A “Nonlinear” Pursuit of Understanding Pollutant Accumulation and Chemistry at

Environmental and Biological Interfaces

Andrew P. Carpenter-*, Thaddeus W. Golbek?

1School of Chemical, Biological, and Environmental Engineering, Oregon State University, Corvallis, Oregon, 97331

2Department of Chemistry, Aarhus University, 8000 Aarhus C, Denmark

* Author to whom correspondence should be addressed: carpeand@oregonstate.edu

Abstract

Over the past decade, public recognition of the prevalence of certain classes of pollutants, such as
PFAS and nanoplastics, within the environment has sparked growing concerns over their potential
impact on environmental and human health. Within both environmental and biological systems,
the adsorption and structural organization of pollutants at aqueous interfaces can greatly impact
the chemical reactivity and transformation. Experimentally probing chemical behavior at
interfaces can often pose a problem due to bulk solvated molecules convoluting molecular
signatures from interfacial molecules. To solve this problem there exist interface-specific nonlinear
spectroscopy techniques that can directly probe both macroscopic planar interfaces and nanoplastic
interfaces in aqueous environments. These techniques can provide essential information such as
chemical adsorption, structure, and reactivity at interfaces. In this perspective, these techniques
are presented with obvious advantages for studying the chemical properties of pollutants adsorbed

to environmental and biological interfaces.



Introduction
At present, public anxieties are rising over nanoplastics (diameter < 1 pm) and

perfluoroalkyl substances (PFAS) given their alarming concentrations and pervasiveness within
the environment.!-¢ These compounds belong to a larger list of pollutants (ex. polycyclic aromatic
hydrocarbons — PAH, polychlorinated biphenyls — PCB, pharmaceuticals, etc.) and understanding
the impact of their presence in our environment is an urgent task.” In response to concerns over
adverse health effects by exposure to pollutants, significant attention has been directed towards
understanding the fate and transport of pollutants through the environment and the associated risks
of exposure to humans and other hosts. Due to the amphiphilic nature of many pollutants it should
be expected that they will accumulate at environmental interfaces, for example PFAS adsorbing to
the air-foam interface.® Other types of interfaces found within our environment include water (air-
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water, mineral-water, etc.), aerosol, emulsion, and nanoplastic interfaces.
PFAS at the air-water interface within the aqueous thin films of foams near highly contaminated
sites provides an important illustration of how pollutants accumulate at environmental interfaces
in ways that have important health implications. At one site it was found that PFAS concentrations
were enriched by over 1000 fold in the foam.!? This translates into increased exposure risks for
humans as the foam collects at the shoreline. Thus, it is critical to develop a fundamental
understanding of pollutants at all interfaces, as molecular structure and activity can drastically
change as pollutants adsorb to aqueous interfaces, compared to bulk properties.!* '* Furthermore,
for nano-scale material pollutants, such as nanoplastics, the formation of the bio-corona at the
nanoparticle interface defines the identity of the nano-material in the environment.* 1>
Environmental interfaces, however, aren’t the only surfaces that should be considered in

the study of interfacial chemistry of pollutants. Once a host (human or ecological) is exposed to

pollutants, the interaction that occurs at the pollutant nanoparticle or membrane interface becomes



important. Understanding how PFAS incorporate into the lipid bilayers of various tissues, how
eco- and bio-coronas around nanoplastics alter their membrane interactions and transport through
the body, and whether certain pollutants are capable of crossing tissue barriers are all examples of
important health related questions rooted in the interfacial chemistry of pollutants at membrane
surfaces.

But how does one measure reaction kinetics at aqueous surfaces, determine molecular
structure, and/or measure the adsorption of pollutants to complex and often buried interfaces?
When does curvature and size of a nanomaterials, whether they be particles, emulsion, or lipid
vesicles, begin to influence pollutant adsorption and chemistry? Embedded in these questions, and
others, is a need to isolate the molecular interactions of interfacial bound pollutants from that of
unbound pollutants.

The present challenge for common experimental techniques is lack of either a chemical
specificity or an interface specificity. The latter experimental feature is distinguished from
interface-sensitivity because to be interface sensitive, as opposed to specific, still allows for a
convolution of experimental signatures of both “near interfacial” and interfacial chemicals. An
example of this characteristic would be the sea-surface microlayer (SML).!® SML sampling
methods need to be interfacially sensitive (ex. rotating drums or glass plates),!” but the physical
region these methods probe will be much deeper than the first few molecular layers that form the
interfacial region. Experimentally probing the chemistry of pollutants at nanoparticle or vesicle
surfaces becomes even more challenging due to the buried nature of these interfaces. Current
methods of directly probing molecules at extended planar or nanoparticle surfaces include Fourier
transform infrared spectroscopy, circular dichroism spectroscopy, two-dimensional infrared (2D-

IR) spectroscopy, and intrinsic/extrinsic fluorescence.!® ' However, these methods do not



discriminate between molecules at the interface and those unbound in solution. In addition, these
methods will not be able to resolve molecular structure or orientation at the interface.

To overcome these challenges, second-order nonlinear spectroscopies offer an inherently
interface sensitive approach to probe the chemistry of pollutants adsorbed to environmental and
biological interfaces. Second-order nonlinear spectroscopies are surface-specific methods that can
be built to detect the chemical signatures of pollutants adsorbed to extended planar interfaces or
the surface of nanoparticles dispersed in a solvent. In this perspective we present the two most
common methods, vibrational sum-frequency generation (VSFG) and second-harmonic generation
(SHG), and consider how these techniques could be used to study the chemical behavior of

pollutants adsorbed to environmental and biological interfaces.

Surface-Specific Nonlinear Optical Spectroscopies

Vibrational sum-frequency generation and second-harmonic generation spectroscopies are
two interface-specific methods capable of detecting changes in the composition and molecular
structure at interfaces.? VSFG measures the vibrational spectrum of adsorbed pollutants and
ordered water at interfaces,?' while SHG measurements are sensitive to ordered interfacial solvents
or the presence of adsorbed chromophores in its non-resonant*> 23 and resonant>* 2 variations,
respectively. While other optical spectroscopies, such as infrared reflection adsorption
spectroscopy (IRRAS), are considered interface-sensitive, the interface-specificity of VSFG and
SHG comes from the selection rule that any chemical environment must be asymmetrically ordered
to generate a VSFG or SHG signal. Two illustrations of the difference between interface specificity
versus sensitivity can be found in the ability of VSFG, but not infrared spectroscopy, to detect

unbound water oscillators in the topmost layer of water at an aqueous interface or the surface-most



layer of polymer thin films.?6-2® Thus, the use of these spectroscopies to study pollutants directly
at aqueous interfaces is a straightforward extension of previous applications.

VSFG and SHG techniques are collectively known as second-order nonlinear
spectroscopies. The theory underlying second-order spectroscopic methods has been well
established, with both mathematically rigorous?® 3° and introductory?!- 3! descriptions available.
Herein, we describe the information accessible by both spectroscopic methods and provide
examples of model environmental and biological interfaces before turning to consider how these
methods can be applied to study the interfacial chemical behavior of pollutants.

Vibrational Sum-Frequency Generation
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Figure 1. Illustration of experimental geometries (left) and Jablonski diagrams (right) for vibrational sum-frequency generation
(VSFG) and second-harmonic generation (SHG). Inset in both illustrations is the general equation for the intensity of each second-

order nonlinear process.

In the typical VSFG experiment, the sum-frequency response is generated from an aqueous
interface by overlapping a mid-IR pulse and a fixed frequency visible pulse at the interface (Figure
1, top).>?3 The mid-IR pulse frequency will vary between 1000-4000 cm’!, with the pulse
bandwidth dependent on the experimental system used in the VSFG study. The intensity of the

sum-frequency response is dependent on the intensity of the incident infrared and visible laser



pulses, as well as the second-order surface susceptibility (y®). The second-order susceptibility
(x@ o N(B@))) includes contributions from the surface concentration (N) and average orientation
of the molecular hyperpolarizability ({8®)) being measured.?'- 2 For a vibrational mode to appear
in a sum-frequency spectrum it must be IR and Raman active and the molecule must have a net
orientation (i.e. not isotropically distributed).?' Therefore, a VSFG spectrum contains information
pertaining to the molecular surface density, the local chemical environment, and molecular
structure and orientation. For a comprehensive introduction to VSFG, a tutorial series has recently
been assembled that approaches both the experimental and theoretical aspects of this technique.!"
35-42

SHG is governed by similar principles as VSFG, except the two incident excitation pulses
are degenerate (Figure 1, bottom). In a SHG experiment, a single pulsed laser is incident on the
interfaces and the intensity of the second harmonic of the incident beam is detected. Similar to
VSFG experiments, the intensity of the second-harmonic response is dependent on the second-
order susceptibility and the intensity of the incident beam. However, the composition of the
second-order susceptibility will change depending on whether the two incident pulses in an SHG
experiment are resonant’* 2° or non-resonant?? with an electronic excitation at the surface. For the
resonant SHG case, where the energy of the two incident pulses is sufficient to excite an electronic
dipole, the experiment is sensitive to the orientational ordering of whichever chromophore (e.x.
malachite green) is adsorbed to the surface. In the non-resonant SHG case, where the energy of
the two incident pulses is less than that required to excite an electronic dipole, the SHG experiment
becomes a probe of the orientational ordering of interfacial water and interfacial electric fields.?>
23,4347 Tt is noted that these solvent contributions will negligible in the resonant SHG condition

due to the resonant enhancement of the electronic excitation being the dominant SHG response.



While VSFG and SHG experiments are commonly used to probe planar interfaces, the
techniques have progressed and enabled researchers to study the interface of micro- and nano-
particle dispersions. First demonstrated in the 1990’s,*® 4 second-harmonic scattering (SHS)

spectroscopy in both the resonant* and non-resonant** >°

conditions has emerged as a powerful
probe to understand molecular adsorption and the electric double layer at particle interfaces. A few
years later, in 2003,%' vibrational sum-frequency scattering (SFS) was first demonstrated leading
to the experimental capability to measure vibrational spectra of nanoemulsion®* >* vesicle,>* and
water droplet®> 3¢ interfaces. Collectively, SHG and VSFG, and their scattering counterparts,
provide the essential interface-specificity experimental capabilities and have the potential to prove

invaluable to understanding the pollution chemistry at environmental and biological interfaces.

Model Environmental Interfaces

Interface-specific nonlinear spectroscopies are already being applied to study some
environmentally relevant interfaces. For instance, the air-water interface has historically been used
as a model for aerosol interfaces. Here, VSFG has been used to study the reaction between CO2
and monoethanolamine (a benchmark scrubber)®’, the hydration states and interfacial behavior of
secondary organic aerosol precursors,® > changes in the protonation state of fatty acids,*® and
have observed the enhanced reaction rates of phenol radicals.'* At the oil-water interface, a model
interface used for oil spills, SHS and SFS studies have revealed the impact of interfacial electric

S61, 62

fields on surfactant adsorption to nanoemulsion surface and provided insight into the

stabilization of oil droplets by a component of the oil dispersant Corexit.’>> % VSFG and SHG have

also been used to examine ion driven surface adsorption of carboxyl-containing polymers as a

d64, 65

model for humic aci and investigate the surface pH of aqueous-oil interfaces.®® Lastly,



nonlinear spectroscopic studies of metal oxide nanoparticles have helped provide insight into the
hydration state and interfacial electric fields at their surfaces.¢7> 8
Model Biomimetic Interfaces

Models of biological membrane surfaces have also been studied using interface-specific
spectroscopies. Lipid monolayers at the air-water interface and supported lipid bilayers at the solid-
water interface have been the most common membrane models for surface-specific nonlinear

spectroscopy.>!> 6973

Golbek et al. used lipid monolayers as membrane models to show the
antimicrobial peptide WLBU?2 adopts a B-sheet structure at mammalian membranes but an a-helix
at bacterial membranes, providing molecular insight into its antimicrobial activity.”* Engstrom et
al. studied the interaction between silver nanoparticles and lipid monolayers, resulting in a
mechanistic model to explain size-dependent nanoparticle toxicity.”> Conboy and coworkers found
supported lipid bilayers to be invaluable models to measure the lipid flip-flop rates using VSFG.%
"7 These are but a few of the many VSFG and SHG studies at these planar membrane models.
Recent advances with nonlinear scattering spectroscopies SHS and SFS open new
possibilities with the use of lipid vesicles and lipid stabilized nanoemulsions as 3D membrane
models.>* 7880 For instance, at the nanoemulsion interface it was found LK-peptides orient in an
upright fashion at the particle surface, as opposed to a flat orientation at the extended planar
surface.?! Protein-lipid binding studies are now possible, exemplified by the use of SFS to study
lysozyme-lipid binding where it was shown the protein inserts itself into the lipid surface causing
a conformational change in the lipid acyl chains and a reorientation of the lipid headgroups.®?

Using a vesicle model, Dedic et al. demonstrated SHS can detect a-synuclein binding the vesicle

surface through changes in interfacial water ordering.%’



Monitoring PFAS Adsorption at Environmental Interfaces

As the Environmental Protection Agency (USA) tightens limits on PFAS concentrations in
drinking water (0.02 PPT),%* opportunities arise to understand PFAS adsorption at environmental
interfaces. Much of what is known about PFAS adsorption has been determined from laboratory
experiments of fluorinated surfactants where control can be exerted over the ionic strength and
dissolved organic matter concentrations. From well controlled laboratory experiments it is known
that PFAS bulk properties and surface activity will differ relative to similar hydrogenated
surfactants. PFAS micelle formation will be impacted by elevated Krafft temperature (minimum
temperature required for micelle formation), resulting in changes in solubility and micelle
formation.?> 8 The fluorinated alkyl chains also results in PFAS saturating aqueous interfaces at
lower bulk concentrations and a reduced CMC.% 87 At environmental interfaces, where the
composition of the aqueous sub-phase is not controlled, measuring adsorption becomes more
difficult. One method of measuring PFAS concentrations near environmental interfaces, within the
SML,38 uses glass plates to collect PFAS near the interface.'® The PFAS content on these slides is
then rinsed off, collected, and concentrations measured using analytical methods.!” However, this
method is not surface specific and will collect PFAS that reside below the top-most molecular
layers that constitute the interface. Thus, to experimentally measuring PFAS surface behavior at
environmental interfaces requires methods to detect PFAS chemical signatures with a surface-
specificity.

One challenge in using traditional adsorption experiments, such as tensiometry, to
determine molecular properties at liquid interfaces is the non-specific nature of these experiments.
If the subphase contains unknown ion composition or unknown surface-active organics, any

analysis of surface tensiometry results will be complicated by their presence. The C-F vibrational



modes of PFAS species provides vibrational resonances that are often isolated from other resonant
modes and thus opens avenues to study their adsorption behavior at natural aqueous surfaces.
Interestingly, published VSFG spectra of the C-F stretching region (~1250-1450 ¢cm™!) are rare,
with fluorinated polymers being the focus of the majority of previous studies.®-°! Some published
works have used VSFG to monitor adsorption and calculate molecular orientation of
perfluorononionic acid (PFNA) and fluorinated myristic acid at the air-water interface,’* °> % and
it was recently demonstrated that VSFG spectra of the C-F stretching region can be used to estimate
surface concentrations of PFAS adsorbed to river water-air interface.*

We have recently recorded VSFG spectra of a model PFAS (polyfluorinated
dodecylphosphonic acid, F21-DDPA) at the air-water interface of river water (Willamette River,
Oregon, USA). In order to apply VSFG to measure adsorption isotherms, spectral contributions
from changes in both molecular orientation and surface concentration need to be accounted for.
Calculations of the molecular orientation from VSFG data have previously shown the average
molecular orientation of fluorinated surfactant, including F21-DDPA, is invariant to changes in
surface density.?>°* Thus, it is can be assumed that orientation does not change and that the sum-
frequency amplitude (|Eyspg| = M) will be linearly related to PFAS interfacial density.?!
VSFG spectra of the F21-DDPA C-F stretching vibrational modes were recorded in the PPP
polarization combination at the river water-air interface (Willamette River, pH 7.5). We observe a
linear relationship between PFAS surface density and sum-frequency amplitude (Figure 2). Details
of the VSFG spectrometer used in these experiments can be found in elsewhere.”* At this pH, Fai-
DDPA is insoluble in the river water. Therefore, the surface concentration of F21-DDPA was
directly adjusted by dissolving in CHCl3 and adding the solution dropwise to the neutral river water

surface. After each addition, the C-F stretching spectrum was recorded (Figure 2a). From these

10



spectra the electric field amplitude was calculated from the spectral fits, revealing linear

relationship between sum-frequency amplitude and the known surface density (Figure 2b).
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Figure 2. (a) VSFG spectra of F21-DDPA adsorbed to the surface of Willamette River water — air interface (pH ~ 7.5). Spectra were
recorded in the PPP polarization combination. Solid lines are spectra fits based on standard VSFG fitting (b) VSFG amplitudes for
the vibrational mode at 1378 cm!, determined from spectral fits, plotted as a function of surface concentration. Linear dashed line

is provided as a visual guide to the linear rise in VSFG amplitude.

Combining these VSFG spectra of PFAS at the river-water interface with recently
published work,”* it is clear that VSFG has potential to probe changes in PFAS surface
concentrations at complex aqueous interfaces. However, work is needed to better understand the
C-F vibrational region using VSFG and to push the detection limit towards environmentally
relevant concentrations. For instance, it might be expected the SSP polarization combination would
yield higher signal intensities than PPP and, therefore, be better suited for detecting low
concentrations of PFAS. However, we have found spectral response for this vibrational region is
stronger the PPP polarization combination, consistent with previous VSFG studies involving this
spectral region.** 2 Future work is needed to model the C-F spectral response, which will aid in
moving it towards a better probe of environmentally relevant concentrations. This is necessary as
the bulk concentrations of the data shown here, and from previous work, are at least an order of

magnitude higher than the concentrations found in the most contaminated waters.”> ¢ Future
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application of VSFG to measure environmentally relevant concentrations should aim to detect
interfacial PFAS at bulk concentrations of 1 pg/L or lower. VSFG methods exist that have a lower
detection limit (e.g. heterodyne VSFG and electronic SFG),”7-1% and could possibly be utilized to

pursue adsorption studies at concentrations relevant to PFAS river contamination sites.

Probing Pharmaceutical Adsorption to Nanoplastic Surfaces

The capacity of pollutants to adsorb to nanoparticle surfaces, causing the nanoparticle to
become a reservoir for pollutants, is a phenomena currently being investigated.!?" 192 Adsorption
of pollutants to nanoplastic surfaces can impact fate and transport of the nanoparticles and there
are concerns over how pollutants adsorbed to the nanoplastics alter the toxicity of both the
nanoplastic or pollutant.!'?!- 103106 Yet understanding pollutant adsorption at nanoparticle surfaces
requires direct probing of the particle surface, which is extremely challenging as the particle
surface is buried and distributed throughout a bulk medium. Adsorption studies to extended planar
surfaces can produce relevant results for understanding adsorption at larger microplastic (>10 um)
surfaces, but adsorption to charged nanoplastic surfaces can’t be accurately modeled by studies of
planar interfaces due to interfacial electric fields suppressing adsorption®'> 62 and altering the
interfacial structure of adsorbed materials.>? 107

Nonlinear scattering techniques, such as SHS and SFS, can directly probe nanoparticle
surfaces and thus could provide critical insight into pollutant adsorption to nanoparticle surfaces.
SFS has measured surfactant adsorption to the nanoemulsion surface.’> ¢3! Resonant SHS has

been used to malachite green adsorption to nanoparticle surfaces® and non-resonant SHS has

helped understand electric field effects on surfactant adsorption to nanoemulsion surfaces.®?
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Therefore, these experimental methods have potential to significantly contribute in our
understanding of the interaction of pollutants at nanoparticle interfaces.

Here we illustrate how non-resonant SHS could be used to detect pollutant adsorption at
environmentally relevant concentrations (Figure 3). Non-resonant SHS signal, for these
experiments, is generated from ordered water molecules at the nanoparticle surface.!”® As such,
the SHS signal will contain contributions from the ordered water dipole and interfacial electric
fields through the higher-order y® tensor.2% 19 These effects have been well documented and

have been reviewed elsewhere.!08 110. 111

As a proof of principle, we used non-resonant SHS to
detect the adsorption of acetaminophen to polystyrene nanoparticles (PS-NP). Details of the SHS
system for these experiments have been recently published.!'? Without acetaminophen PS-NP
particles generate a SHS scattering pattern typical of 500 nm PS-NP particles (black trace, Figure
3b).!3 At 10 ng/L acetaminophen, SHS signal intensity is observed to increase slightly (red trace,
Figure 3b) and even more at 1 pg/L acetaminophen (green trace, Figure 3b). The observed increase
in SHS intensity is a direct consequence of acetaminophen adsorption to the PS-NP surfaces.
Further experiments are required to untangle whether pollutant adsorption causes a change in the
SHS signal through a shift in the interfacial electric fields or a reorientation of water dipoles, but
perturbations to either could prove useful in the future as a probe of pollutant adsorption to
nanoparticle surfaces. Notably, the concentrations probed here are on the same order of magnitude
as pharmaceutical pollution found in wastewater and untreated drinking water.!'* '3 If SHS were
combined with SFS, adsorption isotherms could be measured to determine free energies of

adsorption, maximum surface coverage, and the concentrations of pollutants at nanoparticle

surfaces.
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Figure 3. (a) Illustration of non-resonant SHS generation, experimental geometry, and the ordered water dipoles that give rise to
non-resonant SHS signal. (b) SHS scattering patterns measured from PS-NP (500 nm diameter) in the absence (black trace) and
presence of acetaminophen (red trace - 10 ng/L, green trace 1 pg/L). Measurements were made in the PP polarization combination.
Error bars represent the relative standard error.
Nanoplastic Interactions with Biological Membranes

While questions over whether micro- and nanoplastics can be pollution reservoirs, these
particles will become a potential health problem when humans are exposed to the pollutant coated
particles. Nanoparticle toxicity is known to vary with the particle’s physical properties (i.e. size,
corona, charge, etc.),'> 7> 116117 yet the molecular mechanism resulting in particle toxicity is a
topic of ongoing investigation. When a nanoparticle enters the body, its fate can be influenced by
interactions between the particle surface and biological tissue. Coating of the nanoparticle surface
by organic or biological mass (eco- and bio-coronas) and the composition of the cellular membrane
can all have an effect on nanoparticle interaction and subsequent nanoparticle uptake. Therefore,
to develop an understanding of the molecular mechanism of nanoplastic toxicity and how it varies
when the surface is modified, it will be necessary to study how nanoparticles interact with
membrane interfaces.

At biomimetic membranes, VSFG has been used to discern structural perturbations to
membrane structure as a result of nanoparticle adsorption.” 118 119 By observing vibrational

signatures associated with lipid acyl chains and headgroup, the average structural organization of
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lipids within the model membrane can be determined and monitored under varying chemical
conditions. At model cell membranes, the influence of surface coating and particle size/shape on
lipid membrane structure have been studied for Au nanoparticles.” ' Some of these observations
were accompanied by toxicology studies, enabling VSFG to provide a mechanistic explanation for
size dependent nanoparticle toxicity.”> A similar approach can be used to observe nanoplastic
interactions with biological membranes and reveal how membrane surfaces respond to adsorbed
nanoplastics.

Mammalian cell membrane composition consists of nearly 50% phosphatidylcholine
containing lipids.!?* Thus, a monolayer of DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine)
was used as an initial model mammalian membrane. The lipid monolayer was formed by dropwise
addition of a lipid solution to a water surface such that the final lipid density was 53 A2. VSFG
spectra measurements of the DPPC monolayer in absence and presence of PS-NP (Figure 4) reveal
lipid structure is changed in the presence of the nanoplastics. The C-D stretching region (2000 —
2300 cm™!) probes the structural organization of the deuterated lipid acyl chains.!?! In the spectra
shown here, the presence of PS-NP results in an increase in CDj3 intensity and loss of CD: intensity.

This suggests the PS-NP have “snorkeled” through the monolayer, '

compressing the lipids from
a liquid expanded-liquid compressed phase into the liquid compressed phase.>! Changes in the
amplitude ratio between the CD2 and CD3 symmetric stretches have been used to discern changes
in the conformational arrangement of lipid acyl chains.” Increase in the CD3 symmetric stretch
intensity and a decrease in the CD2 symmetric stretch intensity indicate that the lipid acyl chains
contain less gauche defects on average. This spectral change has been observed in VSFG

123

measurements of changing lipid density'= and has since been used to ascertain nanoparticle

induced compression to biomimetic membrane surfaces.”
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Figure 4. (left) VSFG spectra of a deuterated DPPC (53 A?/lipid) in the absence (black) and presence (red) of 500 nm PS-NP. The
CDs and CDz2 peak centers are marked by the vertical solid lines. (right) Illustration of the VSFG experimental geometry and the

compression of the lipid monolayer upon the addition of PS-NP.

Additional VSFG experiments could enable researchers to describe a more complete
picture of the nanoplastic-lipid interaction. For instance, lipid vibrational groups such as the
phosphate and carbonyl stretching vibrational modes can provide additional insight into the
bonding interactions and hydration environment during nanoparticle-lipid interactions.!?4-12°
Further experiments could explore how modifications of nanoplastic surfaces, modeling different

coronas, alter the particle-lipid interaction that could elucidate molecular mechanisms behind

variations nanoplastic toxicity.!% 117

Future Prospects

This perspective has focused on illustrating the application of interface-specific nonlinear
spectroscopies in the study of interfacial pollutant chemistry, with the experiments outlined here
serving to demonstrate how these spectroscopic methods could be applied to the study of pollutant
chemistry at environmental and biological interfaces. These examples have included measuring

adsorption isotherms at complex aqueous interfaces, detecting pollutant adsorption to nanoparticle
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surfaces, and discerning molecular structure and orientation within biomimetic membranes
exposed to pollutants.

While these applications are promising, challenges exist that present technological hurdles
to application and will be important to address. For instance, calculating molecular orientations
relies on accurately measuring the second-order surface susceptibility. For nonlinear scattering
experiments of nanoparticle surfaces, the incident beams pass through the bulk continuous phase
where light absorption can distort the spectra. The process to correct spectra in absorptive media
has already been demonstrated in water-oil systems,'3% 13! but will need to be expanded for
complex aquatic matrices in order to determine molecular orientation at the surface of nanoplastics
dispersed in natural aqueous media. Understanding the contributing vibrational modes in complex
spectral regions will also have an impact on determining the structure of interfacial species.
Resolving the interfacial orientation of PFAS from CF vibrational modes remains a challenge as
computational modeling efforts have varied across studies, leading to inconsistencies in the
calculated interfacial structures.’®> 2 Additional opportunities exist in ensuring spectrometer
detection limits are capable of probing the interfacial behavior of environmentally and biologically
relevant pollutant concentrations. Reliable model systems and experimental capabilities are being
developed to better approximate the complex chemical environment of environmental and
biological interfaces, which will provide solutions to these challenges.

It is worth noting that the illustrative experiments we have presented demonstrate none of
the potential to observe chemical reactions at environmental interface. Since chemical and
photochemical reactions will transform pollutants into new chemical species, it would be
advantageous if the spectroscopic methods presented here could contribute to our understanding

of these chemical transformations occurring within interfacial environments. To that end, recent
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work has demonstrated there is much to be excited about with regards to the measurement of
reaction kinetics at aqueous interfaces. Recent ultrafast VSFG measurements found the
photochemical reaction of phenol becomes ultrafast at the air-water interface, with the reaction
rate increasing ~10* times over the bulk reaction rate.!* Subsequent theoretical work showed the
enhanced reaction rates were the consequence the unique hydrogen bonding environment at the
air-water interface stabilizing the excited electronic state, resulting in a reduced reaction barrier.'3?
Since many persistent pollutants (ex. PAH and PCBs) contain aromatic structures, these studies
could hint at an important role interfaces hold in the transformation of pollutants within the
environment. The approach demonstrated by Kusaka et al. could provide an avenue to study how
the hydrogen bonding environment of the aqueous interfaces impact the chemical reactivity and
transformation of pollutants containing aromatic moieties.

Additional developments have recently successfully applied the suite of nonlinear
scattering spectroscopies (SHS and SFS) to the study of liquid droplets, providing an avenue to in
situ studies of aerosol interfaces. Some of the earliest studies demonstrated non-resonant SHS
could be used to measure the second-harmonic scattering pattern from a water droplet surface and
SFS could be used to measure vibrational spectra of an ethanol droplet surface.'** Resonant SHS
was then used to measure the adsorption of a dye to the surface of 100 nm aerosol surfaces,
demonstrating aerosol surface were accessible with these techniques.!'** More recently, electronic
and vibrational SFS have been used to measure electronic and vibrational spectra of molecules
adsorbed to aerosol surfaces.’> '*> Most intriguingly, when considering probing interfacial
pollutant chemistry, vibrational SFS was used to measure adsorption isotherms of small organic

molecules to the interface of 40 nm aerosols.>> While there is an ongoing discussion as to how
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aerosol particles of this size are capable of generating a measurable SFS signal,>> 12 136 these
studies make it possible to envision future in situ studies of pollutant chemistry at aerosol surfaces.

Here we have described only some of the exciting possibilities of applying surface-specific
nonlinear optical spectroscopy to the study of interfacial pollutant chemistry. With the past several
decades of development laying the foundation, these methods are in the position to become
powerful tools for probing pollutant chemistry within the unique chemical environments of

environmental and biological interfaces.
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