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Abstract

We have used Saturation-Transfer Difference NMR (STD-NMR) spectroscopy to examine binding
between amino acids and nanoparticles that are composed of different kinds of plastic. We have
also examined how the presence of salt influences these interactions. We find that the presence
of salt decreases binding that is primarily due to electrostatic interactions. Additionally,
phenylalanine binding to polyethylene and polypropylene nanoparticles is negligible as compared
to binding to polystyrene nanoparticles. Lysine and leucine exhibit binding to polypropylene
nanoparticles, and this binding is due to electrostatic interactions. Last, we have shown that these
experiments can be done in natural water samples including lake and river water, by adding a
minimal amount of D,O to the natural water. The results of these studies can be applied to
understanding the fundamental interactions that are responsible for binding between nanoplastic
and biological macromolecules or between nanoplastic and small molecule xenobiotics. This work
has implications in the study of nanoscale plastic pollution, as nanoscale plastic pollution can
absorb toxic small molecule contaminants in the environment.
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Synopsis: Micro- and nanoscale plastic in the environment interacts with small molecules with
myriad consequences for environmental health.
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Introduction

Increasing production and use of plastics is one of the major current contributors to environmental
pollution.™ Large plastic particles are thought to degrade into smaller particles,® approaching the
micro and nano scale. Factors such as exposure to UV light, fouling by microorganisms, exposure
to high salt concentrations in seawater, and mechanical weathering can affect the rate of plastic
degradation’ and plastic nanoparticle formation.® Plastic microparticles have been found almost
everywhere, from Mt. Everest® to the Mariana Trench.™

Exposure to micro- and nanoscale plastic has been shown to cause a variety of toxicological
effects including inflammation,” DNA damage,’? behavioral disorders,’”® decreased
reproduction,' and brain damage™ in aquatic life and placental disruption in mice.' Mitochondrial
damage was also observed in human cells upon exposure to plastic nanoparticles.'

In addition to the negative effects associated with the plastic nanoparticles themselves, these
small plastic particles can adsorb or absorb and transport other contaminants such as
pesticides,'® herbicides,'”'® heavy metals,'® and pharmaceuticals.’®?%2" Since nano-scale plastic
has been shown to travel through the food chain'?'® and has been found in commercial sea salt?
and commercial beverages,?® toxicity of nanoplastics and transport of toxins by plastic
nanoparticles is a concern for human health as well. Sorption of small molecules by nanoparticles
is presumably dictated by the nanoparticle surface functionality. Unfortunately, the nature of the
surface of micro- and nanoscale plastic in the environment can vary and is largely unknown.?*
Therefore, there is a need to develop methods to understand how small molecules are taken up
by micro- and nanoscale plastic particles in an aqueous environment. There is also a need to
understand how other molecules that are also present in natural water, such as various kinds of
salt, influence these interactions.

Previously, we?"'?>2° and others®*-* have used Saturation-Transfer Difference (STD)-NMR to
study binding between small molecules and nanoparticles. STD-NMR is one of several NMR-
based approaches to studying interactions between small molecules and nanoparticles.3"-3°
Another popular method is dark-state exchange saturation transfer (DEST), which can also be
applied to non-protonated nanoparticles.**! The STD-NMR experiment*?43 can be used to rapidly
identify small molecules that bind to a large receptor, even in the presence of non-binding
molecules. The STD-NMR experiment consists of collecting two NMR spectra. In the first
spectrum, called the on-resonance spectrum, the receptor is selectively saturated before the NMR
experiment by applying radiofrequency irradiation at a frequency at which only the receptor
resonates. This saturation is then transferred to any small molecule ligand that is associated with
the receptor surface during the saturation time, and saturation of the ligand results in a decrease
in the intensity of the ligand NMR signal. Signals from small molecules that do not bind to the
receptor, on the other hand, will not receive any saturation transfer, so their NMR signals will not
change in intensity. In the second spectrum, called the off-resonance spectrum, saturation is
performed at the same power and for the same amount of time, but at a frequency that is far from
both the receptor and ligand resonances. This saturation should not disturb either the ligand or
the receptor, so the off-resonance spectrum is essentially a reference spectrum. The STD
difference spectrum is then constructed by subtracting the on-resonance spectrum from the off-
resonance spectrum. Since non-binding ligands will have the same signal intensity in the on- and
off-resonance spectrum, the difference spectrum will consist of only signals from those ligands
that interact with the receptor during the saturation time. The STD effect is then defined as the
STD difference intensity divided by the reference intensity.*?

The advantage of the STD-NMR approach as compared to standard methods to study binding,
such as adsorption isotherms, is that it provides site-specific information that can be used for
epitope mapping.*? In other words, the STD-NMR technique can tell us which part of the molecule



is responsible for binding. The amount of saturation transfer to the bound ligand depends on the
distance of the observed nucleus to the receptor surface, so nuclei with a larger STD effect are
closer to the receptor surface in the bound configuration. This epitope-mapping capability of STD-
NMR has been used by us in the past to show that polystyrene nanoparticles can sorb aromatic
amino acids through pi-pi interactions, charged amino acids through electrostatic effects, and
long-chain aliphatic amino acids through London dispersion interactions.??”

Here, we extend these studies to other types of plastic, namely polyethylene and polypropylene.?
Additionally, we embark on a systematic study of the influence of different kinds of salt (NaCl,
CaCl,, and MgSO4) on interactions between nanoparticles and small molecules. As in the
previous studies, amino acids are used as model small molecules since they contain a variety of
functional groups. Amino acids are also the building blocks of proteins, so insight into amino acid
interactions with nanoparticle surfaces can be extrapolated to predict interactions that are
responsible for binding between plastic nanoparticles and biological macromolecules. These
interactions are responsible for formation of the nanoparticle protein corona, cellular uptake of
nanoparticles, and other phenomena that occur at the nano-bio interface.* The study of amino
acids binding to plastic nanoparticles will also lead to fundamental knowledge about the driving
forces that are responsible for binding, and this knowledge can then be applied to larger, more
complicated molecules such as antibiotics.?'

Methods

Carboxylate-modified nanoparticles were used for the experiments. Polystyrene latex beads (45
nm, 4% w/v) were purchased from Thermo Fisher Scientific (Waltham, MA) and polypropylene
(53.6 nm, 1% solids) and polyethylene (64.9 nm, 1% solids) microparticles were purchased from
Lab261 (Palo Alto, CA). Amino acids (D-phenylalanine, L-lysine, L-leucine, and L-glutamic acid),
sodium chloride, calcium chloride dihydrate, and magnesium sulfate heptahydrate were
purchased from Sigma-Aldrich (St. Louis, MO). Deuterium oxide (D, 99.9%) was purchased from
Cambridge Isotope Laboratories Inc. (Tewksbury, MA) and deionized water was purified using a
RiOs-DI® 3 system by MilliporeSigma (Burlington, MA).

Stock solutions of amino acids and salts were prepared by dissolving their calculated amounts in
D,0 or D,0O/H,0 mixtures. Stock solutions of amino acids, salts, and/or nanoparticle suspensions
were then combined for the final samples. The final samples consisted of 10 mM amino acids,
various concentrations of polystyrene nanoparticles (PSNP), polyethylene nanoparticles (PENP),
or polypropylene nanoparticles (PPNP), and different concentrations of salt as listed in the
relevant figure captions. All samples had a final D,O:H,0 ratio of 71:29 (v/v). Samples (0.5 mL
each) were transferred to 5 mm NMR tubes (Bruker Biospin, Inc, Billerica, MA) after mixing
sufficiently.

All NMR experiments were run on a Bruker Avance NEO 500 MHz spectrometer with a Prodigy
nitrogen-cooled CryoProbe. The 90° pulse length was calibrated for each sample and ranged from
11.90 us to 15.95 us. The standard pulse sequence “stddiffesgp” was used for the STD NMR
experiments.*?43 Saturation was performed at the frequencies of -1 ppm (on-resonance) and 40
ppm (off-resonance). A range of saturation times was selected from 0.1 to 10.0 seconds. Each
experiment was acquired with a 16.38 ppm spectral width, 2 s acquisition time, 4 dummy scans,
16 scans, and a relaxation delay of 12 s. For water peak suppression, the excitation sculpting with
gradients water suppression sequence was employed.*® All experiments were carried out at a
temperature of 298 K. NMR spectra were processed with Bruker Topspin software (Topspin 4.3.0
or4.1.4) and the peak integrals were calculated using MATLAB R2023a software (The MathWorks
Inc., Natick, MA).



An Accumet AB150 pH meter (Fisher Scientific) was used for the pH measurement of the
samples. The pH reported is that which was read directly from the pH meter, without correction
for isotope effects.

The average particle sizes of the samples were determined by dynamic light scattering (DLS)
using a NanoBrook Omni particle sizer (Brookhaven Instruments, Holtsville, KY). Five
experiments were performed on each sample. The scattering angle used was 90°. Each
measurement lasted 180 seconds, with 180 seconds of sample equilibration and a 10 second
delay between each measurement. Zeta potential measurements were made using the
Smoluchowski method, with 30 run cycles, a 10-second inter-cycle delay, and 240 second
equilibration time. All experiments were carried out at 25°C. For DLS, 40 uL of each NMR sample
was added to 3 mL of H2O and for zeta potential measurements, 2.5 uL of PSNP or 10 pL of
PENP or PPNP were diluted to 1.5 mL total in order to have concentrations that are appropriate
for DLS or zeta potential measurements.

Results and Discussion

Figure 1 shows the 1D proton NMR spectra of the four amino acids studied. Their proton peaks
were assigned with the assistance of the Human Metabolome Database*® and Biological Magnetic
Resonance Data Bank.*
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Figure 1. 1D proton NMR spectra and peak assignments for (a) phenylalanine, (b) lysine, (c)
leucine, and (d) glutamic acid.

STD buildup curves for phenylalanine, lysine, leucine, and glutamic acid in the presence of PSNP
are shown in Figure 2. In addition, STD buildup curves are also shown for these four amino acids
in the presence of PSNP and various salts that may be expected to be present in seawater. The
four amino acids were chosen as examples of aromatic (Phe), positively-charged (Lys), aliphatic
(Leu), and negatively-charged (Glu) amino acids. In previous work,?” we found that phenylalanine,
lysine, and leucine interacted with PSNP with decreasing binding strength through pi-pi
interactions, electrostatic effects, and London dispersion interactions, respectively. Glutamic acid
was not observed to interact with negatively-charged PSNP, as it is also negatively charged at



neutral pH. The results shown in Figure 2 (a), (e), (i), and (m) agree with these findings, even
though these were performed without buffer and the pH of the glutamic acid samples is near the
pl of Glu. Representative STD reference and difference spectra are shown in the supporting
information in Figure S1.

PSNP PSNP + NaCl PSNP + CaCl, PSNP + MgSO,
Phe et : . : [B3-p2-o-8-¢ ¢
(0] o ‘ o’ o0 * ° T ° e
Bomo [Sger v 0 0 0 LST TIEIEINE T I - T LI S
©/\')LOH g "X‘ o R ’ .:.f'-u t e 8 R o .
= " 3
(@ [F (b) (© F~ (d)
0.00
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10 o 2 4 6 8 10
Saturation Time (s) Saturation Time (s) Saturation Time (s) Saturation Time (s)
L 0.25 getess 80 8 8 s s ¥ 5 B e
ys  mlimitio b
0 So1s | e ’ :
" [ . ] e
”2NVV\H%H 2o ff =S TI I = T B B O Y E I B i
NH @
P (e) F () (9) f (h)
0.00
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Saturation Time (s) Saturation Time (s) Saturation Time (s) Saturation Time (s)
0.14
Leu 012 ; 8 By *ca
010
o] ﬁo_os ,::‘ » H 3 s 3 H . o HEH §
NoH 0 0.06 :" : o ‘::3:::,
©0.04 |50 . o . & ot
NH .
: ouz [§ U 1) (k) & U]
0.00
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Saturation Time (s) Saturation Time (s) Saturation Time (s) Saturation Time (s)
0.10
Glu it (m) (n) (0) (P) Boy-a
0 o %ou
w 0.05
oo 5
»
NH; 0.02 .
ot gtz § o0 ¢ T T 3 [atalgee v 2 3 s bamzet 2 0 )
’ 0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10

Saturation Time (s) Saturation Time (s) Saturation Time (s) Saturation Time (s)

Figure 2. STD buildup curves for amino acids phenylalanine (Phe), lysine (Lys), leucine (Leu),
and glutamic acid (Glu), each at a concentration of 10 mM, interacting with 264 nM PSNP in the
absence of salt and in the presence of 75 mM NaCl, 25 mM CaCly, or 18.75 mM MgSOs. (a)
Phe+PSNP, (b) Phe+PSNP+NaCl, (c) Phe+PSNP+CaClz, (d) Phe+PSNP+MgSO., (e) Lys+PSNP,
(f) Lys+PSNP+NaCl, (g) Lys+PSNP+CaCl;, (h) Lys+PSNP+MgSOs, (i) Leu+PSNP, (j)
Leu+PSNP+NaCl, (k) Leu+PSNP+CaCl;, () Leu+PSNP+MgSO4, (m) GIlu+PSNP, (n)
Glu+PSNP+NaCl, (0) Glu+PSNP+CaCl,, (p) Glu+PSNP+MgSO.4. Greek letters in the legend
identify the proton of the amino acid according to IUPAC recommendations,*® as shown in Figure
1.

As can be seen from the remaining panels in Figure 2, the presence of either of the three salts
tested decreases the STD effect of Phe, Lys, and Leu in the presence of PSNP. This is to be
expected if at least some PSNP-amino acid interaction is attributed to electrostatic effects
between these amino acids and the negatively-charged PSNP in each case. The presence of salt
then screens the charges and decreases the extent of binding due to electrostatic effects. The
salt concentrations in Figure 2 were chosen so that all samples have the same ionic strength (u
= 75 mM). From Figure 2, the effect of salt on leucine and lysine binding to PSNP appears to be
related to the ionic strength, rather than on the identity of the salt. In the case of phenylalanine,
binding is disrupted more by the divalent salts than by NaCl. Glutamic acid, which is negatively
charged at physiological pH, exhibits negligible STD effects in the presence of PSNP, and this is
not changed by the presence of salt. We initially hypothesized that salt may screen the negative



charges between Glu and PSNP such that the two can interact, leading to an observable STD
effect. However, based on the buildup curves in Figure 2 (m-p), this was not seen to be the case.

To model salt concentrations that are closer to that found in seawater, we have repeated the
experiments with 600 mM NaCl. The results are shown in Figure 3. The STD buildup curves with
higher salt concentration follow the same trends as those in Figure 2 — the STD effects for
phenylalanine and lysine decrease with higher salt concentration. The buildup curve for leucine
is similar in the presence of 75 mM and 600 mM NaCl. Last, glutamic acid does not exhibit
appreciable STD effects in the presence of PSNP with either 75 mM or 600 mM NaCl. These
results indicate that the STD experiment can be carried out in high salt concentrations comparable
to the concentration of NaCl in seawater.

Figure 3. STD buildup
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The decrease in STD effect upon addition of salt can be attributed to salt disrupting binding
through electrostatic interactions, but salt can also cause aggregation of these nanoparticles by
screening negative charges on adjacent nanoparticle surfaces. As shown in Figure 4, CaCl, and
MgSQOs cause an increase in the average particle size observed by DLS, indicating that the
particles are aggregating. Aggregation of nanoparticles decreases the overall surface area that is
available for amino acid binding.
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The pH of each sample is listed in Table 1. As these samples were made without buffer, the pH
can vary among samples. The pH appears to be determined by the amino acid and addition of
salt does not generally drastically change the pH. The pH changes listed in Table 1 are not
expected to change the protonation state of any of the amino acids. Also, there is no correlation
between pH and the propensity of the PSNP to aggregate.

Table 1. Measured pH values for samples of 10 mM amino acids, 264 nM PSNP, and various
concentrations of different salts.

PSNP + NaCl | PSNP + NaCl | PSNP + CaCl, |PSNP + MgSO,
PSNP (75 mM) (600 mM) (25 mM) (18.75 mM)

Phe 4.70 4.44 3.90 4.29 4.36

Lys 8.61 8.15 7.33 7.45 7.13

Leu 5.82 4.45 3.89 4.23 4.44

Glu 3.45 3.32 3.16 3.41 3.43

Figure 5 presents STD buildup curves for the amino acids phenylalanine, lysine, and leucine
interacting with carboxylate-functionalized nanoparticles that are composed of different kinds of
plastic. Polyethylene (PE) and polypropylene (PP) were chosen since they, along with
polystyrene, are among the most prevalent polymers that are found in plastic pollution.? Since
glutamic acid exhibited negligible binding to PSNP in the absence or presence of salt, it was not
considered in the comparison of binding among different kinds of plastic.
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Figure 5. STD buildup curves for phenylalanine, lysine, and leucine (each at a concentration of
10 mM) in the presence of 53 nM polystyrene nanoparticles (PSNP), 44 nM polypropylene
nanoparticles (PPNP), or 25 nM polyethylene nanoparticles (PENP). (a) Phe+PSNP, (b)
Phe+PPNP, (c) Phe+PENP, (d) Lys+PSNP, (e) Lys+PPNP, (f) Lys+PENP, (g) Leu+PSNP, (h)
Leu+PPNP, (i) Leu+PENP. Greek letters in the legend identify the proton of the amino acid
according to IUPAC recommendations,*® as shown in Figure 1.

Figure 5 (a), (d), and (g) show STD buildup curves for Phe, Lys, and Leu in the presence of PSNP,
albeit at a lower PSNP concentration than in Figure 2, so that these buildup curves can be
compared to those in the presence of PPNP and PENP, which are available commercially only at
lower concentrations. As can be seen in Figure 5 (b) and (c), phenylalanine does not exhibit
significant STD effects in the presence of either PPNP or PENP. This is to be expected as the
main driving force for polystyrene binding to PSNP is thought to be pi-pi interactions, and
polypropylene and polyethylene do not contain aromatic groups. These results validate our
hypothesis, presented in previous papers,?”? that aromatic interactions are primarily responsible
for phenylalanine binding to PSNP. In order to show that these kinds of experiments can be carried
out in natural water samples, we have repeated the experiments shown in Figure 5 in lake and
river water, with a minimum amount of D,O added for spectrometer lock. The results are shown
in the supporting information in Figures S2-S4.

Examining the STD effect at a single saturation time may not be an effective way to measure the
relative binding strength, as there are other contributing factors such as nuclear relaxation time
and rebinding of the ligand.***° Instead, it has been pointed out that the initial slope of the STD
buildup curve can be a more effective measure to assess the relative binding affinity between
different ligand-receptor pairs.®® Therefore, we have calculated the initial slope of the buildup



curves in Figure 5 and displayed them in Figure 6. When interacting with PSNP, the initial slopes
of the STD buildup curve are similar for phenylalanine and lysine, and lower for leucine.

STD effects and initial slopes for lysine and leucine actually increase going from PSNP to PPNP.
The main driving forces for interaction in both cases are expected to be electrostatic effects and
London dispersion forces, so a drastic change in binding strength between polystyrene and
polypropylene is not expected. It may be that the carboxylate groups on the surface of the PPNP
and PSNP are slightly different, as these nanoparticles come from different manufacturers. The
measured zeta potential of the PSNP, PPNP, and PENP are -39 £ 4 mV, -58 £ 3 mV, and -44 + 1
mV, respectively. In the case of leucine, small STD effects are observed in the presence of PSNP
and PPNP, indicating weak but observable interactions. Interestingly, the a. proton of leucine
exhibits a substantial STD effect in the presence of PPNP, approaching the STD effect of
phenylalanine and lysine in the presence of PSNP. There is some overlap between this proton
and peaks from the PPNP and PENP, but control experiments done on PPNP and PENP in the
absence of leucine indicates that the STD difference is coming from the leucine peak, not the
nanoparticle peak. The a proton of leucine is near the charged groups of this amino acid, so this
large STD effect may again indicate that electrostatic effects are important to binding these PPNP
from Lab261. From the initial slope of the STD buildup curves shown in Figure 6, this large STD
effect does not come with a concomitant increase in initial slope. The o proton of leucine has the
same relative initial slope compared to the to the other leucine peaks in the presence of PSNP
and PPNP.

Neither of the three amino acids studied show significant STD effects in the presence of PENPs.
The STD effects in Figure 5 (c), (f), and (i), with the exception of the Leu o proton, are essentially
noise. Polyethylene contains fewer methyl groups than polypropylene so would be expected to
have the weakest London dispersion interactions with either of the amino acids studied. Again,
there might be slight differences in the nature of the carboxylate groups between PPNP and
PENP, which may explain why no amino acids seem to be interacting strongly with PENP through
electrostatic interactions.
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Figure 6. Initial slope of the STD buildup curve for phenylalanine, lysine, and leucine interacting
with PSNP and PPNP. The slopes were determined from the buildup curves in Figure 5 (a-b), (d-
e), and (g-h). Greek letters in the legend identify the proton of the amino acid according to IUPAC
recommendations,*® as shown in Figure 1.

Conclusions



In this work, we have used STD-NMR to investigate the binding between amino acids
phenylalanine, lysine, leucine, and glutamic acid and plastic nanoparticles composed of
polystyrene, polypropylene, and polyethylene in the presence and absence of salts that are
present in seawater. As expected, binding is strongest between phenylalanine and polystyrene
nanoparticles, since pi-pi interactions between phenylalanine and the aromatic group of styrene
contribute to binding. Lysine and leucine also interact with PSNP and PPNP through electrostatic
effects and hydrophobic interactions, the first of which are disrupted by the presence of salt in the
sample. No significant binding is observed to PENP, which is expected to have the lowest capacity
for London dispersion interactions with amino acids. However, when interacting with PPNP and
PENP, the a proton of leucine exhibits STD effects that are significantly higher than those for other
protons of leucine, indicating that the charged part of the leucine molecule is closest to the
nanoparticle surface and is therefore responsible for binding. Experiments done at high salt
concentrations (600 mM NaCl) indicate that STD-NMR experiments can be performed at salt
concentrations that are similar to those in natural seawater. Experiments were also performed in
natural lake and river water samples.

Studying the influence of salts on the binding between nanoplastics and biomolecules can be
useful to understand the actual picture of what is happening in natural waterways such as seas
and oceans. In addition, this work represents our first use of STD-NMR to examine binding
between small molecules and plastic nanoparticles that are composed of polyethylene and
polypropylene, which are important contributions to nanoscale plastic pollution in the environment.

Supporting Information: Representative STD spectra and STD buildup curves for experiments
done in natural water samples.
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