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ABSTRACT: Elucidating the interactions between plastic nanoparticles and
small molecules is important to understanding these interactions as they occur in
polluted waterways. For example, plastic that breaks down into micro- and
nanoscale particles will interact with small molecule pollutants that are also
present in contaminated waters. Other components of natural water, such as
dissolved organic matter, will also influence these interactions. Here we use a
collection of complementary NMR techniques to examine the binding between
polystyrene nanoparticles and three common antibiotics, belonging to a class of
molecules that are expected to be common in polluted water. Through
examination of proton NMR signal intensity, relaxation times, saturation-transfer
difference (STD) NMR, and competition STD-NMR, we find that the antibiotics
have binding strengths in the order amoxicillin < metronidazole ≪ levofloxacin.
Levofloxacin is able to compete for binding sites, preventing the other two
antibiotics from binding. The presence of tannic acid disrupts the binding between levofloxacin and the polystyrene nanoparticles,
but does not influence the binding between metronidazole and these nanoparticles.
KEYWORDS: antibiotics, NMR, polystyrene, nanoparticles, metronidazole, amoxicillin, levofloxacin

■ INTRODUCTION
The amount of plastic pollution in world waterways is a
growing concern.1 The coronavirus pandemic has increased
plastic waste through increased use and improper disposal of
medical supplies and personal protective equipment (PPE),
lifting of bans on single-use plastic bags, closing of recycling
facilities, and increased demand for single-use plastic cutlery
and plastic food packaging for restaurant take-out and delivery
orders.2 This plastic waste is especially dangerous to wildlife,
who can become entangled in plastic or mistake it for food.
Over time, large plastic pieces break down into micro- and
nano-sized particles, and these small plastic particles pose
hazards as well.3,4 Fish that consume polystyrene nanoparticles
have altered feeding behavior and metabolism.5 Nanoparticles
cross the blood-brain barrier to localize in the brain, changing
the appearance of brain tissue and disrupting brain function.5,6

The size of the nanoparticle influences the severity of the
behavioral effects observed.6 Nanoscale plastic in the ocean is
also a concern to human health, as plastic nanoparticles have
been shown to move up the food chain, from algae to
zooplankton to fish.6 Plastic particles have even been found in
fish intended for human consumption.7

In addition to negative effects from the plastic particles
themselves, nanoscale plastic can endanger aquatic life and
human consumers of fish by concentrating toxic small

molecules.8 Harmful chemicals including endocrine disruptors
such as bisphenol A (BPA), carcinogens including polycyclic
aromatic hydrocarbons (PAHs), and pharmaceuticals, includ-
ing antibiotics and anti-depressants, are taken up by plastic,
and can leach out over time into organisms that consume these
plastics.9 Thus there is a pressing need to understand the
mechanism of sorption (either absorption or adsorption) of
small molecules into plastic micro- and nanoparticles.
Antibiotics are one class of common small molecule

pollutants that are found along with plastic in polluted
waterways, and could lead to health concerns including
promoting the development of drug-resistant bacteria. Anti-
biotics also contain a variety of organic functional groups that
are common to small molecules, including aromatic and non-
aromatic rings, heteronuclei (including nitrogen and fluorine),
stereocenters, and carboxylate groups. As such, they are
excellent model compounds for demonstrating techniques that
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aim to examine the binding between small molecules and
plastic particles.
Dissolved organic matter (DOM) is also present in natural

water, and influences the binding between small molecules and
plastic particles. DOM consists of soluble organic matter that
results from decomposition of plant and animal matter.10

DOM is a heterogeneous mixture that contains humic and
tannic acids, among other components. For example, Zhang et
al.11 observed that addition of humic acid decreased binding
between fluoroquinolines (norfloxacin and levofloxacin) and
either pristine or −COOH modified polystyrene nanoparticles.
Interactions between fluoroquinolines and humic acid have
been studied using a variety of techniques, including
fluorescence quenching12,13 and NMR spectroscopy.13 Similar
methods have been used to examine the binding between
humic acid and halogenated phenols,14 polycyclic aromatic
hydrocarbons,15 and polystyrene microparticles.16 Humic acid
and tannic acid are both major components of dissolved
organic matter. However, humic acid is variable and the results
will depend on the source of the humic acid and the amount of
purification done on the sample. Thus, we have used tannic
acid in our studies, as this compound is well-defined and has
been used previously as a model for DOM.17

The saturation-transfer difference NMR (STD-NMR)
experiment18,19 is used to study small molecule ligands
interacting with a large receptor particle. Two experiments
are performed�an on-resonance experiment and an off-
resonance or reference experiment. In the on-resonance
experiment, the receptor is saturated with radio frequency
irradiation for a given period of time. In the off-resonance
experiment, saturation is performed for the same amount of
time but at a frequency that is far from where the receptor and
ligand resonances appear. When a small molecule ligand
interacts with the receptor during the saturation time, part of
the saturation is transferred from the receptor to the ligand,
and the ligand NMR signal decreases in intensity. Ligands that
do not interact with the receptor have the same signal intensity
in the on-resonance and off-resonance spectra. Subtracting the
on-resonance spectrum from the off-resonance spectrum
therefore gives a difference spectrum containing only
resonances from those ligands that interact with the receptor
during the saturation time. The STD-NMR technique has the
advantage that it can not only determine whether a particular
ligand binds to a large receptor, but can also give insight into
the binding geometry by identifying binding epitopes on the
small molecule. Another advantage of using STD-NMR to
study binding to nanoparticles is that the large receptor does
not need to be seen by solution-state NMR, so there is no
theoretical upper limit to the size of the receptor that can be
studied.
Variations on the STD-NMR approach have also been useful

in studying molecules interacting with DOM in natural
waterways. Saturation-transfer double difference NMR
(STDD-NMR) was used to determine the epitope map for
pesticides with and without halogens interacting with humic
acid.20 A novel STD-NMR technique called reversed
heteronuclear saturation transfer difference (RHSTD) NMR
has been used to study the interactions between organofluorine
contaminants and humic acid.21−24 This technique can
determine the components of humic acid that interact with
the organofluorine by saturating the 19F nuclei in the
contaminant and transferring saturation to 1H nuclei in the
humic acid (receptor). The difference spectrum is then used to

identify the components of humic acid that are responsible for
binding to the organofluorine.
Many field25−27 and laboratory28−33 studies have been

undertaken in order to quantify the amount and types of small
molecule xenobiotics interacting with plastic in the environ-
ment, yet few studies are aimed at understanding the
mechanism of sorption. However, NMR spectroscopy is a
powerful technique for atomic-level structure determination,
and has been extensively used to study small molecules
interacting with nanoparticles in both the solid state34−49 and
solution state.50−66 Different NMR experiments can provide
complementary information about nanoparticle-small molecule
binding, leading to an overall picture of the binding
mechanism. This understanding is important in developing
structure−activity relationships for binding between small
molecules and large plastic particles. Understanding the
properties of nanoparticles and small molecules that lead to
increased sorption will be important to the design of plastic
that minimizes sorption of toxic small molecules and the
development of regulatory policy regarding the kinds and
amounts of these toxic small molecules that are permitted in
fish intended for human consumption.

■ METHODS
Amoxicillin, metronidazole, levofloxacin (analytical standard grade),
and tannic acid (ACS reagent) were purchased from Sigma-Aldrich
(St. Louis, MO) and were used without further purification.
Carboxylate-modified (CML) polystyrene latex nanobeads (0.045
μm, 4 wt %) were purchased from Thermo Fisher Scientific
(Waltham, MA). Deuterium oxide was purchased from Cambridge
Isotope Labs (Tewksbury, MA). Deionized water was prepared using
a Millipore Milli-Q purifier.
Samples were prepared in 100 mM phosphate buffer, pH 7,

prepared in D2O. The pH was read directly from the pH meter
without any correction for isotope effects. A trace amount of
trimethylsilyl propionate (TSP) was added to the buffer for chemical
shift referencing. Samples were prepared by dissolving a known mass
of antibiotic in phosphate-buffered D2O, then adding the polystyrene
nanoparticle suspension in H2O. Control samples were prepared by
adding the same volume of H2O in place of the nanoparticle
suspension.
Solution-state NMR measurements were made on a Bruker Avance

NEO 500 MHz NMR spectrometer with Prodigy nitrogen-cooled
cryoprobe or on a Bruker Avance NEO 500 MHz NMR with a Bruker
SmartProbe. For quantitative one-dimensional proton spectra, the
proton 90°-pulse length was carefully calibrated for each sample
(ranging from 12.50−13.75 μs on the spectrometer with Prodigy
cryoprobe and 8.50−8.88 μs on the spectrometer with SmartProbe),
the spectral width was 11.76 and 15.62 ppm, and an acquisition time
of 3.000 and 2.097 s was used for each spectrometer, respectively. In
each case, 16 scans were collected after 4 dummy scans, and the free
induction decay (FID) was zero-filled to 32,768 points before Fourier
transform. A recycle delay of 12.5 s was used. This recycle delay is at
least 5 times the measured T1 relaxation time of each proton peak,
with the exception of peak 3 of metronidazole. This peak was
therefore not used for quantification.
STD experiments were performed using the standard Bruker pulse

sequence “stddiffesgp”,18,19 where a train of 50 ms Gaussian pulses
was used to achieve saturation. Off-resonance saturation was
performed at 40 ppm and on-resonance saturation was performed
at 12 ppm. The recycle delay was 7.0 s, and the saturation time ranged
from 0.1 to 5.0 s in order to create the STD buildup curves. The on-
and off-resonance spectra were collected in an interleaved manner.
The STD experiment was acquired with a 1.500 or 2.097 s acquisition
time, 32 or 64 scans, 4 dummy scans and 14.9 or 15.6 ppm spectral
width. For both one-dimensional (1D) 1H and STD experiments, the
excitation sculpting with gradients water suppression sequence was
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used.67 All experiments were done at 298.0 K. Bruker Topspin 4.0.6
software was used to process all NMR spectra. A custom-written
MATLAB script was used to process phase-corrected spectra to
calculate peak integrals. All MATLAB operations were done with
MATLAB R2018a software (MathWorks, Natick, MA). The
MATLAB scripts are available upon request from the corresponding
author.
Proton spin-lattice relaxation times were measured using a standard

inversion-recovery pulse sequence. Spin−spin relaxation times were
measured using the “PROJECT” pulse sequence.68 The spacing
between pulses (τ) in the PROJECT sequence was 5 ms for the
samples with polystyrene beads and 20 ms for the control samples.
Excitation sculpting67 was added at the end of the pulse sequence for
water suppression.

■ RESULTS AND DISCUSSION
Figure 1 contains the one-dimensional proton NMR spectra of
the antibiotics metronidazole, levofloxacin, and amoxicillin
along with their proton peak assignments.

Upon addition of polystyrene nanoparticles, the NMR
spectra of all antibiotics exhibit a decrease in signal intensity
and an increase in line broadening, as shown in Figure 2. The
decrease in signal intensity indicates strong binding, as
molecules of antibiotic that bind strongly to the nanoparticle
will exhibit rotational motion comparable to that of the large
nanoparticle and become invisible in solution-state NMR. The
fact that the levofloxacin signal decreases much more strongly
with the addition of a smaller nanoparticle concentration than
the other two antibiotics (see Figure 2d) indicates that there
are many more binding sites on the nanoparticle for
levofloxacin than for metronidazole and amoxicillin. Line
broadening, on the other hand, indicates weak binding with an
appreciable koff rate constant so that the ligand is still
observable in solution-state NMR. Line broadening is
indicative of increased R2 relaxation in the presence of the
nanoparticle. When a solution-state molecule interacts weakly
with a large receptor, the relaxation rate observed in solution
will be a weighted average of the relaxation rate of the free and
bound molecules. Since the relaxation of the bound state is
expected to be significantly faster than that of the free state, the
longer the molecule spends in the bound state, the shorter the
observed T2 relaxation time will be.

56,62

The line broadening observed in Figure 2a−c prompted us
to undertake a systematic study of the T2 relaxation times of
each sample. The measured R2 relaxation rates (R2 = 1/T2) as
a function of added nanoparticle concentration for each
antibiotic are shown in Figure 3. The relaxivities (slope of the
R2vs concentration of nanoparticle added) are in the order
levofloxacin ≫ metronidazole > amoxicillin which agrees with
the decrease in signal intensity shown in Figure 2d. This
indicates that levofloxacin interacts the most strongly with the
polystyrene beads, as its relaxation times are the most
influenced by the presence of the nanoparticles. The T2 data
for threonine, which has previously been shown not to bind
significantly to the polystyrene beads, is shown in Figure 3d.
This eliminates the possibility that there are paramagnetic
impurities in the nanoparticles or other factors that are
influencing the relaxation rates.
Saturation-Transfer Difference NMR
STD-NMR buildup curves for the different antibiotics
interacting with the polystyrene nanoparticles are shown in
Figure 4. For these STD experiments, we could not use the
same antibiotic:nanoparticle ratio for each antibiotic. This is
because the different antibiotics experience different amounts
of line broadening at different nanoparticle concentrations. For
example, if we added 264 nM nanoparticles to the levofloxacin
sample, the levofloxacin signal would be broadened into the
baseline and would not be observable. Conversely, adding only
5.3 nM nanoparticles to the amoxicillin sample would result in
almost no observable interactions between the nanoparticles
and amoxicillin. (See Figure 2) Thus, we chose antibiotic:na-
noparticle ratios for each antibiotic such that the antibiotic
signal intensity was about half that of the control sample.
(These were the same samples used for the experiments shown
in Figure 3). Since different ligand:receptor ratios were used,
the STD effects were converted to STD amplification factors
(STD_AF) for comparison. The amplification factor is found
by multiplying the STD effect by the ligand:receptor ratio in
order to normalize these effects, according to the following
equations

= I
I

STD effect
0 (1)

_ = × [ ]
[ ]

STD AF STD effect
L
R (2)

Where I is the STD difference intensity, I0 is the STD reference
intensity, and [L] and [R] are the ligand and receptor
concentrations, respectively.
The STD amplification factors for the three antibiotics are

also in agreement with the signal intensity decrease and R2
relaxivities, indicating that the binding strength is in the order
levofloxacin ≫ metronidazole > amoxicillin. In all cases, the
aromatic protons have a higher STD effect than other protons
in the same molecule, indicating that the aromatic groups are
responsible for binding.
Competition STD-NMR
In order to further verify this order of binding, we performed
competition STD-NMR experiments. The results of these
experiments are shown in Figure 5. The buildup curves for
amoxicillin and metronidazole in the presence of polystyrene
beads are shown in Figure 5a,d. Metronidazole protons exhibit
higher STD effects than those of amoxicillin, indicating
stronger binding. When amoxicillin and metronidazole are

Figure 1. 1D 1H NMR spectra and peak assignments for the three
antibiotics considered in this study. Peak assignments were made with
the assistance of refs 72, 73 and using two-dimensional NMR
experiments (COSY, HSQC, and HMBC). * indicates protons that
are not observed because their NMR signals appear within the region
suppressed by the water suppression.
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combined with polystyrene beads in the same sample, there is
essentially no change in the STD buildup curves. However,
when either metronidazole or amoxicillin is combined with
levofloxacin in the presence of polystyrene beads, the STD
effects of both amoxicillin and metronidazole decrease. Note
that at this concentration of nanoparticles, all of the
levofloxacin would be expected to be strongly bound according
to Figure 2d, so no levofloxacin is observed in these spectra.
These competition STD experiments suggest that levofloxacin
binds more strongly than either metronidazole or amoxicillin,

and is occupying binding sites on the polystyrene nanoparticle
surface and preventing both metronidazole and amoxicillin
from binding.
Previous studies have indicated that the binding between

surface-modified polystyrene nanoparticles is related to the
functional groups on the nanoparticles, with π−π interactions,
electrostatic interactions, and hydrophobic groups being
important for binding.51,53 However, the binding trends in
the three antibiotics studied here do not lend themselves to a
simple rationalization of the relative binding abilities. The

Figure 2. Line broadening and signal intensity decrease caused by the presence of polystyrene nanoparticles. (a−c) One or two representative
NMR peaks for each antibiotic in the absence and presence of increasing concentrations of polystyrene nanoparticles (NP). (a) metronidazole, (b)
levofloxacin, (c) amoxicillin. (d) Plot of normalized integral NMR intensity as a function of nanoparticle concentration for each antibiotic. Error
bars represent standard deviation calculated over the individual NMR peaks. Peak 3 of metronidazole was not included in the intensity calculation
due to the long T1 relaxation time of this peak.

Figure 3. R2 relaxation rates for (a) 9.2 mM metronidazole, (b) 3.0 mM levofloxacin, (c) 4.7 mM amoxicillin, and (d) 20.1 mM threonine in the
presence of increasing concentrations of polystyrene nanoparticles. Threonine is included as a negative control. Note that the nanoparticle
concentration in (b) is different from that in (a, c, d).
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antibiotics are complicated molecules, with levofloxacin and
amoxicillin both having aromatic and carboxylate groups and
metronidazole having aromatic, −OH, and nitro groups,
among others. Interestingly, levofloxacin, which was found to
have the largest number of binding sites per nanoparticle, is the
only one of the three that should have an overall negative
charge69,70 at pH 7. This should lead to unfavorable
interactions between levofloxacin and the negatively-charged
polystyrene surface. These results indicate that the binding
between surface-modified polystyrene nanoparticles and small
molecules is more complicated than previously thought.
However, levofloxacin does contain a fluorine group, which
is strongly hydrophobic. The fluorine group has previously

been shown to be responsible for binding between fluorine-
containing xenobiotics and hydrophobic natural organic
matter.22 The presence of fluorine in levofloxacin could
therefore explain the unexpected strong propensity for
levofloxacin to bind to these nanoparticles, and indicates that
hydrophobic effects can be the dominant factor for this kind of
binding in the case of very hydrophobic groups on the small
molecule.
Presence of Dissolved Organic Matter

When considering plastic particles interacting with small
molecules in natural waterways, it is also important to consider
other components of these waters. Here we explore how the

Figure 4. STD buildup curves for (a) 9.2 mM metronidazole in the presence of 264 nM polystyrene nanoparticles, (b) 3.0 mM levofloxacin in the
presence of 5.3 nM polystyrene nanoparticles, and (c) 4.7 mM amoxicillin in the presence of 264 nM polystyrene nanoparticles.

Figure 5. STD buildup curves for (a) 6 mM amoxicillin, (b) 6 mM amoxicillin in the presence of 9 mM metronidazole, (c) 6 mM amoxicillin in the
presence of 9 mM levofloxacin, (d) 10 mM metronidazole (e) 9 mM metronidazole in the presence of 6 mM amoxicillin, (f) 10 mM metronidazole
in the presence of 10 mM levofloxacin. Each sample also contained 0.8 wt % (264 nM) 40 nm polystyrene beads. Peak labels correspond to those in
Figure 1.

Figure 6. Normalized NMR signal intensity for (a) 11.0 mM metronidazole and (b) 12.7 mM levofloxacin in the presence of increasing
concentrations of tannic acid.
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presence of tannic acid influences the binding of metronidazole
and levofloxacin with polystyrene nanoparticles.
First, Figure 6 shows the NMR signal intensity of

metronidazole and levofloxacin in the presence of increasing
amounts of tannic acid. Some decomposition was observed for
amoxicillin at room temperature during the time required for
these experiments, so amoxicillin was not considered here.
Whereas the presence of up to 1.5 mM tannic acid does not
influence the signal intensity of metronidazole, the signal
intensity of levofloxacin decreases with addition of tannic acid.
Notably, visible precipitation was observed in the levofloxacin-
tannic acid samples as well.
In Figure 7, we examine the binding between the two

antibiotics and polystyrene nanoparticles in the presence of
tannic acid using STD-NMR. Figure 7a−c show the STD
buildup curves for samples containing metronidazole and
nanoparticles; metronidazole, nanoparticles, and tannic acid;
and metronidazole and tannic acid, respectively. When tannic
acid is added to a sample containing metronidazole and
nanoparticles, the STD buildup curve of the metronidazole is
only slightly affected, as can be seen by comparing Figure 7a,b.
The initial slope of the STD buildup curve does not change
significantly (1.55 ± 0.05 s−1 without tannic acid, Figure 7a to
1.50 ± 0.08 s−1 with tannic acid, Figure 7b) Additionally, no
STD effect is observed for metronidazole in the presence of
tannic acid only, without nanoparticles. This indicates that
tannic acid is not disturbing the binding between metronida-
zole and nanoparticles, and is in agreement with tannic acid
not having strong interactions with metronidazole as was
observed in Figure 6a.
When tannic acid is added to a sample containing

levofloxacin and nanoparticles, however, a decrease in the
STD effect, as well as a decrease in the initial slope of the STD
buildup curve, is observed for all peaks. The initial slope of the
STD buildup curve is often used as a measure of the relative
strength of interaction, since it is less sensitive to the effects of
relaxation and ligand re-binding than individual STD effects
measured at longer saturation times.71 A decrease in the initial

slope indicates that the binding is actually being affected, rather
than the STD buildup curve being influenced by the presence
of paramagnetic impurities or other effects that would only
decrease the T1 relaxation times. Notably, there is also an
observable STD effect for levofloxacin in the presence of tannic
acid only, even without the addition of polystyrene nano-
particles. In the sample containing levofloxacin, nanoparticles,
and tannic acid (Figure 7e), levofloxacin binds to both the
polystyrene nanoparticles and tannic acid, so that the STD
buildup curve is between the two.

■ CONCLUSIONS
We have used several complementary NMR techniques to
examine the binding between polystyrene nanoparticles and
common antibiotics that may be present in polluted waterways.
Based on measurements of NMR signal intensity, relaxation
rates, STD amplification factors, and competition STD-NMR
experiments, we can conclude that the binding strength
between the three antibiotics and polystyrene nanoparticles
increases in the order amoxicillin < metronidazole ≪
levofloxacin. This is consistent with levofloxacin having a
fluorine group, which is hydrophobic and has been shown
previously to be a functional group that is responsible for
binding in a hydrophobic environment.22 Tannic acid, a
component of dissolved organic matter that is also expected to
be present in polluted waterways, was shown to influence the
binding between levofloxacin and polystyrene nanoparticles
but not the binding between metronidazole and nanoparticles.
This work provides valuable information about the binding

between three common antibiotics and surface-modified
polystyrene nanoparticles. Understanding the interactions
between nanoscale plastics and xenobiotics that may be
present in polluted waterways, as well as how dissolved organic
matter influences these interactions, will be useful in designing
remediation strategies.

Figure 7. STD buildup curves for metronidazole (metro) and levofloxacin (levo) in the presence of either polystyrene nanoparticles, tannic acid, or
both. (a) 9.8 mM metronidazole and 260 nM nanoparticles, (b) 9.8 mM metronidazole, 260 nM nanoparticles, and 0.843 mM tannic acid, (c) 9.8
mM metronidazole and 0.823 mM tannic acid, (d) 13.2 mM levofloxacin and 26 nM nanoparticles, (e) 13.2 mM levofloxacin, 26 nM nanoparticles,
and 0.823 mM tannic acid, (f) 13.2 mM levofloxacin and 0.823 mM tannic acid.
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