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Synopsis: Minimal research exists on the fate of environmental nanoplastics at biophysical 

interfaces. This study reveals alterations in physiologically relevant bio membrane lipid 

monolayers in presence of polystyrene nanoplastics.  

Abstract: Nanoplastics are generated from the fragmentation of microplastics under various 

environmental conditions in the atmosphere. These tiny pollutants are widespread and can enter 

the human body through the air we breathe and the food and water we consume. Understanding 

how nanoplastics interact with different membrane lipids is paramount to discerning the kind of 

threat they pose in terms of lung alveolar destabilization, impaired cell communication, cell wall 

disruption, diminished nutrient delivery, and neurotoxicity. In this research, we examined the 

interaction of polystyrene nanoplastics with palmitic acid and phosphatidylcholine at the air-

aqueous interface to identify individual lipid response. Employing a comprehensive experimental 

approach that includes infrared-reflection absorption spectroscopy (IRRAS), Langmuir isotherms 

and Brewster angle microscopy (BAM), we investigated chemical and physical changes of lipid 

monolayer systems with nanoplastics dispersed within the water solution phase. Increasing 

concentration of the polystyrene nanoplastics in the solution phase led to enhanced interfacial 

activity; the nanoplastics were observed to incorporate into the monolayer driven by lipid 

adsorption/complexation to the nanoplastics. The findings in this research are novel and aid in 

understanding the physical mechanisms through which nanoplastics may alter and impact 

biophysical interfaces.  
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Introduction 

The cheap cost of manufacturing, durability, lightweight, and hydrophobicity that makes plastic 

materials useful for the consumer industry is what lends to their potential for environmental harm. 

When in the environment, plastic waste degrades slowly over hundreds of years due to its 

resistance to biotic and abiotic degradation pathways. The fragmented debris exhibit long-range 

transport owing to atmospheric circulation, convection currents, and local wind patterns. In recent 

years, the ubiquitous presence of plastic pollution, particularly in the form of micro and 

nanoplastics, has raised significant concerns due to their potential health impacts.1-3 

The atmospheric presence of micro sized plastic debris is well documented in different parts of 

the world and clustered into two major groups (i.e., primary and secondary microplastics) 

depending on their formation route. Primary microplastics are industrially manufactured at micron 

sizes intentionally.4 Secondary microplastics originate from the fragmentation of macroplastic litter 

through physical abrasion or exposure to UV light.5-6 Regardless of their formation origin, 

microplastics end up becoming a part of the atmospheric aerosol burden through physical 

processes. Evidence suggests that these microplastics then enter human body through inhalation 

of airborne particles, ingestion through contaminated food and water, and dermal contact, 

essentially resulting in bioaccumulation in the body.7 Emerging studies have confirmed the 

presence of microplastics in different parts of human body such as lung, liver, gut, placenta, feces, 

and within breast milk.7 In vitro and in vivo studies have also shown that microplastics induce 

alteration at different biophysical interfaces and potentially inhibit cell growth, and change cell 

morphology, leading to cytotoxicity through production of reactive oxygen species (ROS).8-10  

Microplastics (produced commercially or through environmental degradation) subsequently 

fragment into submicron or nanosized plastics (i.e. nanoplastics) through mechanical stress, 

chemical erosion, UV-ageing and can persist in air for indefinite time scales.8, 11 These 

nanoplastics can be defined as plastic debris with one or more external dimensions in the 1-100 
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nm range.12 Detection and characterization of the nanoplastics remain formidable tasks due to 

limitations in current analytical techniques but their coexistence with environmental microplastics 

is evident.8, 13 

Though limited in number, there have been some studies in recent years that explore the effect 

of nanoplastics on biological systems, including animal models, and the consequential health 

impacts.8, 14 The potential pathways for human exposure to nanoplastics are similar to microplastic 

exposure, but the resulting effect on human health is much more adverse according to current 

research.8, 15 The smaller size and larger surface area-to-volume ratio of nanoplastics make them 

more conducive to cell membrane transport and enable higher bioaccumulation propensity. In 

vitro and in silico studies have also confirmed the greater ability of nanoplastics to translocate 

across cell membranes and animal model studies show proof of neuron death due to nanoplastic 

breach of the blood-brain-barrier.14, 16-17 Once internalized, nanoplastics can diffuse across 

biological barriers, such as the respiratory and gastrointestinal epithelia, and accumulate in vital 

organs as evident by local inflammation observed in the pulmonary system and gastrointestinal 

tract due to nanoplastic accrual.15, 18 As such, these internalization pathways raise concerns about 

nanoplastic-induced toxicity and potential health impacts, necessitating a deeper molecular-level 

understanding of their interaction mechanisms with physiologically relevant lipids.  

This paper focuses on investigating the interactions between polystyrene nanoplastics and key 

lipid components found in biological membranes, namely palmitic acid (PA) and 1,2-dipalmitoyl-

sn-glycero-3-phosphocholine (DPPC). These lipids are fundamental in maintaining cellular 

membrane integrity, fluidity, and functionality, making them critical targets for understanding 

nanoplastic-induced behavior. Palmitic acid constitutes approximately 65% fatty acid in human 

body and 8–32% of the total fatty acids in serum.19-20 Additionally, palmitic acid is a minor 

component in pulmonary surfactant (contains 5–10% neutral lipids), which is vital for maintaining 

alveolar pressure during breathing.21 As a result, palmitic acid has been utilized in the 
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pharmaceutical industry for the synthetic preparation of lung surfactant substitutes for therapeutic 

purposes.22-25 On the other hand, phospholipids are essential components of biological 

membranes, forming the structural foundation of cellular environments. The phospholipid bilayers 

act as a semi-permeable barrier, separating the cell’s interior from the external environment, while 

playing a crucial role in maintaining membrane integrity, regulating the movement of substances, 

supporting membrane protein functions, and enabling cell communication and signaling.26 Among 

the various phospholipids, phosphatidylcholine (PC) is known to be the most abundant in 

mammalian cellular membranes, and DPPC, a specialized variant of PC, is predominantly found 

in pulmonary surfactant.27-28  About 45 wt% of the total phospholipid pool in the pulmonary 

surfactant is DPPC, which helps regulate surface tension and prevent lung destabilization or 

collapse.26-27 Given the significance, it is essential to study how nanoplastics fundamentally 

interact with these membrane lipids on a molecular level to better understand their impact on 

cellular environments and biophysical interfaces. Polystyrene (PS) is chosen as a representative 

of environmental nanoplastics for this research due to its widespread use in consumer industry 

and in vivo studies confirming the adverse health impact.8, 14 

Through a combination of advanced experimental techniques including Langmuir isotherms, 

Brewster angle microscope (BAM) imaging, and infrared-reflection absorption spectroscopy 

(IRRAS), this study examines how nanoplastics influence the lipid monolayer structure and 

organization at the air-aqueous interface. Considering the size-dependent removal of 

nanoplastics from the air due to diffusion and detection limitations in environmental and biological 

samples, our studies focused on concentrations ranging from 0.6 mg/L to 5 mg/L to maintain 

environmental relevance based on existing literature.8-9, 29-30 By varying nanoplastic 

concentrations and investigating their effect on the membrane lipids in different aqueous 

environments, the research elucidates the physical mechanisms through which nanoplastics may 

alter different biophysical interfaces, providing insights for understanding potential cellular and 
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physiological impacts. The paper begins by examining the effects of commercially available PS 

nanoplastics on surfactant monolayers in neat water, establishing the fundamental physical 

mechanisms of the interactions at play and subsequent property changes. These findings are 

then correlated with the observation of environmentally aged PS nanoplastic impact on a 

biophysical interface, using aqueous subphase that mimics real-world conditions for broader 

biological and environmental relevance. 

 

Experimental Methods 

Materials 

The 100 nm diameter analytical-grade PS nanospheres (CAS number 9003-53-6, MilliporeSigma) 

are mono dispersed in water with traces of anionic surfactant SDS (~0.07%) and preserving agent 

NaN3 (~0.007%), and as such necessary control studies were done (SI, Figure S1). Additionally, 

the nanospheres have surface sulphate groups from the initiator in the polymerization reaction 

and carry a negative surface charge (Technical division, MilliporeSigma). This makes them 

somewhat of a suitable proxy for real-world nanoplastics that exhibit varied surface functionalities. 

For further environmental relevance, a portion of the nanospheres was also subjected to UV aging 

to simulate environmental degradation resulting from sun exposure.  Palmitic acid (≥99%, Sigma-

Aldrich), Deuterated palmitic acid (98%, Cambridge Isotope Laboratories) and DPPC (>99%, 

Avanti Polar Lipids) were used as received without further purification (Scheme 1). Each 

surfactant was dissolved in chloroform (HPLC Grade, Fisher Scientific) at a concentration of ~1 

mM. The PS nanosphere-aqueous subphases (Table S1) were prepared by mixing appropriate 

amounts of PS nanosphere-water dispersion stock with ultrapure water (pH= 5.8,18.2 MΩ·cm 

resistivity, Milli-Q Advantage A10) or buffer subphases. Powdered phosphate buffered saline i.e., 
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PBS (Sigma Aldrich) was dissolved in water to mimic the non-toxic cell environment (10 mM PBS, 

138 mM NaCl, 2.7 mM KCl, pH= 7.4). 

 

Scheme 1. Molecular structures of the materials used in the study 

 

Methods 

UV-Aging of the PS nanospheres. A 340 nm polychromatic UV lamp was used to continuously 

irradiate the PS nanosphere-water stock solution for one month with an intensity of 8.1 W/m², 

simulating a theoretical environmental aging equivalent to approximately two months.31 This 

approach effectively mimics the emission spectra of the sunlight reaching Earth (95% UV-A and 

5% UV-B) as the lamp spans the region of 300–405 nm. The method is a reliable simulation of 

real-world UV exposure of environmental plastic debris due to solar weathering with appropriate 

intensity and wavelength selection as discussed in previous research.31 

Optical Photothermal Infrared (OPT-IR ) Spectroscopy. Simultaneous IR and Raman spectra 

of the PS nanospheres deposited on a ceramic alumina slide (MSE Supplies) were collected using 

the mIRrage-LS Microscope (Photothermal Spectroscopy Corp) and the experimental details can 

be found in SI. 
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Zeta potential. Zeta potential measures the electrical potential at the interface between a solid 

surface and the surrounding liquid, providing an effective way to quantify the surface charge of 

nanoparticles.32 The Brookhaven 90 Plus PALS was used to measure the zeta potential of the PS 

nanosphere-aqueous solutions following standard procedure.  

Atomic Force Microscopy. The morphology of the PS nanospheres was analyzed using Atomic 

Force Microscopy (AFM) for 3D imaging at the nanoscale using a Bruker AXS Dimension Icon 

Atomic Force Microscope in ScanAsyst mode following similar procedure in previous research.33 

Surface Pressure-Area (π-A) Isotherm. Surface pressure (π) is the measured difference in 

surface tension of a water subphase in absence (γ0) and presence (γm) of a thin film covering the 

surface i.e., π = (γ0) - (γm). Surface pressure measurements allow for an exploration of 

intermolecular forces at the interface and give information on the surface organization and 

structural changes.34-36 All π-A isotherms were performed using a platinum Wilhelmy plate in the 

same Teflon Langmuir trough at constant rate of 2.5 mm/min/barrier, the lower mechanical 

compression rate enabled higher metastability to the isotherms under the experimental non-

equilibrium condition, leading to less fluctuation/instrumental artifact during the observation time.37 

Isotherms were recorded at 20 ± 0.6 ºC and a relative humidity of 31 ± 10%, the experimental 

details can be found in SI. 

Brewster Angle Microscopy (BAM). BAM is a microscopic imaging technique used to determine 

the surface morphology and optical properties of insoluble organic films at the air-aqueous 

interface. We used a custom-built BAM set up to investigate microstructural changes of the lipid 

monolayers that exhibits spatial resolution of less than 2 µm and is capable of distinguishing 

between surfactant aggregates of ~10 µm.38-40 The detail on the instrumentation can be found in 

the SI (Scheme S1). The lipid monolayers were spread dropwise on neat water and PS 

nanosphere-aqueous solutions in acid-cleaned petri dishes (57 mm diameter) to desired mean 

molecular areas (MMAs) that correspond to distinct phases in the isotherms with different packing 
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structure. It is important to note that the interface reaches an equilibrium in the drop-casting 

method used here and effectively provides insights into the fundamental interactions between 

surfactant molecules and nanoplastics, without the external perturbation and artifacts caused by 

mechanical compression, which has been shown to alter domain structures in monolayers in 

previous research.41-42 The images were reproduced over a timespan of ~2-3 hours to ensure 

reproducible morphological and shape distributions of the lipid monolayers over time. All data 

were recorded at 20 ± 0.6 ºC and 31 ±10 % humidity. The BAM images were processed using 

ImageJ software (version 1.54f) and cropped from their original size to portray only the regions of 

focus without any further editing. 

Infrared Reflection-Absorption Spectroscopy. IRRAS is a surface-sensitive spectroscopic 

technique used to determine the chemical and physical signature (i.e., surface organization) of 

surfactant or lipid films on condensed phase surfaces. We used a custom-built optical set up in a 

Fourier transform infrared spectrometer (Frontier, PerkinElmer) coupled with a liquid-nitrogen-

cooled HgCdTe (MCT) detector, more information on the theory of IRRAS and the experimental 

set up can be found in SI and previous literature.35, 43-45, The IRRAS spectra were collected in acid-

cleaned petri dishes at the desired mean molecular area as described previously.40 Throughout 

the experiments, the surface pressure remained consistent with the distinct phases observed in 

the respective isotherms of PA and DPPC, with time relaxation studies showing no significant 

changes (Figure S2). Data analysis was performed using Origin software (OriginPro 9) and the 

spectra were plotted without any background subtraction or smoothing. The spectra were 

reproduced at least 3-6 times, and the peaks were evaluated by the data reader function in Origin. 

Peak shifts to higher or lower wavenumber in nanoplastic presence are only reported if the values 

fall outside the range of standard deviation of the respective peaks for lipid experiments on neat 

subphases. Experiments were carried out at 19.1 ± 1.0 °C and a relative humidity of 30 ± 10%. 
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Results and Discussion 

Spectral characterization of the PS nanospheres. The reflection mode IR spectra of the PS 

nanospheres displayed all the characteristic peaks and matched standard database for the 

chemical to a great extent as detailed in SI (Figure S3).9, 46-48 .Concurrently, the Raman spectra 

also exhibited a substantial agreement with the polystyrene database.  

On the other hand, The IR mode spectra of the UV-aged PS nanospheres showed spectral 

variation at different locations on the slide and overall, some changes were seen from the 

pristine/commercial version (Figure S4). However, it should be noted that a large portion of the 

aged nanoplastics also showed identical spectral composition to the pristine version. Due to the 

solar weathering, some of the PS appeared to have undergone degradation, as the O-C-O 

stretching at the ~1070 cm-1 and the C-OH tensor at the 1372 cm-1 did not show up in the spectra. 

Appearance of additional peaks were also observed, noticeably in the regions of ~1470 and 

~1506 cm-1. The peak at the 1506 cm-1 region can be attributed to the C-C stretching in an 

aromatic ring, and interestingly, the peak at ~1470 cm-1 is usually seen in acyclic alkane for the 

asymmetric C-H bending.49-50 Sujon et al. using the same aging method, reported no such spectral 

changes in their PS films, reason for which might be the shorter aging time in their experiment.31 

The PS nanosphere-water stock solution also sported an almost unnoticeable pale-yellow tint 

after aging, that hints at degradation or reduced structural integrity. This might be due to 

dissociation or scission at the polymer chains as described by Huang et al and is consistent with 

the appearance of the additional peaks.51  

Surface charge and morphology analysis of the PS nanospheres. The average zeta potential 

of the PS nanosphere-aqueous solutions was about -35.13 + 0.75 mV, indicating stability of the 

strongly anionic colloidal dispersion.32, 52 In contrast, the UV-aged PS nanosphere-aqueous 

solutions exhibited a zeta potential of approximately -29.27 + 3.01 mV. While still highly anionic, 

the increased fluctuation suggests potential instability, likely due to the agglomeration of 
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disintegrated plastic debris.32 The AFM images of the PS nanospheres reveal a consistent height 

and morphological distribution (Figure S5). Interestingly, UV-aging the pristine PS under solar 

conditions induced a vastly different morphology. The spheres degraded into structures that 

seemed flaky or fibrous in nature, with height distribution ranging from 9 to 17 nm.  

 

π-A isotherms of PA in the presence of PS nanospheres in water 

To understand the perturbation effect of these nanoplastics on the structure and organization of 

the lipid monolayers at the fundamental level, we collected π-A compression isotherms of PA 

monolayers spread on PS nanosphere-aqueous solutions of varying concentrations (Figure 1). 

The phase behavior of PA on different aqueous solutions is well documented and an isotherm of 

PA on neat water is also given for reference.34, 38-39 With decreasing mean molecular area (MMA) 

at ambient temperature, the PA isotherm exhibits distinct phases (having different packing 

structures) including the gas-tilted condensed (G-TC) coexistence region, tilted condensed (TC), 

untilted condensed (UC), and collapse phases. The PA film in our neat water studies underwent 

a 2D phase transition from G-TC coexistence phase to a TC phase at ~ 22.5 + 0.05 Å2/molecule, 

known as the lift-off point which shows an increasing surface pressure upon compression of the 

monolayer. Another phase transition from the TC phase to UC phase is observed at ~18.5+ 0.06 

Å2/molecule that goes to the collapse at ~17+ 0.07 Å2/molecule indicating formation of 3D 

aggregates from the 2D monolayer (raw and the deviation in MMA for the isotherms can be found 

in Figures S6 and S7, respectively).  

In nanoplastic presence, the PA isotherm during compression moved to both decreased and 

expanded MMAs, which might be indicative of two different mechanisms involving the lipids and 

the PS nanospheres. For aqueous solutions with polystyrene concentration below 1 mg/L, the π-

A isotherms moved towards the direction of decreasing surface area on average (lift-off point 
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decreased by ~1.5 Å2/molecule). The result is similar to what was previously recorded in isotherm 

studies of animal-derived lung surfactant monolayers in polystyrene microsphere (<1µm 

diameter) presence of similar concentration.9 This was described as an indication of the surfactant 

molecules adsorbing onto the surface of PS nanospheres dispersed in water while being 

compressed to decreasing surface area. Such behavior is expected to cause surfactant loss from 

the interface, and although PA is a minor component in natural lung surfactant, we believe similar 

mechanism might be at play for our studies too. 

However, we see a different trend at higher concentrations (4-8 times higher than the initial 0.6 

mg/L) in our compression isotherms. With increasing concentration, the isotherms on average 

move towards increasing surface area (lift-off point increased up to 2 Å2/molecule). Such surface 

area expansion of lipid isotherms can be explained by intercalation/aggregation of the PS 

nanoplastics with the surface-deposited lipid layer.53 Notably, for the 2.5 mg/L PS nanosphere-

aquesous subphases, the isotherms remained closely aligned with those observed for PA films in 

neat water (Figures S6 and S7).  

The nanoplastics used in our studies have a very large surface area-to-volume ratio that leads to 

increased bioavailability, the PS nanospheres as such might be interacting with the lipid 

monolayers through different mechanisms such as adsorption/complexation.22, 54-55 The dispersed 

nanospheres in Brownian motion can modify the surface composition and structure of the 

monolayer inducing destabilization at the interface through different non-specific interactions. 

Consequently, as previously suggested in similar studies, the adsorption of lipid molecules onto 

the nanosphere surface or the formation of complexes with the nanospheres may dominate, 

leading to the incorporation of these structures into the lipid monolayer or surfactant loss from the 

interface.9, 22, 53-54 The shifted PA isotherms in nanoplastic presence in Figure 1 is consistent with 

the assumption of such adsorption phenomenon, indicating the existence of interactions between 

the nanoplastics and the surface lipid molecules.  
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We also explored the changes in compressibility modulus of the isotherms in nanoplastic 

presence, details of which can be found in SI (Figure S8). But briefly, the nanoplastics significantly 

disrupted the characteristic close molecular packing of the UC phase, hinting at an increased 

fluidity of the monolayers due to weaker lipid-nanoplastic interactions or weakening of the lateral 

cohesion interactions within the monolayer.53, 56, 

 

Figure 1. Surface pressure-area isotherms of PA monolayer spread on aqueous solutions of 
polystyrene nanospheres. The shaded areas represent standard deviation. 

 

BAM of PA in the presence of PS nanospheres in water 

We used BAM to investigate the microstructure of a PA monolayer spread on aqueous solutions 

of polystyrene nanospheres to further explore the adsorption/complexation phenomena noted in 

the isotherm studies. At the G-TC phase (around 35 Å2/molecule), PA on neat water shows 

characteristic large, homogenous circular domains that can be described as two-dimensional 

aggregation of the PA molecules, indicating the coexistence of the 2D gas phase and tilted 

condensed phase in this region.38, 57 The bright domains suggest condensed phases with uniform 

molecular orientation of the surfactant chains whereas the dark regions correspond to the 

aqueous surface or surfactant-poor regions.35 Although our isotherm studies show no impact in 
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this region, it is evident from Figure 2(b-d) that, at the same MMA of 35 Å2/molecule, with 

increasing PS concentration in the aqueous solutions, the brightness of the surface decreased 

significantly, and the lipid surface became more porous compared to neat water (Figure 2a). It is 

important to note that the polarization angle of the incoming light and exposure time were kept 

constant across all BAM images, and as such, changes in intensity of the reflected light indicate 

changing density of the surfactant molecules at the interface with the presence of nanoplastics. 

Upon addition of nanoplastics to the water subphase, the large circular domains disintegrated into 

smaller domains and appearances of dark “holes” or porous regions were also observed. These 

dark regions, along with the altered film structure, are usually attributed to disordered and low 

lipid-density areas within the monolayer.35  Therefore, we conclude that some PA molecules are 

solubilizing and are removed from the surface in nanoplastic presence leading to surfactant loss, 

as suggested by the PA isotherm shifting to decreased MMA in 0.6 mg/L PS nanosphere-aqueous 

solutions. These changes in interfacial microstructure and lipid loss strongly indicate the 

occurrence of adsorption and/or complexation phenomena, as hypothesized in prior sections and 

supported by previous studies with microplastics and nanoparticles.9, 53  

We also investigated the changes in the TC phase (~ 20 Å2/molecule at ~14.6 mN/m) of PA 

monolayers in nanoplastic presence (Figure S9). For neat water, in the experimental equilibrium-

relaxation condition, PA displayed a dense film with dominating presence of floating large 3D 

aggregates consistent with our findings in a previous study.58 Interestingly, with nanoplastic 

presence in the system, the number of such aggregates decreased significantly, which is 

consistent with surfactant loss phenomena observed in the G-TC phase, and isotherm studies of 

lower nanoplastic concentration. A probable mechanism for such lipid-plastic interactions and the 

subsequent loss of surface lipids may involve non-specific interactions between the polar 

headgroups of the PA molecules and the surface moieties of the PS nanospheres as speculated 

in previous studies.22, 53 However, the corresponding region in our raw IRRAS spectra proved too 
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convoluted to clearly identify a spectral signature for such interactions and we did not carry out 

any higher order fitting to avoid data treatment of the novel experimental system. Given that the 

carboxyl headgroup of the PA is undissociated in our experimental condition (pKa of PA= ~8.3-

8.9) and the PS nanospheres carry a negative surface charge, we believe it is highly unlikely that 

electrostatic or coulomb interactions such as attractive forces are driving the adsorption or 

complexation phenomena. 59-60 As such, we speculate the possibility of physisorption as a 

mechanism, where the hydrophobic nature of the PS is leading to adhesion or wrapping of lipid 

molecules around the nanospheres. 

 

Figure 2. BAM images of PA monolayer in G-TC phase at ~ 35 Å2/molecule with or without 

polystyrene nanospheres in the aqueous solution phase at different concentrations. (Red marker 
in 2(d) is an artifact (SI); all images are cropped into 600 µm x 600 µm snapshots with 50 µm 
scale bar.) 
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π-A isotherms of DPPC in the presence of PS nanospheres in water 

As phospholipids are one of the most essential components of bio membranes, we next studied 

the effect of the PS nanospheres on DPPC monolayers. With increasing nanoplastic presence, 

the DPPC isotherms on average moved towards increasing surface area in the similar 

concentration range studied (Figure 3). The DPPC isotherm on neat water upon compression 

exhibited the following phases: gaseous (G), liquid-expanded (LE), LE-liquid-condensed (LC) 

coexistence plateau region, and LC as typically seen in literature.41, 61-63 All these phases were 

also present for DPPC monolayers on PS nanosphere-aqueous solutions and an increase in MMA 

occurred at both low and high surface pressure regions of the compression isotherms with 

increasing PS nanosphere concentration. However, for the two lower nanoplastic concentrations, 

the increase in MMA compared to neat water was minimal, especially in the low surface pressure 

regime, where the isotherms remained in close proximity to that of water, almost within the 

experimental error (Figure S10 and S11). In contrast, the isotherms shifted by ~11 Å2/molecule at 

high surface pressure and by ~8.5 Å2/molecule at low surface pressure regime for the 5 mg/L PS 

nanosphere-aqueous solutions. The observed shift towards higher MMA at all surface pressures 

suggests that there are: 1) intercalation of the nanoplastics into the lipid film, 2) formation of 

DPPC-PS complexes that are incorporated into the monolayer, and/or 3) an electrostatic repulsion 

between the phosphatidylcholine (PC) polar headgroups that is forcing them apart due to 

interfacial nanoplastic presence.63-64 The observed isotherm shift supports the assumption that 

the PS nanospheres have interfacial presence and the compressibility modulus studies (SI, Figure 

S12) show subsequent proof of reduced monolayer rigidity, likely due to the weaker lipid-

nanoplastic interactions which weakens the lateral cohesion of the  monolayer. Increased 

bioavailability of the polystyrene nanospheres along with their negative surface charge is 

attributed to such phenomena.8, 53  
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Figure 3. Surface pressure-area isotherms of DPPC monolayer spread on aqueous solutions of 
polystyrene nanospheres. The shaded areas represent standard deviation. 

 

BAM of DPPC in the presence of PS nanospheres in water 

Figure 4a illustrates a homogeneous distribution of the small circular domains (~10 µm length) 

along with ‘bean shape’ (~20 µm length) formation of DPPC in neat water at the LE-LC region of 

the monolayer (around 70 Å2/molecule at ~ 2.07 mN/m) which is regarded as the fundamental 

shape of DPPC.42 With PS nanoplastic presence in the subphase, a significant portion of the  

DPPC domains (at similar MMA), changed in both shape and size with appearance of dark lipid-

poor regions that indicates possible surfactant loss from the interface (Figure 4b-d). The bean 

shape DPPC domains converted to a more elongated, multilobed and/or branched domain 

structures that were around 140-180 µm in length, creating a heterogenous distribution with the 

initial bean shapes. Particularly for the 2.5 and 5 mg/L studies, the structures varied between 

multilobed and branched domains, also described as fractal-like or dendritic shapes in prior 

literature.42 It is evident in theoretical calculations and simulation studies that formation of these 

different shapes is due to the competing effects of line tension and electrostatic dipole-dipole 

repulsions of the lipid molecules, with the elongated/branched structures being favored by the 
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repulsion between the polar headgroups.41, 65-67 As such, the shape and size variation observed 

might have been a result of different ranges of repulsion in the aggregates. Based on our 

observation of DPPC isotherms expanding in nanoplastic presence and changes in 

compressibility modulus, we assert that the nanoplastics are indeed adsorbed at the air-aqueous 

interface and initiate DPPC expansion through lipid-nanoplastic aggregate 

formation/complexation. 

 

 

Figure 4. BAM images of a DPPC monolayer in the LE-LC phase~ 70 Å2/molecule with or without 
polystyrene nanospheres in the aqueous solution phase at different concentrations. (All images 
are cropped into 500 µm x 500 µm snapshots with 50 µm scale bar.) 
 

IRRAS of DPPC and PA monolayers in presence of PS nanospheres in neat water 

From our π-A isotherm and BAM studies we noted that the PS nanospheres induce structural 

alterations of PA and DPPC monolayers along with an observed decrease in lipid concentration 

at the interface or surfactant loss. As such, we carried out surface-sensitive IRRAS experiments 
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to probe the polar headgroup and methylene stretch region of the DPPC and PA monolayer to 

identify the chemical signature of the binding/complexation phenomena and the increased 

disorder among the lipid chains.  

Figure 5 depicts IRRAS spectra of the phosphate region for DPPC monolayers on neat water and 

5 mg/L PS nanosphere-aqueous solutions at the LE-LC phase (around 58 Å2/molecule at ~2.01 

mN/m). DPPC is zwitterionic in aqueous solutions, i.e., carries a positively charged choline moiety 

and a negatively charged phosphate moiety in its polar head group.68 For neat water, the 

symmetric VS (PO2
-) and asymmetric VAs (PO2

-) vibrational modes occurred at 1088 cm-1 and 1223 

cm-1, respectively. With nanoplastic presence in the solution, the asymmetric phosphate stretching 

on average red shifted to ~1216 cm-1 while the symmetric stretching remained unchanged. One 

contributing factor for this spectral shift might be the inclusion of PS nanospheres at the interface 

that led to increased repulsion among the PC head groups (i.e., change in electronic environment 

at the phosphate headgroup) as suggested by the appearance of dendritic/multilobed shaped 

domains in our BAM studies. This red shift in the phosphate region likely stems from DPPC-PS 

complex formation, possibly influenced by the charged surface moieties on the polystyrene 

spheres, similar to the formation of a protein/biomolecular corona facilitated by phospholipid 

bridging.9, 62, 69 As previously suggested in case of silica nanoparticles with negative surface 

charge, the electrostatic interaction between the ammonium group of the DPPC hydrophilic head 

with the negative charge on the nanosphere surface might be a contributing factor for such 

complex formation.53 Yet, the corresponding spectral region proved too convoluted to identify 

existence of such interaction and as such, we can only speculate as of now.  

On the other hand, spectral changes observed at lower nanoplastic concentrations were neither 

sufficiently pronounced nor reproducible to allow for the identification of definitive interactions or 

significant changes in the chemical environment at the phosphate headgroup. The lack of clear 

spectral alterations at these lower concentrations is likely due to a reduced number of interactions 
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between the PS nanospheres and the DPPC headgroups i.e., insufficient formation of DPPC-PS 

complexes or surface adsorption, resulting in a lower number density of species that could induce 

measurable changes in IRRAS (SI). In contrast, the 5 mg/L subphase yielded consistent and 

reproducible results with spectral shifts that support the hypothesis of DPPC-PS complex 

formation through electronic environment change at the phosphate region. These findings are 

further corroborated by BAM observations at this region in nanoplastic presence, which revealed 

branched domain structures indicative of such complexation for different PS-nanosphere aqueous 

solutions (Figure S13). 

 

Figure 5. IRRAS spectra of DPPC monolayer spread on neat water and PS nanosphere-

aqueous solution in the 1050-1300 cm-1 region. 

 

We also investigated the changes in packing structure of PA in the TC phase (~ 20 Å2/molecule 

at ~14.6 mN/m) due to nanoplastic presence in the solution. In this phase, the hydrophobic carbon 

tails possess uniform molecular orientation (all trans-extended chains) with the methylene 

stretching modes at 2800-3000 cm-1 region being very sensitive towards external perturbation like 

interaction of compounds in the subphase with the surface-deposited lipid film.70 The VS (CH2) 

and VAs (CH2) modes (Figures S14 and S15) found at 2850 cm-1 and 2917 cm-1  respectively 
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indicate that the surfactant chains are all-trans extended and nearly perpendicular to the air-

aqueous interface for PA spread on neat water in our study.71 The IR sensitive VAs CH2 mode 

slightly blue shifted in nanoplastic presence and is an indication of weaker lateral packing among 

the surfactant chains which aligns well with the nanoplastic-induced disorder of PA molecules 

observed with BAM and isotherms studies. Despite the very minimal shift, we find it noteworthy 

to be mentioned, considering the low concentration of nanoplastics in the solution phase (> 13.4 

pM PS nanospheres).  

We additionally studied a deuterated PA monolayer to account for any contribution in the spectral 

region of methylene vibrational stretch from polystyrene itself and found no such evidence. We 

also spectrally isolated the CD2 scissoring mode from the carboxylate region to investigate the 

packing structure in the chains.72-74 The δ(CD2 ) was found at 1089 cm-1 (Figure S16) for both 

neat water and nanoplastic solutions of different concentrations and is an indication of hexagonal 

lattice packing of surfactant chains (a hallmark of long range 2D mesomorphic phase).75 

Utilizing the above documented experiments, we investigated the interaction of polystyrene 

nanospheres with PA and DPPC monolayers from a structural and organizational perspective with 

complementary infrared studies. The compression isotherms and BAM revealed significant 

alterations in surface behavior and morphology. Observed lipid response in nanoplastic presence 

aligns well with existing in-vitro studies of microplastic exposure to animal-derived lung 

surfactants, as both PA and DPPC are components of the pulmonary surfactant mixture, with PA 

being a minor component and DPPC a major one.8-9, 21, 27-28 Particularly, our BAM studies shed 

light on morphological changes with consequential biophysical implications. It’s apparent that 

nanoplastic presence led to lipid loss from the interface that cellular process might not be able 

adequately compensate for in biological systems, which can result in surfactant inactivity and 

impaired cell communication.76 This observation is also consistent with previously published 

molecular dynamics (MD) simulation studies recording nanoplastics (size 5-10 nm) induced 
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disruption of the fluidity and ultrastructure of simulated lung surfactant film.8, 16 Overall, the DPPC 

monolayers were more affected than PA, with formation of dendritic shaped domains and 

pores/cavities in the monolayer (i.e., interfacial lipid loss). It is important to note that the number 

of PA and DPPC molecules in different packing structures at their respective isotherms varied due 

to their size difference, whereas the number of PS nanospheres in the subphase remained similar. 

Although the number of DPPC molecules at the surface was always less than PA, we cannot 

conclusively determine whether this discrepancy contributed to the differing impacts observed. 

Our IRRAS spectra provided spectroscopic signature of complex formation/interaction between 

DPPC and PS nanospheres that was suggested in prior in vitro lung surfactant studies, yet 

spectral validation was previously lacking. 

 

Biophysical relevance: Implications for lung surface 

As DPPC is a major component of the lung surfactant, we carried out similar experimental 

approach with the UV-aged PS nanoplastics in a PBS buffer subphase to mimic the lung 

environment and evaluate the potential effects of nanoplastic inhalation. Building on the 

pronounced effects observed in our 5 mg/L fundamental studies with the pristine PS nanospheres, 

we applied a similar concentration for the aged nanoplastics. Initially, a series of control studies 

were conducted using aged nanoplastics and a DPPC monolayer in pure water (SI, Figures S17-

S19). Interestingly, the qualitative information (i.e., formation of branched domains/pores and red 

shift at the phosphate region) remained similar to the effects observed with commercial PS 

nanospheres in our fundamental investigation. Point to be noted is that the 2 months aged 

nanoplastics still carried similar negative charge and a large portion of them gave identical spectra 

to the pristine version. As such, our hypothesis of the negatively charged PS nanoplastics 

interacting with the polar head group through complexation/adsorption remains consistent with 

the results observed.  
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As seen in Figure 6 and Figures S20-S21, the DPPC isotherms on PBS subphase expanded to 

increased MMA compared to neat water, likely due to the screening effect of the counter ions in 

the PBS subphase.77 Similar to our previous findings, the DPPC monolayers in PBS subphase 

expanded to larger areas at low surface pressure region due to incorporation of the UV-aged PS 

nanoplastics into the lipid monolayer. The transition to LE-LC plateau region was also delayed in 

nanoplastic presence, which might be a result of the weaker lipid-nanoplastic interactions 

previously assumed in our neat water studies. These interactions likely resulted in reduced 

interfacial order and rigidity of the DPPC monolayer, making the film more fluid. During the 

compression of the condensed phase, the surface pressure increased with a smaller slope in 

nanoplastic presence and overlapped pure DPPC-PBS isotherm around 13 mN/m. This behavior 

suggests that some DPPC-PS complexes are squeezed out of the interface under compression, 

thereby reducing lipid concentration and leading to surfactant inhibition.53 Consistent with 

previous findings, the compressibility modulus (Figure S22) also decreased at higher surface 

pressures in the presence of nanoplastics, further demonstrating a loss of integrity in the 

surfactant monolayer. 53, 56 

The BAM images of DPPC in the PBS subphase at the LE-LC phase (~70 Å²/molecule) revealed 

appearance of dark lipid-poor regions with aged nanoplastic presence, in agreement with the 

interfacial surfactant inhibition predicted by our isotherm studies. There was presence of small 

multilobed structures, but we did not see the large fractal like shapes, which might have been 

related to the presence of ions in the PBS subphase interacting with DPPC headgroups. 

Interestingly, the BAM images of DPPC monolayer with pristine PS nanoplastics in the PBS 

subphase at the same MMA yielded similar results, i.e., no large, branched domains were seen 

(Figure S23). As such, we believe that although the solar weathering obviously changed the 

physical and chemical properties of our nanoplastics, the interaction mechanism remains similar 

due to the greatly retained chemical characteristics such as similar surface charge and functional 
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groups. The qualitative results of our investigation align well with findings from previous in-vitro 

lung surfactant research in the presence of microplastics.9 As the PBS buffer contains phosphate 

salts, we refrained from investigating the asymmetric VAs (PO2
-) stretching of DPPC headgroups 

due to possible convolution effect and the low sensitivity of IRRAS.  

 

 

 
Figure 6. (a) Surface pressure-area isotherms (The shaded areas represent standard deviation); 

(b) and (c), BAM images of DPPC monolayer ( ~ 70 Å2/molecule) with or without UV-aged PS 
nanoplastics in the 10 mM PBS subphase.( All images are cropped into 300 µm x 300 µm 
snapshots with 50 µm scale bar.) 

 

While these studies represent a simplified pulmonary surfactant model, the findings provide 

insights into the underlying interaction mechanisms. Disrupted surfactant monolayers are less 

effective at reducing surface tension, compromising alveolar stability. The observed lower 

compressibility modulus and inhibited phase transitions may result in increased breathing effort, 

mimicking conditions such as respiratory distress syndrome or acute lung injury.8, 78-81 Similarities 

between phospholipid monolayers and cell membranes also suggest that the interactions and 

surfactant loss observed in this study may parallel effects in biological systems exposed to 
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nanoplastics, impacting crucial processes such as signaling, transport, and membrane protein 

function. 
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