-PHI spectra were first acquired on individual particles located visually on substrates. This enabled
their chemical confirmation and also allowed for proper selection of IR-PHI imaging energies.

3. RESULTS AND DISCUSSION
3.1 Plastic teabags
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Figure 1: (a) FTIR spectrum of bulk nylon. IR-PHI spectra of individual MNP particles labeled
particle 1 and particle 2. IR-PHI imaging wavenumber indicated by an asterisk. (b) Low magnifi-
cation 1637 cm~! IR-PHI image of individual MNPs from a steeped 95 °C teabag suspension. (c)
High magnification IR-PHI image of the marked area in panel (b).

Figure 1a first shows the FTIR spectrum of bulk nylon. Its 1637 cm ™! C=O0 stretch has been selected for
subsequent IR-PHI imaging due to its prominence. Figures 1b,c show resulting 1637 cm~! IR-PHI images of
MNPs leached from 95 °C steeped plastic teabags. Specifically, Figure 1b shows a low magnification 15 x 15
pm? IR-PHI image, acquired with a step size of 500 nm and a corresponding pixel dwell time of 30 ms. The
total image acquisition time is under 1 minute.

Figure 1c shows a zoomed-in 6 x 6 um? view of the selected area in Figure 1b. A corresponding step
size (dwell time) is 100 nm (100 ms) with a total acquisition time under 7 minutes. Immediately apparent
are irregularly-shaped particles with the particle numbered 2 exhibiting heterogeneity in its absorption intensity.
Low and high absorption regions are evident and likely stem from the particle’s irregular morphology. Associated
single particle IR-PHI spectra in Figure la reveal that all observed particles are nylon. Identical results from
other areas of the same specimen confirm MNP extraction from steeped plastic teabags.

An approximate concentration of leached MNPs is 5.3 x 107 cm™2 from a single teabag. This value is ~30
times smaller than that previously reported by Hernandez et al.®> (1.5x10° cm™2 from a single teabag). The
discrepancy originates from the visualization method used to estimate leached MNP concentrations. Hernandez
et al. use scanning electron microscopy (SEM) to estimate particle densities. By indirect correlation to FTIR
results, they suggest that the densities obtained are leached MNP densities. Given that SEM provides no direct
chemical information about the particles being observed, SEM-derived densities should be considered an upper
limit. IR-PHI derived densities, by contrast, represent a lower limit since even though IR-PHI possesses chemical
sensitivity and selectivity, its current detection limit restricts it to visualizing MNPs with dimensions larger than
~300 nm.



3.2 Floor dust

Next, despite the ubiquity of plastics in household items such as clothing and carpet as well as washing clothes
being a known anthropogenic contributor to plastic waste,?® 39 we know of no study that has probed for MNPs in
a household environment. We have therefore examined vacuumed, household floor dust using IR-PHI to establish
its applicability to studying MNPs in complex and possibly spectrally-congested environments.
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Figure 2: Same area IR-PHI images of household floor dust acquired at (a) 1637 cm~! and (b)
1585 cm™!. (c) Local IR-PHI spectra of indicated regions, showing fingerprint features of both
polyamide and ABS plastics. Imaging wavenumbers indicated by asterisks.

Figures 2a,b display large area (100x100 pm?) IR-PHI images of floor dust imaged at 1637 cm~! and
1585 cm~!. The former energy has been chosen because it corresponds to polyamide’s (i.e. nylon’s) prominent
C=O0 stretching. The latter 1585 cm ™! energy corresponds to a characteristic C=C aromatic ring stretching of
Acrylonitrile Butadiene Styrene (ABS), a common household plastic. Images have been acquired with a step
size of 1 pm and a corresponding pixel dwell time of 30 ms. Image acquisition times are ~5 minutes each. The
appearance of features in Figures 2a,b suggests that large and small MNP agglomerates exist in household

floor dust.

To highlight IR-PHI’s ability to operate in spectroscopically crowded environments, the central MNP
agglomerate (highlighted by dashed white lines) is more carefully examined. Comparing Figure 2a to Figure
2b reveals that local spectral differences exist. Features imaged at 1637 cm ™! are absent when imaged at 1585
cm~! and vice versa. In particular, Figure 2a exhibits a very strong 1637 cm~' IR-PHI signal at position 1,
which disappears when imaged at 1585 cm~! (Figure 2b).

Local IR-PHI spectra confirm these differences. Figure 2c shows an IR-PHI spectrum taken at position
1. The spectrum possesses infrared transitions characteristic of ABS. Most prominent is a strong 1585 cm™!
resonance, assigned to ABS’s C=C aromatic ring stretch (highlighted blue). Between 1300-1500 cm~! other
characteristic ABS C-C aromatic ring stretching and CHs bending resonances exist. This should be contrasted
to a second IR-PHI spectrum, acquired at position 2. The latter spectrum shows a qualitatively different profile,
which more closely resembles that of polyamide (see Figure 1). Of note is polyamide’s characteristic 1637 cm !
C=0 resonance highlighted red. Existence of both plastics in floor dust is expected as many carpets contain
nylon. ABS is ubiquitous in consumer plastics.

CONCLUSIONS

We have demonstrated IR-PHI’s ability to image and spectroscopically identify MNPs in two environmental
matrices: steeped plastic teabag suspensions and household floor dust. The approach addresses existing analyt-
ical limitations for characterizing MNPs. Specifically, IR-PHI possesses a spatial resolution below the infrared



diffraction limit. As such, it can operate in spectroscopically congested, real world environments. IR-PHI is also
sensitive and can spectroscopically interrogate individual MNP particles. Its chemical specificity further permits
studies of chemical changes incurred upon MNP degradation. Future developments to IR-PHI will increase its
sensitivity and along with the introduction of widefield modalities will dramatically increase its ability to identify,
quantify, and study environmental MNPs.
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