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Abstract

Plastic pollution is a growing environmental concern. In addition to posing hazards to wildlife,
micro- and nano-scale plastic particles can adsorb toxic small molecules from polluted waterways,
which may be released when these plastic particles are ingested by animals or humans. Previous
NMR studies have examined the binding between surface-modified polystyrene nanoparticles
and amino acids as models for small molecules with a variety of functional groups. These previous
studies, however, could only examine the liquid phase and therefore focused on the small
molecules. In the current study, we use comprehensive multiphase NMR (CMP-NMR) to examine
both the small molecules and polystyrene nanoparticles in all phases including liquid, solid, and
gel-like phase. Through proton spectral editing techniques and '*C solid-state NMR experiments,
we find that the polystyrene nanoparticles contain both a solid and gel-like fraction. The bound
amino acid exists primarily in the gel-like phase, with very little amino acid existing in the true solid
phase. This suggests that the bound amino acid interacts with the nanoparticle shell rather than
the solid-like core. These experiments relied on the ability of CMP-NMR to separately observe
the solid, liquid, and gel-like phases of the same sample, and demonstrate the complementary
nature of this approach for understanding complex multi-phase systems.
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Introduction

Plastic pollution is becoming an important environmental concern. Large plastic pieces present in
bodies of water are broken down over time into small pieces, which are further degraded to micro-
and nano-scale particles."? Due to their large surface-to-volume ratio, plastic nanoparticles are
especially prone to sorption of small molecules that may also be present in polluted waterways.3#
Plastics have been shown to act as a source and sink for toxic small molecules.® Understanding
how small molecules bind to polystyrene nanoparticles, specifically whether they are sequestered
in the core or interact with the flexible groups on the surface, is essential for a full appreciation of
the sorption of toxic small molecules from natural water by plastic pollution. This information is
also necessary for the design of plastics that intentionally sorb these small molecules for the
purpose of environmental remediation.®

Amino acids are a nice set of model compounds for small molecules, because they contain a
variety of functional groups that are similar to those present in pharmaceuticals, pesticides, and
other small molecules that may be of environmental concern. In addition, nano-plastics have been
shown to be ingested by filter feeders’ such as Daphnia magna, where strong interactions with



amino acids as they pass through the digestive tract could reduce availability to the living
organisms.

Previous work has shown that amino acids can interact with polystyrene nanoparticles that have
been modified with different surface groups.®® The amino acids interact with the modified
polystyrene surface through electrostatic interactions, hydrophobic effects, and pi-stacking.®
Aromatic amino acids tryptophan, phenylalanine, and histidine were especially prone to
interactions with the nanoparticles, which may be due to pi-stacking interactions with the styrene
groups. Scheme 1 illustrates how strong vs weak binding of small molecules and nanoparticles
would be observed in solution-state NMR. Based on this scheme, what we know about the binding
between polystyrene nanoparticles and amino acids so far is that weak binding is present, causing
an equilibrium between free and bound amino acid. This was evidenced by the observation of
STD effects in the presence of nanoparticles and increase in R, relaxation rate with subsequent
line broadening. However, these experiments relied on observing the small molecule in the liquid
phase, so no information was obtained regarding the nanoparticle structure or whether the
presence of a small molecule induces a change in the structure of the nanoparticle core or shell.
In order to obtain this kind of information, solid-state NMR or gel-phase (High-Resolution Magic
Angle Spinning, HRMAS) NMR would be needed.
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Scheme 1. lllustration of how strong vs weak binding of ligands to large particles such as
nanoparticles manifests in observable NMR effects. Estimates of typical rotational correlation
times (t¢) are taken from references 10 and 11.

Solid-state NMR has been used extensively to characterize nanoparticle-ligand interactions.'2-%
Recently, several novel solution-state NMR methods have been used to gain information on
these kinds of interactions as well.""*"*4 Comprehensive multiphase (CMP) NMR, on the other
hand, is the only method that can simultaneously probe solid, liquid, and gel-like phases in an
intact sample.*®* A CMP-NMR probe contains the ability to handle the high RF power required for
solid-state NMR, as well as a lock, pulse field gradient, and susceptibility matching required for
both solution and gel-state NMR. CMP-NMR has been used extensively in environmental
studies to monitor structural changes, interactions and follow entire processes:*®in soil
(organization of soil,* oil-contamination,*® biomass-clay interactions,*® follow contaminants from
spill to sequestration®?), plants (*C-labeled seeds,*' germination and plant growth®2°3), whole
organisms (ex vivo® and in vivo®°7) as well as to optimize biofuel extraction,®® and monitor the
effect of biodiesel on commercial rubber.*® This method is ideal for studying interactions



between small molecules and plastic nanoparticles because the small molecules are freely
diffusing in the liquid phase, but the nanoparticles are solid-like in that they are too big to be
seen by solution-state NMR, due to undesirable line broadening caused by fast nuclear
relaxation. Additionally, CMP-NMR is able to distinguish between gels, semi-solids, and true
solids, giving insight into the core and shell behavior of surface-modified polystyrene
nanoparticles. Other variations of MAS NMR probes have been developed for in situ reaction
monitoring, such as the constant-flow MAS probe.®® These kinds of probes are complementary
to the CMP-NMR approach, as they have a large sample volume and flow capabilities, but lack
the pulse-field gradient and solid sample handling capabilities of the CMP-NMR probe. Here we
use CMP-NMR to examine binding between carboxylate-modified polystyrene nanoparticles
(PSNP) and the amino acids phenylalanine (Phe) and tryptophan (Trp), two amino acids that
were found previously to bind strongly to PSNPs. The CMP-NMR method allows us to examine
not only the core and shell structure of the PSNP, but to determine in which phase the bound
amino acid exists.

Methods

Carboxylate-modified (CML, 40 nm) PSNP were purchased from ThermoFisher Scientific. The
nanoparticles were lyophilized prior to use and stored in the freezer. As shown in Figure S1 of the
supporting information, TEM images indicate that the nanoparticles retained their spherical
morphology after freeze-drying and re-hydration, but were closer to 5-10 nm in diameter.
Phenylalanine and tryptophan (“ultrapure”, >98.5%) were purchased from BioShop Canada and
were used without further purification. Uniformly *C,"*N-labeled phenylalanine was purchased
from Silantes (Munich, Germany). Deuterium oxide was from Cambridge Isotope Labs.

For each NMR sample, approximately 10 mg of lyophilized nanoparticles was placed in a 4mm,
50-uL zirconia rotor. Phe or Trp was dissolved in D20 and this solution was added to the solid in
the rotor, and the two were mixed well. The rotor was sealed with a Bruker HR-MAS sealing
system.

NMR experiments were run on a 500-MHz Bruker Avance Il NMR spectrometer with a
commercial "H-"3C-""N CMP-NMR probe with both a ?H lock and a magic angle gradient. The
proton 90° pulse was 2.5 us, spectral width was 20 ppm, acquisition time was 0.8192 seconds,
and 128 scans with 8 dummy scans were collected. The recycle delay was adjusted for each
sample to be at least 5 times the T, of the longest-relaxing peak in the spectrum, and this was
10.82 s for the PSNP-Phe sample and 14.5 s for the PSNP-Trp sample. For carbon cross-
polarization (CP) experiments, the total sideband suppression (TOSS) pulse sequence was
used.'62 8192 scans were collected with 8 dummy scans and a recycle delay of 2s. The spectral
width was 301 ppm, acquisition time was 13.5 ms, CP contact time was 1ms, carbon CP power
was 20 KHz, and proton CP power was ramped from 35.6 to 71.2 KHz. All experiments were run
at 298K and 6666 Hz magic-angle spinning. D-O was used as the lock solvent. Exponential line
broadening was applied to each spectrum, and the line broadening is listed in the corresponding
figure captions. Editing experiments were performed as previously described.*>% Briefly, diffusion
editing experiments were acquired using a bipolar pulse pair longitudinal encode-decode
(BPPLED) sequence. Scans were collected using encoding/decoding gradients of 1.2 ms at ~60
gauss cm™ and a diffusion time of 120 ms. CPMG (Carr-Purcell-Meiboom-Gill) filtering was
achieved using a total delay of 150 ms with the PROJECT pulse sequence,® with the exception
of T -filtered CP-MAS which used two echoes (30 us total echo time) on the proton channel prior
to cross-polarization. Inverse diffusion editing (IDE), Relaxation Recovery Arising from Diffusion
Editing (RADE) and inverse T -filtered experiments were performed via weighted spectral
subtraction as previously described.*



Results and Discussion

Figure 1 shows 'H spectral editing experiments that take advantage of the CMP-NMR method to
separately reveal the solution-like, gel-like, and solid-like components in an intact sample. The
different phases are separated based on their diffusion coefficients, nuclear relaxation times, and
strength of C-H dipolar coupling. Liquids typically diffuse with diffusion coefficients on the order
of 108 m?/s, gels move less than 1um during the diffusion delay, and solids move much more
slowly with diffusion coefficients less than 10" m?/s.®* Nuclear relaxation times can provide
complementary information about molecular motion, but instead of being influenced by the overall
dynamics of the molecule, relaxation times report on the local motion of each nucleus. Last, only
true, rigid solids will have C-H dipolar coupling that is strong enough to result in cross-polarization
in solid-state NMR. For more details readers should refer to the original work by Courtier-Murias
in which CMP-NMR and the editing experiments used here were developed and introduced.*
With 'H detection, all components except true rigid solids will be detected. True rigid solids that
do not swell often have linewidths of many kHz and are not easily detectable by '"H NMR; as such
they are detected through *C CP-MAS NMR. Carbon solid-state CP-MAS NMR will be discussed
later in the paper. Figure 1 shows spectra of samples containing solid PSNPs that have been re-
hydrated and mixed with either phenylalanine (PSNP-Phe, Figure 1a-d) or tryptophan (PSNP-Trp,
Figure 1e-h). Figure 1 (a,e) are 'H reference spectra showing signals from all components in 'H
detectable phases (liquids through to semi-solids) of the spectrum. Figure 1 (b,f) are diffusion-
edited (DE) spectra. In these experiments, a stimulated gradient echo has been applied to
selectively refocus only those components of the sample that diffuse slowly (i.e. those that do not
physically move positions within the rotor). These spectra contain signals from the gel-like
components of the sample and are dominated by PSNP signals. On the other hand, Figure 1 (c,
g) are inverse diffusion-edited (IDE) spectra, which show signal only from components in the liquid
phase (with diffusion coefficients ~10® m?/s). Construction of the IDE spectra is shown in detail in
Figure 2 (a-c). The IDE spectrum is constructed by subtracting the DE spectrum (delays and
gradient turned on) from a reference spectrum with delays on but gradients off, selecting only
signals that diffuse quickly and relax slowly. Last, Figure 1 (d,h) are T.-filtered experiments
showing only those components that have long transverse relaxation times (>30 ms), specifically
liquids and flexible regions of solids and gels. Interestingly, diffusion-based editing selects based
on the entire molecule whereas relaxation-based editing is also influenced by local dynamics
within @ molecule. As such, signals that appear in (d,h) but not in (c,g) are likely from dynamic
regions of larger molecules. For the samples in Figure 1, this is mainly the dynamic coating on
the outside of the nanoparticles.
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Figure 1. "H CMP-NMR spectral editing experiments. (a-d) PSNP-Phe, (e-h) PSNP-Trp (a,e)
Reference spectra containing signals from all phases (delays off, gradients off) (b, f) diffusion
edited spectra (delays on, gradients on) showing signals from slowly-diffusing components,
i.e. gels (c, g) inverse diffusion edited spectra showing signals from fast-diffusing species, i.e.
liquids only, and (d,h) Tofiltered spectrum showing signals from slowly-relaxing species, i.e.
liquids and flexible regions of solids, semi-solids, and gels. Line broadening applied was 10 Hz
in (b,f) and 3 Hz in all others. The vertical scales are arbitrary. The (*) indicates signals from
trace isopropanol impurity in the sample. The residual signal from suppressed water is present
at 4.7 ppm. NP = nanoparticle.

The reference spectra in Figure 1 (a,e) show signals from both the polystyrene nanoparticle and
the amino acid. The polystyrene nanoparticle signals are generally broader, as expected for these
larger, solid-like particles. Indeed, these signals are emphasized in the DE spectra in Figure 1(b,f).
Note that there is some overlap in the aromatic region between the styrene groups of the PSNP
and the aromatic amino acid peaks in the reference spectra, leading to a broad PSNP peak
superimposed on the sharp amino acid peaks. These two components are nicely resolved in the
subsequent spectral editing experiments shown in Figure 1 (b,f) and (c,g). The PSNP nanoparticle
peaks appear in the DE spectra (b,f), which select gel-like components and the amino acid peaks
appear in the IDE spectra in (c,g), which select liquid-like signals. The To-filtered experiments in
Figure 1 (d,h) also contain peaks from both the amino acids and nanoparticle. The amino acids
are in the liquid phase, so they would be expected to have long T relaxation times, but the
presence of the PSNP peaks in this spectrum indicates that these PSNP regions contain
additional flexibility that affords additional molecular motion, attenuating the dipolar interactions.
Since dipolar interactions lead to enhanced relaxation, when these interactions are reduced by
molecular motion, relaxation of these nuclei is slowed. These regions could be the flexible linkers



of the surface-modified groups. The commercial PSNPs we purchased have proprietary groups
on the surface containing a carboxylate group, but we postulate that these groups may also
contain an aliphatic linker that connects the carboxylate group to the PSNP core.

The amino acids phenylalanine and tryptophan have been previously shown to bind to PSNPs.
Saturation-transfer difference (STD) NMR experiments indicate that the bound amino acids are
in equilibrium with free amino acids in the liquid state.® The bound amino acids could be interacting
with the flexible linker or PSNP shell, or they could be binding to the nanoparticle core as true
solids. In order to resolve these two possibilities, we rely on relaxation recovery arising from
diffusion editing (RADE)* and cross-polarization (CP) experiments.
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Figure 2. Details of spectral editing subtraction, using PSNP-Phe as an example. The IDE
spectrum (c) is formed by subtracting the diffusion edited spectrum where both diffusion delays
and gradients are turned on (b) from the spectrum with delays on but gradients off (a). Line
broadening of 3 Hz is used to emphasize the liquid components in the IDE spectrum. The RADE
spectrum (f) is formed by subtracting the spectrum with delays on but gradients off (e) from the
reference spectrum where both delay and gradients are off (d). (e) is the same as (a) but the
line broadening here is 10 Hz in order to emphasize the gel-like components in the RADE
spectrum. The (*) indicates signals from trace isopropanol impurity in the sample.

Construction of the RADE spectra is shown in Figure 2 (d-f). The RADE spectrum accounts for
relaxation that can occur during the diffusion delays when diffusion-based-editing is used. It
contains signals from rigid gels and semi-solids that may be relaxing too quickly to be seen in the
diffusion edited spectrum in Figure 1 (b and f). The RADE spectrum is constructed by subtracting
signals from an experiment with delays on but gradients off (the same experiment used to
construct the IDE spectrum) from the reference spectrum with both gradients and delays off. This
is a critical experiment as it selects signals from gels that relax during the diffusion editing
experiment that could be missed if diffusion editing is used alone. Semi-solid/gel-like components
that relax quickly will dephase during the DE experiment and will not be observed. The RADE
spectrum recovers these signals. Thus, gel-like components may appear in either the DE
spectrum and/or the RADE spectrum, so both spectra need to be considered to account for all
gel-like/semi-solid components in a sample.

The RADE spectra for PSNP-Phe and PSNP-Trp are shown in Figure 3. These spectra indicate
that there is some amino acid in each case that is present in the semi-solid or rigid gel-like phase.



Expanded portions of the RADE spectra are shown in Figure 4 and are compared to the IDE
(liquid-like) spectrum of each sample. This comparison indicates that the chemical shifts of peaks
appearing in the RADE spectra correspond to those of the amino acids, rather than the
polystyrene nanoparticles. Some cancellation artifacts are also visible in these spectra at the
position of the sharp signals from the amino acids in the liquid phase. These residual peaks are
due to imperfect subtraction of the two spectra in constructing the RADE difference spectrum.
The presence of broad amino acid peaks in the RADE spectra indicates that the bound amino
acid in each case is interacting with the flexible, semi-solid region of the PSNP shell instead of
the solid-like PSNP core, and is in a gel-like rather than true crystalline solid form. Note that these
amino acid peaks are not visible in the DE spectra, so without the RADE experiment, these signals
would have been missed. This emphasizes the importance of collecting a RADE spectrum in
addition to a DE spectrum in order to observe all gel signals, including those that relax quickly.
Asterisks in the spectra indicate the presence of isopropanol impurity in the sample. Interestingly,
isopropanol was also previously shown® to interact with the surface of these PSNPs. There is a
peak corresponding to the chemical shift of isopropanol in the RADE spectrum as well, which is
consistent with a small fraction of isopropanol becoming entrapped in the coating and thus
appearing as a “gel”.

Figure 3. 'H RADE
spectra of (a) NP-Phe
and (b) NP-Trp. Line
broadening was 10 Hz in
both cases.
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Figure 4. Portions of the "H (a) RADE spectrum of PSNP-Phe (b) IDE
spectrum of PSNP-Phe (¢) RADE spectrum of PSNP-Trp (d) IDE spectrum of
PSNP-Trp

Last, we capitalized on the advantage of CMP-NMR to detect true solids via carbon cross-
polarization experiments on the same samples. This can only be done with a CMP probe, because
it is the only probe that has not only the ability to spin at the magic angle, a lock, and a gradient
channel (for liquids and gels) but is also capable of producing high-power proton pulses (100 kHz)
allowing true crystalline solids to be observed as well (solids). Note that traditional HR-MAS
probes cannot handle high-power solids experiments involving CP or high-power decoupling and
this should never be attempted as it would lead to severe probe damage. CMP-NMR probes have
been specifically redesigned to handle the high power requirements for solid-state NMR.

Carbon CP spectra are shown in Figure 5 (a-b) for the PSNP-Phe and PSNP-Trp samples. When
scaled to adjust for slightly different amounts of solid in each sample, these spectra look identical
to within the noise level, and are also identical to the CP spectrum of PSNP that was re-hydrated
with pure DO (Figure 5c). These signals are relatively weak as at natural abundance only 1 in
every 100 carbons is "*C. The CP spectra for all three samples, however, clearly show peaks from
the PSNP nanoparticles. CP spectra only show signals from rigid solids, so at least part of the
PSNP core exists in true solid form. No signals from the amino acids are visible in these spectra
because the amount of amino acid existing in the true solid form is so low that this, coupled with
the low natural abundance of *C, is causing these signals to be below the detection limit, even
with the signal-enhancing effect of cross-polarization.
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Figure 5. CP spectra for (a,d) PSNP-Phe and (b,e) PSNP-Trp (c,f) PSNP-D20O (a-c) CP-
TOSS, (d-f) Tofiltered CP-TOSS. Line broadening was 50 Hz in each case.

The T.-filtered CP spectra are shown in Figure 5 (d-f) for PSNP-Phe, PSNP-Trp, and PSNP-D-0.
As with the CP spectra, when scaled to adjust for different amounts of solid in each sample, these
spectra are again identical to within the noise level. The To-filtered CP experiments select only
the more dynamic solids (amorphous solids and/or semi-solids) that have longer T» relaxation
times (>10 us), compared to quickly-relaxing rigid solids. The T filtered CP spectra for PSNP-
Phe and PSNP-Trp have the same profile as the full CP spectra, but reduced intensity. This
indicates that all carbons giving rise to observable polystyrene peaks have an equal fraction in
the rigid solid and flexible gel-like phase.

In order to further investigate if any amino acid signal could be seen in the solid state, we prepared
a sample using uniformly "*C-labeled phenylalanine. These spectra are shown in Figure 6. Here,
signals from the "*C-labeled phenylalanine are clearly visible. CP experiments are generally only
semi-quantitative, but if we assume that the signals corresponding to Phe and PSNP are of
roughly equal intensity in these spectra, since PSNP is still at natural abundance, it means that
there is roughly 1 *C-Phe molecule in the true solid phase for every 100 PSNP carbons in the
true solid phase. Thus, we can conclude that very little of the bound Phe is in the true solid, while
most of it is a semisolid or rigid gel. This indicates that most of the bound Phe is interacting with
the flexible, linker regions of the PSNP shell rather than the solid-like PSNP core.
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Figure 6. Carbon CP spectra of PSNP-Phe samples with natural abundance and '3C-
labeled phenylalanine. (a) blue: NP-Phe, black: NP-*C labeled Phe (scaled by 0.6573 to
reflect the slightly different amounts of solid in each sample) (b) difference spectrum black-
blue from (a) showing only peaks from '*C phenylalanine (c) same as (a) but CP-T filtered
experiment, showing only peaks with long T, relaxation times (d) difference black-blue from
(c). Line broadening was 50 Hz in each case.

To-filtered CP experiments shown in Figure 6 (c-d) also indicate that the bound polystyrene is in
the semi-solid/rigid-gel like phase rather than true solid phase. Whereas the signal from
polystyrene is attenuated in the presence of the Tofilter, the phenylalanine peaks are the same
intensity in the CP and To-filtered CP experiments. (Compare Figure 6b and d). Thus, these
experiments indicate that most of the *C-labeled phenylalanine carbon is in a solid phase that
exhibits dynamics (for example semi-solids or rigid-gel). The carbon CP experiments were only
possible due to the '*C-labeled phenylalanine and would be prohibitively expensive to carry out
on a regular basis. However, with the advancement of CMP probes and experiments that have
been optimized for carbon detection,®® we expect that these kinds of experiments will be possible
on natural-abundance samples in the near future.

Conclusions

Comprehensive multiphase NMR has been used to examine the interactions between amino
acids phenylalanine and tryptophan and polystyrene nanopatrticles by allowing the observation of
all phases (liquids, gels, and solids) in the same sample. Whereas previous studies have relied
on measuring the free amino acid in the liquid state, results of the current study indicate that the
bound amino acids are interacting with the flexible gel-like shell of the polystyrene nanoparticle
rather than being sequestered in the true solid-like core.

Using spectral editing experiments, signals from polystyrene were found to be in the gel-like
phase, but signals from polystyrene also appear in T>-filtered experiments, indicating that these
signals come from flexible regions of gels. Carbon CP experiments also indicate that some of the
polystyrene exists in true solid form.

Amino acid peaks dominate the IDE spectra, which select only fast-diffusing, liquid-like samples.
However, RADE experiments also show signals from amino acids, indicating that the bound
amino acid signal is in a gel-like or semi-solid state. The CP experiments with natural abundance
and C-labeled phenylalanine also confirm that very little of the bound polystyrene exists as a
true solid. Therefore, we can conclude that there are portions of the polystyrene nanoparticle that
are true solids as well as other portions that are flexible semi-solids or gels. The bound amino
acids phenylalanine and tryptophan are primarily in the gel-like or semisolid phase, indicating that
they interact with the flexible shell of the PSNP rather than the solid-like PSNP core.



These experiments showcase the unique advantages of the CMP-NMR approach. Due to the
specialized CMP-NMR probe, we were able to selectively examine the liquid-like, gel-like and true
solid phases of these samples. The RADE experiment allowed us to recover signals from bound
amino acids, which were missed in the diffusion-edited spectra due to fast relaxation. Collecting
the true solid phase carbon spectra was also instrumental to concluding that very little of the
bound amino acid is present as a true solid. As such, CMP-NMR holds great potential to observe
interactions in samples with minimal sample preparation. This may be used to understand real-
world applications of metabolite binding to the ever-growing presence of micro/nano-plastics in
the environment.

Supplemental Information

Transmission electron microscopy images of the polystyrene nanoparticles before and after
freeze-drying.
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