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The role of microplastics as vectors
of antibiotic contaminants via a
molecular simulation approach

Sedigheh Abdollahi, Heidar Raissi"* & Farzaneh Farzad

Microplastics (MPs) and nanoplastics (NPs) have emerged as major environmental pollutants due

to their persistence, widespread distribution, and ability to interact with organic contaminants,
including antibiotics. This study employs molecular dynamics (MD) simulations to investigate

the adsorption mechanisms of three commonly used antibiotics—ciprofloxacin, amoxicillin, and
tetracycline—on two types of non-biodegradable microplastics: polypropylene (PP) and polystyrene
(PS). Furthermore, the impact of microplastic aging, simulated by introducing oxidized and hydrophilic
functional groups, on adsorption efficiency and interaction mechanisms has been explored. The

total interaction energy of ciprofloxacin on polystyrene increased from - 121.57 kJ/mol (pristine)

to -242.04 kJ/mol (aged), while the number of adsorbed molecules doubled from 5 to 10. Similarly,
amoxicillin adsorption on aged polypropylene increased from 4 to 6 molecules, with total adsorption
energy increasing from - 52.14 kJ/mol to -93.43 kJ/mol. Polystyrene microplastics demonstrated
stronger adsorption than polypropylene, particularly for aromatic antibiotics like ciprofloxacin, where
m-1t interactions dominate. The Root Mean Square Deviation (RMSD), Radial Distribution Function
(RDF), and Mean Squared Displacement (MSD) analyses further confirm the stability and persistence
of these interactions. Additionally, the hydrogen bond analysis highlights the role of microplastic
aging in facilitating stronger antibiotic binding. These findings suggest that aged microplastics act as
potent carriers of antibiotics, potentially prolonging their environmental persistence and influencing
microbial resistance patterns. The results reveal that, aged microplastics exhibit significantly higher
antibiotic adsorption due to increased surface roughness and enhanced electrostatic interactions. By
providing molecular-level insights into MP-antibiotic interactions, this study contributes to the broader
understanding of emerging pollutants.
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resistance

Plastics, recognized as one of the most significant inventions of the 20th century, are valued for their lightweight
nature, strong chemical stability, outstanding impact resistance, and cost-effectiveness'=. These qualities have
led to their widespread use across diverse sectors, including commerce, industry, agriculture, aerospace, and
everyday life*. In 1950, global plastic production was around 2 million tons per year® but according to recent
estimates, global plastic production exceeded 460 million metric tons in 2024 (https://iucn.org), emphasizing
the persistent increase in plastic manufacturing and the urgent need to address the environmental impacts of
microplastic pollution.

By 2050, global plastic production is projected to reach 33 billion tons®. However, approximately 65% of
plastics are unsuitable for recycling’. Leading to the widespread release of a significant amount into the natural
environment®’.

Additionally, due to the COVID-19 pandemic, approximately 5.8 billion face masks— a potential source
of microplastics—are used once and discarded daily, with 2.4 billion ending up in landfills'’. Plastics degrade
slowly over time, gradually breaking down into microplastics ( particles smaller than 5 mm in diameter) and
even nanoplastics (particles less than 0.1-1 pm)!%.

The most frequently detected microplastics include polyethylene (PE) and polystyrene (PS), followed by
polypropylene (PP), polyvinyl chloride (PVC), polyethylene terephthalate (PET), polyamide (PA), and polyvinyl
alcohol (PVA)!2 Due to their slow degradation, microplastics accumulate and remain in the environment for
extended periods, where they can interact with living organisms!?.
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Microplastics (MPs) and nanoplastics (NPs) have emerged as major environmental concerns due to their
widespread distribution across ecosystems and their ability to transport and accumulate organic pollutants
such as pesticides, pharmaceuticals, and industrial chemicals. Many of these pollutants pose risks to aquatic
life and can bioaccumulate in the food chain. The adsorption of organic pollutants onto microplastics is a
complex process influenced by various factors, including the physicochemical properties of both the plastics
and the contaminants. Understanding this interaction is essential for evaluating the environmental impact of
microplastics and developing effective mitigation strategies, highlighting the importance of studying them!“.

In addition, the discovery of antibiotics was a major milestone in human efforts to prevent diseases and
treat secondary infections. Their use has expanded beyond human medicine to include disease prevention in
animals, protection against bacterial crop damage, and applications in aquaculture as growth enhancers and
prophylactics'>~!%. However, this extensive usage has also led to the emergence of antibiotic pollutants, raising
significant global concerns due to their widespread negative impact on public health and the environment!*2°.

Microplastics can adsorb, accumulate, and transport pollutants such as organic contaminants, metals,
and microorganisms®! due to their large surface area and high hydrophobicity, increasing their potential
toxicity in aquatic ecosystems?>?*. Furthermore, the interaction between MPs and these pollutants can lead to
bioaccumulation through the food chain, ultimately posing risks to human health?*. Among various emerging
contaminants, antibiotics have drawn significant attention due to their accumulation, as they can promote the
development, spread, and persistence of antibiotic-resistant bacteria and resistance genes?>2.

Microplastics undergo different aging processes, such as biodegradation, physical wear, and chemical
oxidation?””. Numerous studies have shown that the aging process can alter the surface structure®®. Aged
microplastics exhibit different toxic effects compared to pristine MPs due to changes in their morphology and
chemical composition. Aging typically reduces the size of MPs, making them smaller and more easily ingested
due to biological size constraints**-*!.

At the same time, the altered properties of microplastics due to aging can influence their interactions with
environmental pollutants®***which in turn impacts their ingestion by organisms and the associated risks*.
These transformations complicate our understanding of how microplastics interact with antibiotics in real-world
scenarios, underscoring the importance of studying both pristine and aged microplastics.

Gao et al. discuss various laboratory simulations of microplastic aging, highlighting the formation of oxygen-
containing functional groups such as hydroxyl and carbonyl groups. They also investigate how these changes
affect the physicochemical properties of microplastics and their interactions with environmental pollutants®.
Liu et al. also explore the role of reactive oxygen species in the aging process of microplastics, leading to the
introduction of functional groups like hydroxyl and carbonyl on the polymer surface. The research provides
insights into how these chemical modifications influence the environmental behavior of aged microplastics™.
As well as Chelomin et al. investigate the toxicological effects of aged microplastics, focusing on the increased
presence of oxygen-containing functional groups such as carbonyl and carboxyl groups. Their study discusses
how these chemical changes enhance the adsorption capacity of microplastics for various pollutants, thereby
influencing their environmental impact®”.

Batch adsorption experiments are commonly conducted to determine the adsorption behavior of pollutants
and the capacity of various plastic materials, involving the addition of a known pollutant concentration to a
specified amount of plastic. However, these experiments can be inefficient. This study explores an alternative
theoretical approach, highlighting molecular dynamics (MD) as a valuable tool for examining adsorbent-
adsorbate interactions at the molecular level. MD not only provides detailed insights into these interactions but
also offers a visual representation of the adsorption process. These approaches are relatively cost-effective and
have the potential to minimize reliance on wasteful and unsustainable experimental methods.

MD predicts how each atom in a molecular system moves over time by utilizing a physical model that
describes interatomic and intermolecular interactions. Crucially, MD simulations offer valuable insights into the
specific interactions between adsorbents and adsorbates, providing a detailed and fundamental understanding
of the adsorption process.

This study seeks to address these gaps by leveraging molecular dynamics simulations to investigate:

1. The adsorption mechanisms of widely used antibiotics (e.g., ciprofloxacin, amoxicillin, and tetracycline) on
non-biodegradable microplastics (e.g. polypropylene, and polystyrene).

2. The influence of environmental aging on the adsorption efficiency and interaction mechanisms by introduc-
ing oxidized and hydrophilic functional groups to microplastic surfaces.

This study offers practical relevance by elucidating the adsorption mechanisms of widely used antibiotics onto
environmentally abundant microplastics under realistic conditions, including oxidative aging. These insights
enhance our understanding of how microplastics contribute to the transport and persistence of pharmaceutical
contaminants in aquatic systems, supporting environmental risk assessment and informing future monitoring
or remediation efforts.

This article can be a practical guide for researchers, such as the research conducted by Razanajatovo et
al.**who investigated the uptake and excretion of selected drugs by polyethylene microplastics. They evaluated
how pharmaceuticals like sulfamethoxazole (SMX), propranolol (PRP), and sertraline (SER) interact with
polyethylene (PE) microplastics in water. These researchers found that the sorption percentages of these
pharmaceuticals on PE microplastics decreased in the order: of SER (28.61%) >PRP (21.61%) > SMX (15.31%).
The sorption kinetics were well-fitted with the pseudo-second-order model, and both the linear and the
Freundlich models described the sorption isotherm. Desorption studies revealed that 8% of PRP and 4% of SER
were released from the microplastics within 48 h, while the sorption of SMX was irreversible. These findings
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suggest that pharmaceuticals like PRP and SER may pose risks of bioaccumulation in aquatic organisms via
ingestion of microplastics.

By providing molecular-level insights into these interactions, this study aims to enhance our understanding
of the compounded environmental risks posed by antibiotics and aged microplastics. Molecular dynamics
modeling of microplastic-antibiotic interactions is limited by simplified force fields, computational constraints
on system size and simulation time, and the inability to fully replicate environmental complexity (e.g., varying
ionic strength, pH, and other contaminants). Additionally, MD simulations often overlook factors such as the
dynamic flexibility of polymer chains, electrostatic interactions with environmental ions, and competition
between multiple pollutants. These limitations should be acknowledged, and future work should aim to
incorporate these factors to provide for a more comprehensive understanding of real-world interactions.

Computational method

Microplastic and antibiotic models

In this study, molecular dynamics simulations were conducted to investigate the adsorption behavior of
antibiotics onto microplastics. Two types of microplastics, polypropylene and polystyrene, were selected, along
with three antibiotics: amoxicillin, tetracycline, and ciprofloxacin. (see Fig. 1)

Polypropylene and polystyrene were selected because they rank among the most widely produced and
frequently detected microplastics globally. PP constitutes roughly 19% of annual virgin plastic production and
PS about 8%, together representing significant of total polymer output*’. Environmental surveys consistently
find PP and PS as dominant microplastic types in aquatic ecosystems. PP appears in approximately 25% of
marine microplastic studies, and PS in around 16%, highlighting their pervasive presence in aquatic systems®*!.
Their differing chemical structures also allow for comparative analysis of adsorption behavior on nonpolar
PP and aromatic PS surfaces. Amoxicillin, tetracycline, and ciprofloxacin are commonly used antibiotics that
are frequently detected in surface waters, due to incomplete metabolism and wastewater discharge, with 30-
90% of the ingested doses being excreted unchanged*’. For example, amoxicillin exhibits an excretion rate of
43-75% in humans*while ciprofloxacin is excreted approximately 50-70% unchanged in the urine, with an
additional ~ 10-15% excreted as metabolites**. Their diverse molecular structures and functional groups make
them representative models for studying a range of antibiotic-microplastic interactions.

Firstly, the structures of the pristine microplastic molecules were modeled using polymer chains of
polypropylene and polystyrene with 50 repeating units. In this study, 50 repeating units were used to model
each microplastic chain, providing a representative nanoscale segment (~ 12.5-13.5 nm) that captures essential
surface and structural features. While ensuring that the polymer chains are long enough to represent the bulk
properties of polypropylene and polystyrene. This chain length provides a realistic surface for adsorption
interactions without significantly increasing simulation time. This enables accurate computational analysis of
adsorption. (See Fig. 2.)

Aged microplastics were generated by introducing hydroxyl (-OH) and carbonyl (-C=0) functional groups
to the polymer surface to mimic oxidative aging. The aging of microplastics can introduce other oxygen-
containing functional groups such as carboxyl (-COOH), epoxy (-C-O-C-), and peroxide (-O-O-) groups.
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Fig. 1. The structure of Amoxicillin, Tetracycline and Ciprofloxacin.
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Fig. 2. The structure of (A) polypropylene and aged polypropylene (B) polystyrene and aged polystyrene.

However, hydroxyl and carbonyl groups were selected in this study because they are among the most commonly
observed and chemically stable products of oxidative degradation. They also have a significant influence on
surface polarity and adsorption behavior.

The force field parameters, as well as the structural details of the antibiotics ciprofloxacin, tetracycline,
amoxicillin, and polymer chains of polypropylene, and polystyrene, were sourced from the SwissParam website.

Simulation setup

For the polypropylene simulations, six simulation boxes with dimensions of 15x15x 15 nm? were utilized.
Three of these boxes contained pristine PP microplastics, each simulated with 10 molecules of one of the three
antibiotics. The remaining three boxes contained aged PP microplastics, each interacting with 10 molecules
of amoxicillin, tetracycline, or ciprofloxacin. The details are presented in Table 1. To prevent unintended
interactions, antibiotic molecules were randomly distributed around the PP microplastics at a distance of 2 nm.
Similarly, six simulation boxes with dimensions of 14 x 10x 10 nm> were used for the polystyrene microplastic
simulations. Three boxes contained pristine PS microplastics, each simulated with 10 molecules of one of the
three antibiotics, while the other three contained aged PS microplastics with 10 molecules of the same antibiotics.
As with the PP simulations, antibiotic molecules were randomly positioned around the PS microplastics at an
approximate distance of 2 nm to avoid unwanted interactions. (see Fig. 3)

The TIP3P water model was employed to represent the biological environment. To maintain charge neutrality
and simulate natural conditions, sodium and chloride ions were added to the system.

Energy minimization was conducted using the steepest descent algorithm, followed by equilibration in the
NVT and NPT ensembles at 300 K and 1 bar for 200 ps. Electrostatic interactions were computed using the
particle-mesh Ewald (PME) method, with a cutoff radius of 1.4 nm for short-range interactions. The system
temperature was maintained at 300 K using a Nosé-Hoover thermostat to mimic environmental conditions,
while pressure regulation at 1 bar was achieved using the Parrinello-Rahman barostat.

To preserve bond constraints, the LINCS algorithm was applied. Production simulations were carried out
for 105 ns with a 2 fs time step using GROMACS 2022.1. Molecular visualization and analysis were performed
using VMD software, facilitating the inspection of molecular interactions and aiding in the interpretation of
simulation results.

Root Mean Square Deviation (RMSD), Radial Distribution Functions (RDF), Mean Squared Displacement
(MSD), and the number of hydrogen bonds (HB) were analyzed to evaluate the simulation results.
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System Number of antibiotic molecules | Size box
Amoxicillin-pp 10 15%15*15
Amoxicillin- aged pp | 10 15*15*15
Tetracycline-pp 10 15*15%15
Tetracycline-aged pp | 10 15*15*15
Ciprofloxacin-pp 10 15*15*15
Ciprofloxacin-aged pp | 10 15*15%15
Amoxicillin-ps 10 14¥10*10
Amoxicillin-aged ps 10 14¥10*10
Tetracycline-ps 10 14*10*10
Tetracycline- aged ps | 10 14*10*10
Ciprofloxacin-ps 10 14¥10*10
Ciprofloxacin-aged ps | 10 14*10*10

Table 1. Details of the MD simulation systems.

RMSD is a measure of the deviation between the current position of atoms in a system and a reference
structure over time. RDF of the pollutant/adsorbent system was examined to assess the interactions between
antibiotic molecules and microplastics. This function ( gs; () ) serves as a crucial measure of the likelihood of
pollutants being positioned at specific distances from the microplastic surface, as determined by Eq. (1)**:

P]‘(T)

(1)
P

gij (1) =

p ; (1) represents the average density of molecule j at a distance r from molecule i. Additionally, p ; corresponds
to the density of molecule j, averaged over all spherical shells surrounding molecule i up to . .
To determine the diffusivity of antibiotic molecules adsorbed onto microplastics in various systems, MSD is

initially estimated using the following Eq. (2)1¢47.
MSD (At) = ((ri (At) —1:(0))*) = (Ari(At)%) )

Here, (r; (At) —7; (0))” is the distance traveled by center of mass of the particle i over some time interval of
length.

Throughout the simulation, the particle diffusion coefficient (D,) can be determined using Einstein’s equation,
as presented in Eq. (3).

1 .
Di=; At lim MSD(At) 3)

Based on geometric criteria, HB analysis evaluates the potential number of HBs formed between donor and
acceptor molecules®®,

r< rgg=0.35nmanda < oeHB:?)OO (4)

Result and discussion

Adsorption behavior and structural insights

To evaluate the adsorption of antibiotics onto microplastics, the initial and final simulation snapshots were
analyzed. The final simulation snapshots are shown in Figs. 4 and 5. In the initial configurations, antibiotic
molecules were randomly distributed around the microplastic surfaces at a distance of 2 nm, ensuring no pre-
adsorption interactions. Over the course of the simulation, significant changes in molecular positioning and
interactions were observed, providing insight into the adsorption process.

Final snapshots revealed that a varying number of antibiotic molecules had successfully adsorbed onto the
microplastic surfaces, with differences observed between pristine and aged microplastics. In particular, aged
microplastics showed higher adsorption due to surface roughness, altered hydrophobicity, and functional group
interactions. The number of adsorbed molecules for each antibiotic type is summarized in Table SI.

These findings highlight the impact of microplastic aging on antibiotic adsorption and provide atomic-level
insights into pollutant accumulation in environmental systems.

The increased antibiotic uptake on aged microplastics compared to pristine microplastics is consistent with
the findings of Stapleton et al. In their experimental research, Stapleton et al. concluded that the weathering of
microplastics increases their antibiotic uptake capacity by 171%%°.
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Fig. 3. (A) The structure of Amoxicillin, Tetracycline, and Ciprofloxacin. (B) The structure of polypropylene
and aged polypropylene, polystyrene, and aged polystyrene. (C) The initial snapshot of the simulation boxes
for tetracycline drug, (a) polypropylene with tetracycline pollutant molecules; (b) aged polypropylene with
tetracycline pollutant molecules; (c) polystyrene with tetracycline pollutant molecules; (d) aged polystyrene
with tetracycline pollutant molecules.
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Fig. 4. (a) Final snapshots of the polypropylene and aged polypropylene with amoxicillin; (b) Final snapshots
of the polypropylene and aged polypropylene with tetracycline; (¢) Final snapshots of the polypropylene and
aged polypropylene with ciprofloxacin.

Interaction energies

The interaction energy of the van der Waals (vdW) forces between antibiotic molecules and microplastic
versus time of simulation is evaluated using the “gmx energy” module of the GROMACS software software and
presented in Fig. 6.

Furthermore, the average vdW interaction energy and electrostatic interaction energy of the simulated
systems are shown in Fig. 7 and Table S1. To enhance clarity in analyzing the adsorption energies, these energies
are presented in a heatmap diagram shown in Fig. 7.

As expected, the aging of microplastics significantly enhances adsorption for all three antibiotics. This is
evident from the total interaction energies, which are consistently more negative for aged microplastics compared
to their pristine counterparts. This enhancement is likely due to:
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Fig. 5. (a) Final snapshots of the polystyrene and aged polystyrene with amoxicillin; (b) Final snapshots of the
polystyrene and aged polystyrene with tetracycline; (c) Final snapshots of the polystyrene and aged polystyrene
with ciprofloxacin.

o o Increased surface roughness from oxidative and hydrolytic degradation, creating more binding sites.
o « Introduction of polar functional groups on the microplastic surface, leading to stronger electrostatic inter-
actions with antibiotic molecules.

To simulate the effects of oxidative and hydrolytic degradation on the surface properties of microplastics,
structural and chemical modifications, which represent increased surface roughness and bonding site availability,
commonly observed in aged plastics, were modeled by introducing randomly distributed functional groups (e.g.,
-OH, -COOH, and C=0) on the polymer surface.
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Fig. 6. VAW interactions between the microplastics with drug pollutant molecules as a function of time. (a)
The polypropylene with drug pollutant molecules; (b) the aged polypropylene with drug pollutant molecules;
(c) the polystyrene with drug pollutant molecules; (d) the aged polystyrene with drug pollutant molecules.

The total adsorption energy of amoxicillin on polypropylene decreases from —52.14 kJ/mol (pristine) to
-93.43 kJ/mol (aged), with the number of adsorbed molecules increasing from 4 to 6.

The total interaction energy of ciprofloxacin on polystyrene drops dramatically from —121.57 kJ/mol
(pristine) to -242.04 kJ/mol (aged), and the number of adsorbed molecules doubles from 5 to 10.

Van der Waals interactions dominate across all systems, especially for polystyrene, where total energies are
significantly influenced by vdW forces.

Electrostatic interactions play a secondary role, except in aged microplastics, where they become more
pronounced due to surface oxidation.

In pristine polystyrene, ciprofloxacin has an electrostatic energy of +4.08 kJ/mol, indicating weak electrostatic
repulsion. However, in aged polystyrene, this energy shifts to -28.41 kJ/mol, signifying stronger electrostatic
binding.

Amoxicillin adsorption is highest on aged PS (-147.18 kJ/mol, 8 molecules), suggesting a strong affinity
due to hydrogen bonding and n-n interactions. Tetracycline adsorption is more significant on polystyrene than
polypropylene, possibly due to its aromatic structure engaging in n-n interactions with PS. Ciprofloxacin is the
most strongly adsorbed antibiotic, especially on aged PS (-242.04 kJ/mol, 10 molecules). This could be due to
ciprofloxacin’s amphiphilic nature, enabling it to interact both via hydrophobic forces and electrostatic attraction.
Polystyrene shows stronger adsorption than polypropylene, particularly for aged microplastics. This is due to
greater hydrophobicity and n-nt interactions with aromatic antibiotics. Polypropylene, while less adsorptive
overall, still binds antibiotics efficiently upon aging, likely due to increased polarity and surface roughness.

Aging-induced oxidative and hydrolytic processes introduce oxygen-bearing functional groups (-OH,
-COOH) on microplastic surfaces, increasing local polarity and surface electronegativity. These chemical
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Fig. 7. (A) Average van der Waals and Electrostatic energies of the studied systems; (B) Heatmap of
adsorption energy of the studied systems.

modifications elevate hydrogen-bonding capacity and dipole-dipole interaction potential, even if the net surface
charge becomes more negative. Specifically, amphiphilic antibiotics such as ciprofloxacin and amoxicillin possess
both cationic (-NH?3*) and anionic (-COO~) moieties. As a result, the aged microplastic surfaces facilitate strong
electrostatic attraction and hydrogen bonding with these antibiotics, which outweighs any simple charge-based
repulsion. Consequently, after aging, the observed electrostatic interaction energies become more negative,
reflecting enhanced binding strength from these newly formed polar—polar interactions.

Aging significantly enhances the adsorption capacity of microplastics, making them more potent carriers
of antibiotic contaminants. Polystyrene microplastics pose a greater environmental risk due to their stronger
adsorption tendencies, potentially leading to the prolonged persistence of antibiotics in aquatic environments.
Antibiotic-specific interactions highlight the importance of molecular structure in determining adsorption
behavior, with ciprofloxacin showing the strongest binding.

These findings suggest that microplastic pollution may act as an effective vector for antibiotic transport,
possibly influencing microbial resistance patterns in aquatic ecosystems. Further experimental validation and
studies on desorption kinetics would be valuable to understand the long-term fate of these contaminants.

Root mean square deviation (RMSD)

The RMSD analysis plots for the investigated systems are displayed in Fig. 8. These plots demonstrate the
structural stability of the molecular systems throughout the adsorption process. After the initial adsorption, in 20
ns, RMSD stabilization was observed. This suggests that the adsorption has reached equilibrium. The antibiotics
have settled onto the microplastic surface with less movement because they have become more adsorbed and
stable. This stability suggests that these antibiotics could persist longer in the environment, especially in aquatic
systems where microplastics are prevalent. Persistent antibiotics can lead to prolonged exposure for aquatic
organisms and contribute to the accumulation of these contaminants in food webs>*>!.

In summary, RMSD trends provide critical insights into how antibiotics interact with microplastics,
influencing their environmental persistence, mobility, and potential to contribute to antibiotic resistance. These
findings highlight the importance of addressing pharmaceutical pollution in environmental management
strategies to protect ecosystems and public health.

Radial distribution functions (RDF)
According to our obtained results in Fig. 9, the RDF peaks indicate the preferred interaction distances between
the antibiotics and the microplastic surfaces. A sharp, high peak at small r (~4-6 A) suggests strong molecular
attraction, such as hydrogen bonding or electrostatic interactions. Broader or lower peaks indicate weaker
adsorption or more dispersed interactions. The RDF plots of all studied systems exhibit peaks between 4 and 6
A, with varying intensities that indicate different interactions between pollutant molecules and microplastics.
Polystyrene generally exhibits higher RDF peaks for ciprofloxacin and tetracycline compared to amoxicillin.
This suggests that rt-m interactions play a major role in adsorption for these two drugs, as PS has aromatic rings
that can engage in m-1t stacking with aromatic rings in ciprofloxacin and tetracycline. Amoxicillin, which has
weaker aromaticity, shows a less pronounced preference for PS but may still interact through hydrogen bonding.
Polypropylene is a non-polar material with mainly hydrophobic interactions. The RDF peaks for PP suggest
that adsorption is weaker compared to PS, especially for tetracycline and ciprofloxacin. The adsorption of
amoxicillin on PP is still significant due to its amphiphilic nature, enabling some hydrophobic affinity.
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Fig. 8. RMSD for the stability of the studied systems. (a) The polypropylene with drug pollutant molecules; (b)
the aged polypropylene with drug pollutant molecules; (c) the polystyrene with drug pollutant molecules; (d)
the aged polystyrene with drug pollutant molecules.

These insights indicate that microplastic composition significantly affects the environmental fate of antibiotic
contaminants, with PS showing a higher tendency to adsorb pharmaceutical pollutants via n-n and hydrogen
bonding interactions.

The mean squared displacement (MSD)

The Mean Squared Displacement is a key metric used in molecular dynamics simulations to quantify the mobility
of molecules over time. A higher MSD suggests greater molecular diffusion (lower adsorption), while a lower
MSD indicates restricted movement, implying stronger adsorption onto the microplastic surface. It is evident
from Fig. 10 that: Ciprofloxacin exhibits lower MSD on both aged microplastics than on pristine microplastics,
particularly on aged polystyrene.

This suggests stronger adsorption due to m-m interactions between the aromatic rings in ciprofloxacin and
the benzene rings in aged microplastics. Likewise, amoxicillin shows relatively higher MSD than ciprofloxacin,
implying weaker adsorption and tetracyclines MSD falls between amoxicillin and ciprofloxacin, suggesting
moderate adsorption strength.

Therefore ciprofloxacin is more likely to accumulate on aged microplastics, leading to long-term
environmental persistence.

Amoxicillin and tetracycline exhibit greater mobility, suggesting they may desorb more easily and remain
bioavailable in aquatic systems.

Understanding these interactions helps in predicting antibiotic transport in marine environments, influencing
risk assessments for microplastic pollution.

The MSD plots and the diffusion coeflicients presented in Table 2 indicate that antibiotics tend to exhibit
lower MSD on polystyrene than on polypropylene. This indicates that polystyrene has a stronger affinity for
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Fig. 9. RDF patterns for the studied systems. (a) The polypropylene with drug pollutant molecules; (b) the
aged polypropylene with drug pollutant molecules; (c) the polystyrene with drug pollutant molecules; (d) the

aged polystyrene with drug pollutant molecules.

antibiotic molecules, likely due to m-m stacking with aromatic drug structures. Polypropylene lacks aromatic
rings, leading to weaker interactions and allowing greater antibiotic mobility.

The number of hydrogen bonds (HB)

In molecular dynamics simulations, hydrogen bond analysis is a crucial tool for examining the dynamics of
these interactions over time, offering valuable insights into the structural stability of molecular systems. In this
study, the hydrogen bonds formed between antibiotic molecules and microplastics were analyzed, with the
results presented in Fig. 11. The findings indicate that pristine microplastics do not form hydrogen bonds with
antibiotic molecules. However, aged microplastics, which possess polar functional groups such as hydroxyl and
carboxyl groups on their surface (as seen in polystyrene and polypropylene), can establish hydrogen bonds with

antibiotic molecules.

Amoxicillin is a polar molecule containing multiple hydroxyl and amino groups, allowing it to form
hydrogen bonds with aged microplastics. The analysis reveals that amoxicillin exhibits a higher number of
hydrogen bonds compared to the other antibiotics, suggesting stronger electrostatic interactions, which align
with the electrostatic energy results presented in the energy analysis section. In contrast, tetracycline forms
fewer hydrogen bonds than amoxicillin and ciprofloxacin, indicating weaker electrostatic interactions with aged
microplastic surfaces. As a fluoroquinolone, ciprofloxacin possesses a distinct set of functional groups compared
to amoxicillin and tetracycline, which may influence its interaction with microplastics.
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Fig. 10. MSD plots for the studied systems. (a) The polypropylene with drug pollutant molecules; (b) the aged
polypropylene with drug pollutant molecules; (c) the polystyrene with drug pollutant molecules; (d) the aged
polystyrene with drug pollutant molecules.

System Dpotiutant (10—50m2s_1) Error

Amoxicillin-pp 0.0191 + 0.0058
Amoxicillin- aged pp | 0.0215 +0.0003
Tetracycline-pp 0.0122 +0.0015
Tetracycline-aged pp | 0.0241 +0.0061
Ciprofloxacin-pp 0.0299 +0.0007
Ciprofloxacin-aged pp | 0.0139 +0.0058
Amoxicillin-ps 0.0181 +0.0064
Amoxicillin-aged ps | 0.0123 +0.0015
Tetracycline-ps 0.0172 +0.0042
Tetracycline- aged ps | 0.0092 +0.0008
Ciprofloxacin-ps 0.0267 +0.0078
Ciprofloxacin-aged ps | 0.0068 +0.0002

Table 2. Diftusion coeflicients of drug pollutant molecules in the investigated systems.
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Fig. 11. Number of hydrogen bonds for the studied systems. (a) The polypropylene with drug pollutant
molecules; (b) the aged polypropylene with drug pollutant molecules; (c) the polystyrene with drug pollutant
molecules; (d) the aged polystyrene with drug pollutant molecules.

The number of hydrogen bonds formed by each antibiotic varies between polypropylene and polystyrene
due to differences in their surface propertie. These findings further support the notion that structural variations
among antibiotics significantly influence their adsorption and diffusion behavior on microplastic surfaces.

The findings of this study offer important insights into the environmental behavior and fate of antibiotic
pollutants in the presence of microplastics. Our molecular dynamics simulations reveal that aged polypropylene
and polystyrene microplastics exhibit significantly enhanced adsorption capacities for widely used antibiotics
such as ciprofloxacin, amoxicillin, and tetracycline. This enhancement is primarily due to aging-induced surface
modifications—specifically, the introduction of polar oxygen-containing functional groups (e.g., hydroxyl,
carbonyl)—as well as increased surface roughness. These changes lead to stronger van der Waals interactions,
more favorable electrostatic attractions, and the formation of hydrogen bonds between the antibiotic molecules
and the microplastic surfaces.

From an environmental standpoint, these results are particularly relevant. The increased adsorption of
antibiotics onto aged microplastics suggests that these particles can serve as persistent carriers or reservoirs
for pharmaceutical contaminants in aquatic environments. Unlike free-floating antibiotic molecules, which
may degrade or be diluted over time, antibiotic-laden microplastics can remain in the water column or settle
in sediments, potentially protecting the adsorbed compounds from immediate degradation. This prolonged
environmental residence time increases the likelihood of chronic exposure for aquatic organisms—even at
sub-inhibitory concentrations—which could disrupt microbial community dynamics, interfere with biological
processes, and contribute to the selection and proliferation of antibiotic-resistant bacteria and resistance genes.

Moreover, microplastics can be ingested by a wide range of aquatic organisms, from plankton to fish, providing
a direct pathway for antibiotic-contaminated particles to enter and move up the food web. This bioaccumulation
potential raises further concerns about indirect human exposure through seafood consumption and the broader
ecological consequences of microplastic-associated pollutants.
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These findings highlight the dual role of microplastics in aquatic environments: not only as persistent physical
pollutants but also as chemical vectors that may exacerbate the environmental and public health risks associated
with pharmaceutical contamination. Given the scale of global plastic production and the increasing prevalence
of microplastics in natural ecosystems, the potential for microplastic-mediated transport and persistence of
antibiotics represents a critical issue for environmental risk assessment. We therefore emphasize the need
for interdisciplinary efforts to further investigate the combined impact of microplastics and pharmaceutical
contaminants. Understanding their synergistic behavior is essential for developing informed strategies aimed at
pollution control, regulatory oversight, and long-term ecological protection.

Conclusion

This study provides molecular-level insights into the adsorption mechanisms of three widely used antibiotics,
ciprofloxacin, amoxicillin, and tetracycline, on pristine and aged microplastics, specifically polypropylene and
polystyrene. Findings indicate that aging significantly enhances antibiotic adsorption, with total interaction
energy values nearly doubling in some cases. For instance, the adsorption energy of ciprofloxacin on aged
polystyrene increased from —121.57 kJ/mol to -242.04 kJ/mol, while the number of adsorbed molecules
rose from 5 to 10. Similarly, aged polypropylene demonstrated increased amoxicillin adsorption, from 4 to 6
molecules, with interaction energy increasing from —52.14 kJ/mol to -93.43 kJ/mol. The presence of oxidized
functional groups on aged MPs enhances electrostatic interactions, hydrogen bonding, and n-m stacking,
making them more effective carriers of antibiotics in aquatic environments. Given that global plastic production
exceeded 400 million metric tons in 2022 and plastic degradation continuously generates secondary MPs, their
role in antibiotic transport and persistence in ecosystems cannot be overlooked. These results emphasize the
urgent need for improved waste management strategies, further experimental validation, and regulatory policies
to mitigate the environmental and public health risks associated with microplastic pollution and antibiotic
resistance.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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