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Abstract 

This thesis explores the chemical and biological bases behind the reported effects of nano-scale 

plastics (nanoplastics) on organisms. Surface characteristics play a key role in controlling 

interactions between nanoplastics and biological systems, and key amongst these for 

nanoparticles is the protein complex formed on the surface of nanoplastics when nanoplastics 

are exposed to biological fluids, the protein corona. However, there are few studies focussing 

on the nanoparticle-biological interface in the current literature and thus a lack of understanding 

of the key principles that govern the formation and properties of protein coronae, or how the 

properties of protein coronae affect the response of biological systems. 

This work has approached this challenge by first investigating the physical structures that are 

formed on nanoplastics in the presence of proteins, and then introducing nanoplastic and 

nanoplastic/protein complexes to in vitro cells and model lipid membranes to investigate their 

impact. Collectively, the contributory factors were critically assessed – nanoplastic size and 

charge, and the nature of the protein corona. 

The initial study involved comparing bare polystyrene (PS) nanoplastics (both large and small, 

and with both positive and negative surface charge), with the nanoplastics coated with protein 

coronae formed by exposure to the human serum abundant proteins human serum albumin 

(HSA), and lysozyme (LYS). The protein coronae were studied using neutron scattering 

techniques and both hard and soft coronae were found to be produced depending on the 

conditions (when PS and protein carry same or opposite surface charges, respectively). Soft 

corona complexes are characterised by a structure where the nanoplastics were surrounded by 

a loose protein layer (~ 2-3 protein thick, observed for LYS soft corona formed around small 

PS(+) nanoplastics). In most cases hard-corona coated nanoplastics also formed fractal-like 

aggregates in solution (except for the HSA hard corona complex with PS(+)large). Nanoplastic 

size affected the structures of both the protein corona and the intrinsic protein: the self-

association forces holding the nanoplastic/protein complex together were stronger, and the hard 

corona proteins underwent significant conformational change, for smaller nanoplastics (20 nm) 

compared to larger nanoplastics (200 nm).  

Bare nanoplastics and nanoplastic/protein corona complexes were introduced to cellular 

environments of human alveolar epithelial (A549) cells and tethered POPC lipid bilayers. For 
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bare nanoplastics the introduction of bare PS nanoplastics to the A549 cells in serum-free 

media caused mild cytotoxicity, although there was no clear correlation between cell death and 

the physical properties of the nanoplastics (size or surface charge). When the nanoplastics were 

exposed to in vitro cells they had strong association with cells, and were clearly shown to be 

adhering to the cellular membrane. On the POPC tethered bilayer damage was observed which 

was nanoplastic size-dependent and charge-independent — small nanoplastics (20 nm) showed 

membrane thinning, disruption in headgroup packing, and resistivity decrease, while the large 

particles (200 nm) did not cause any membrane disruption.  

Both HSA and LYS protein coronae (soft and hard) altered the way the nanoplastics interacted 

with in vitro cells and lipid bilayers. In most cases, the presence of the protein corona reduced 

the bilayer disruption and the extent of cytotoxicity; this reduction was greater for soft corona, 

independent of the protein type or the nanoplastic size. An exception was found for the LYS 

hard corona complexes with small PS nanoplastics, where the cytotoxicity effect was not 

mitigated. The difference may be related to the fractal-like morphology of hard corona 

nanoplastic/protein complexes, which are known to be harmful to cells.  

The nanoplastic interaction with cells was not limited to membrane adhesion, however, particle 

uptake into the cells was indicated in flow cytometry experiments and confirmed with 

fluorescence microscopy. Three-dimensional reconstructed images of cells showed that some 

of the uptaken nanoplastics were localised around the cell nuclei, apparently adhering to the 

nuclear membrane surface, they did not penetrate the nuclei. There was also an indication that 

chromosomes were found close to the small polystyrene nanoparticles, but not the larger 

particles. Since these nanoplastics have been associated with reports of delayed reproduction 

and transgenerational effects, this cellular level observation demonstrates the possibility that 

small PS nanoplastics (20 nm) could be interacting with DNA. 

This work therefore determined protein corona formation around PS nanoplastics is mainly 

dictated by electrostatic interactions and soft and hard protein coronae adopt distinctively 

different geometries. The presence of protein corona, of different types, can have the impact 

on cytotoxicity and membrane disruption differently. These findings contribute to the literature 

surrounding nanoplastic toxicity by establishing the link between molecular level interactions 

and biological consequences.    
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1.1 Plastic waste 

Since the 1950s global plastic production has increased dramatically.1 Concerns regarding 

marine plastic pollution were first raised in the 1970s, in response to the mass production and 

careless disposal of plastics.2 Today, the international production of plastics exceeds 320 

million tonnes per year and the growth in plastic manufacture is projected to double in 20 

years.3, 4 The release of plastic from landfills into the ocean was estimated to be around 10 

million metric tonnes in 2010, increasing by an order of magnitude by 2015.5 The excessive 

spread of plastics has led to their unexpected discovery in places with little human influence, 

including the Mariana Trench, Antarctica and the Arizonan deserts.6-9 

Photo-oxidation, slow biodegradation, and physical weathering of released bulk plastics can 

reduce their size range to the micro-scale (microplastics), and eventually, the nano-scale 

(nanoplastics), providing an impetus to their accumulation in environmental settings10-13. A 

growing number of researchers have realised the impact that the size of plastics have on 

environmental accumulation and their potential toxicity to living organisms.9, 14-17 While 

multiple studies have shown the potential toxicity of microplastics15, 17, 18, few studies have 

looked into “nanoplastics” (Figure 1.1). Since the characterisation of plastic particles in the 

environment is only evolving recently, a rigorous definition of the term "nanoplastic" has yet 

to be established.19 By extrapolating the definition of non-plastic nanoparticles20, some authors 

have defined the size of nanoplastics to be in the range of 1 nm to 100 nm21, 22. Many authors 

set the upper size to 1000 nm23-28, following the meaning of the prefix “nano”. This work 

follows the latter system of nomenclature (1-1000 nm). Even this simple definition is 

confounded by questions about polydispersity and shape of particles. 

Nanoplastics are visually less impactful than bulk- and microplastics, nevertheless, their small 

sizes make them more challenging to remediate and facilitate their entry into biological systems 

past innate defence mechanisms.29 The World Health Organisation (WHO) noted that there 

was a lack of any evidence that microplastics in drinking water cause significant human health 

problems, but could not draw a conclusion about the safety of nanoplastics due to the lack of 

studies about them.30 Major government agencies31-33 have also begun to recognise the 

biological impacts of nanoplastics as an area of great uncertainty. 
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Figure 1.1. Number of journal articles published per year containing the keyword “microplastics” (left) or “nanoplastics” 

(right) from 2010-2019. This data was acquired from Web of Science (www.webofknowledge.com) on 31 Mar 2020.  

1.2 Origin of nanoplastics and their environmental abundance 

Nanoplastic pollution is mainly thought to occur from the careless release of waste products 

(primary micro/nano plastics), including pigments, cleansing scrubs, cosmetic products, and 

textile fibres into aquatic environments - even nanoplastics emitted as a by-product of 3D 

printing are a growing concern, considering the popularity of 3D printers.14, 34 Secondary 

micro/nanoplastics, which result from the degradation of bulk plastics, are yet another source 

of micro/nano plastics in the environment.10-13, 26-28 The fragmentation of polystyrene down to 

the nanoscale can occur in four weeks inside a weathering chamber13. A recent study49 also 

highlights the fact that micro- and nanoplastics occur by mechanically milling agricultural 

plastics. Normal waste water treatment systems are unable to separate nanoplastic waste from 

water, allowing nanoplastic waste to pass through to rivers and oceans. 35 

In response to this growing environmental threat, a number of studies have been conducted in 

recent years. The German Federal Institute (GFI), in 2016, requested the European Food Safety 

Authority (EFSA) to critically assess the presence of microplastics and nanoplastics in 

seafood.36 Despite the large number of reports on microplastics, there was no information on 

nanoplastics found in commercial goods.37-42 More recently, Wang et al.43 reviewed the micro- 

and nanoplastics found in food chains and their implications for human health. However, few 

of studies directly observed nanoplastics in the environment and consumer goods. The scarcity 

of reporting on nanoplastics arises, in a large part, from the technical analytical challenges, 
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such as the small contrast between nanoplastics and food matrices in imaging techniques. The 

development of nanoplastic detection techniques in seafood is a current challenge in this field.36 

1.3 Interactions between nanoplastics and biological organisms 

In comparison with their bulk analogues (bulk plastics), nanoplastics (and nanoparticles, more 

generally) are uniquely elusive to biological defence systems, including barriers such as tissues, 

mucous, and cell membranes.44, 45 Numerous factors (e.g., particle size, elemental composition 

and surface groups) affect the likelihood of nanoparticles crossing biological barriers, as well 

as the nature of interactions.45-48 Due to their nature, a range of biological entities of different 

levels of complexity can be affected, namely biofilms49-51, marine organisms52-71, mammals72, 

and humans73-76.  

1.3.1 Nanoplastics in biofilms 
Recent studies have ascertained that exposure to nanoplastics and microplastics results in 

enhanced reactive oxygen species (ROS) generation50, membrane damage50, 51, all of which 

may disrupt ecological functions in biofilms. Importantly, an increase in ROS generation was 

confirmed when the particle sizes were smaller (the study tested particles between 100 – 9000 

nm). As biofilms are essential in providing productivity for higher trophic levels and nutrient 

cycles in aquatic environments77, early evidence suggests potential ecotoxicity.  

1.3.2 Nanoplastics in marine organisms 
Adverse effects on marine organisms have been documented since the beginning stages of 

nanoplastic research.34, 78, 79 A frequently used model organism, D. magna, demonstrates 

malformation of body parts80 and impaired reproduction18 as a result of interaction with 

polystyrene nanoplastics. Liu et al. 81 also  showed that the adverse effects caused by 

polystyrene nanoplastics on D. magna persist over generations. 

Aquatic invertebrates, such as bivalves68, 82 and crustaceans,83 are other frequently used model 

organisms. Reports indicated that exposure to functionalised polystyrene nanoplastics led to a 

decline in Pacific oysters  (~80% decrease)82 and deformation in larval phenotypes of blue 

mussel.68 The toxicity on their gametes and embryos were also shown (with EC50 = 4.9 µg mL-

1 and 0.15 µg mL-1, respectively) while the microplastics showed limited effects. Similarly for 

crustaceans, developmental alteration has been reported.59  
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Bioaccumulation has also been demonstrated – polystyrene (PS) nanoplastics can propagate 

through a model food chain.80 When the PS nanoplastics reached the highest trophic level tested 

(fish), the authors observed behavioural disorder, attributed to brain damage. Intriguingly, 

almost all PS nanoplastics affected the brain function of the fish in different ways, including 

the cationic PS nanoplastics, which researchers previously believed had much shorter lifetimes 

inside biological media.84 Above all, the these studies highlighted that nanoplastic 

concentration can be considerable when reaching higher trophic levels despite low 

environmental concentration; that nanoplastics possess the ability to pass through the 

brain/blood barrier; and that effects may pass on to offspring. 

1.3.3 Nanoplastics and human health 
Much of understanding around the effect of nanoplastics on human health originates from in 

vitro experiments and extrapolations from non-plastic nanotoxicology research.73-76 

Considering their ubiquitous occurrence, three possible routes of exposure are via: 1) 

absorption through the skin; 2) oral inhalation; and 3) ingestion. Through the use of, for 

example, cosmetic items applied to the skin, nanoplastics may penetrate through dermal 

barriers.85 Due to the lack of experimental evidence on the atmospheric distribution of 

nanoplastics, exposure via oral inhalation remains within occupational settings, where bulk 

plastics undergo mechanical and milling stress86, 87. Aside from these, oral ingestion (likely 

through drinking water and food matrices) is considered the major exposure route for humans.88 

While this is plausible, there is yet to be a study experimentally confirming nanoplastic uptake 

due to dietary contamination – although this is already established for microplastics86. 

Following ingestion or inhalation, nanoplastics encounter mucosal barriers. Mucosal barriers 

have the main role in rejecting foreign objects while maintaining efficient nutritional uptake. 

Nanoparticles (although not specifically nanoplastics) have been shown to be absorbed through 

this barrier via pinocytosis and vesicular phagocytic processes.47 Thus far, it has been found 

that particles smaller than 1.0 𝜇m have a greater tendency to be found inside lymphatic tissues 

and their likelihood of entering the bloodstream (and ultimately, organs) increases significantly 

compared to their larger analogues.44 In particular, particles smaller than 100 nm circumvent 

biological barriers easily, as these nanoparticles are identified as other physiological molecules 

by the barriers and make use of inherent entry mechanisms to cross them.89  

Choi et al. demonstrated the translocation of various nanoparticles (CdSe, silica, and PS) from 

the lung to other parts of body, for a range of sizes and functional groups.84 The study found 
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that non-cationic nanoparticles less than 34 nm translocate from the lungs to the mediastinal 

lymph, and nanoparticles smaller than 6.0 nm disperse even more rapidly, reaching other 

organs by entering the bloodstream. For gold nanoparticles (functionalised both negatively and 

positively), the number of particles, sized 20 nm or below, in the bloodstream and organs 

increased significantly when compared with particle sizes above 80 nm.90 The low contrast of 

PS (or other nanoplastics) imposes challenges to conduct similar studies for those particles, but 

it is believed similar behaviours would be observed.  

1.3.4 Factors contributing to nanoplastic toxicity 
Following the translocation and localisation of nanoplastics in specific parts of an organism, 

numerous biochemical events take place, which may contribute towards adverse effects either 

singly or in combination. The following biological consequences have been, thus far, 

confirmed as a result from the interaction with nanoplastics: alterations in gene expression91, 92 

and transcription factors93; oxidative stress94, 95; membrane damage64; DNA fragmentation64; 

protein modification96; and cytotoxicity97.  

The high surface area of nanoparticles has been known to cause the excess generation of 

reactive oxygen species (ROS)98; in in vivo organisms (zebrafish)94 and in vitro human 

epithelial cells95. Typical ROS include hydrogen peroxide, peroxynitrite, lipid hydroperoxide 

and superoxide, which can damage cellular membranes, proteins, and DNA.99  

Reproductive impairment was one of the major consequences of nanoplastic exposure, at least 

for aquatic organisms54, 100. Recent studies have shown that polystyrene nanoplastics (100 nm 

and smaller) are able to interact with chromosomes, causing aberrations95, 97. Transcriptional 

responses have also been investigating following the interactions with nanoplastics.92, 93 In spite 

of these documented biological responses, the underlying causes remain uncertain. 
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1.4 Towards the establishment of predictive models 

The emergence of nanoplastic research follows the same pattern as the research into engineered 

nanomaterials that began in the late 2000s to early 2010s.101 Qiu et al.102 describe the strategy 

adopted by the engineered nanomaterials field concerning the safety of the materials (herein, 

referred as the nanotoxicology field) and the way to establish a predictive model. Unlike small 

molecules, these particles create complex systems with the macromolecules present in 

biological fluids.103 The chemical identity and intrinsic properties of the particle affect the 

formation of these complexes (discussed further in §1.4.1), and it is the complexes that 

determine the biochemical processes. In order to construct a predictive model, the authors 

emphasised that functionality was the key factor to establish a causal relationship between the 

nanomaterial and the biological response (Figure 1.2).  

By convention, the evolution of the nanotoxicology field can be classified into distinctive 

generations102: the first generation focused on the biological impact (at different levels) of 

nanomaterials of different compositions, shapes, and size, while the second generation 

investigated the chemical and biological bases behind the adverse effects. Following this 

framework the (non-plastic) nanotoxicology field is now reaching the third generation, where 

rational nanomaterial design leads to safe and effective intentional exposures for biomedical 

applications.  

The strategy used to understand nanoplastic toxicity can translate into a predictive tool that can 

identify higher risk nanoplastics and predict their effects. Crucially, an understanding of the 

chemical and biological bases will allow informed decision-making to mitigate the harm 

caused by nanoplastics. Currently, the nanoplastic toxicology field is rapidly proceeding to the 

second generation, where the chemical mechanisms surrounding the adverse effects are only 

beginning to be documented. The key challenge in determining the causal relationships arises 

from the surface alteration of nanomaterials within biological fluids. Some of these 

contributory factors, and possible strategies to overcome them, will be discussed in the 

remainder of the chapter.  
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Figure 1.2. A predictive model of nanotoxicity.  

1.4.1 Importance of the bio-nano interface 
At first sight, the interactive nature of nanoparticles with biological entities, for example, a cell 

membrane, can be predicted by considering colloidal theories of multiple forces.104 If the 

nanoparticles stay pristine on a surface, the attractive or repulsive interaction can then be 

described by the well-known Derjaguin–Landau–Verwey–Overbeek (DLVO) theory.105 The 

physical implication is that the surface character of the nanoparticles themselves dominates the 

colloidal behaviour (e.g., shape, size, surface charge, surface pattern). Pogodin et al.106 

expressed the significance of such properties by demonstrating the enhanced penetration of 

nanoparticles with a specific surface pattern (which may appear to be a marginal factor) 

through cellular membranes.  

In practice though, the nanoparticle surface is surrounded by multiple types of biological 

molecules that may form an adhered layer, best exemplified by a protein corona.103 Because 

the nanoparticle’s surface properties can be altered drastically by such a surface layer, the 

particle’s “biological identity” should consider the full complexity of the surface structure. 

Both in vitro107, 108 and model systems109 have demonstrated that the formation of such 

nanoparticle/biological molecule complexes affect the biological interactions of nanoparticles.  

1.4.2 Protein corona  
When proteins participate in the nanoparticle/biomolecule complex, a corona-like structure 

(so-called protein corona) is formed110. For example, the human plasma system contains 

abundant proteins such as serum albumin, immunoglobulin G (IgG), and fibrinogen, which 

readily surround the surface of nanoparticles.111, 112 There also exist proteins, such as 

apolipoprotein, that are much less abundant in the plasma system, but have much higher 

affinities to the nanoparticle surface.113 Those proteins can, over time, competitively adsorb on 

the surface, dynamically replacing the already-adsorbed proteins.114 It is also important to note 



9 
 

that abundant proteins with low affinities are not fully replaced by the proteins with higher 

affinities; they are also retained on the nanoparticle surface.114 

During this competitive adsorption process, the corona proteins form two distinctive structures, 

“hard” and “soft” coronae (Figure 1.3). Proteins that are adsorbed tightly on the surface form 

the “hard” corona, while those that are loosely bound are called “soft”. This method to identify 

the types of protein in the corona relies on the isolation of nanoparticle/protein particulates. It 

is found that a few  proteins (e.g. human serum albumin, apolipoprotein, and IgG) participate 

in the hard corona formation in human plasma system115. However, protein typing cannot 

distinguish between unbound proteins and soft corona, leaving the identification of soft corona 

proteins to a future challenge.  

 

Figure 1.3. Schematic of protein corona formed around a nanoparticle, depicting two types of coronae, hard and soft. The 
figure is reprinted with permission from an ACS publication and the original article can be found at 
https://pubs.acs.org/doi/10.1021/ar500190q.116. 
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1.4.3 Biological relevance of protein corona 
The presence of protein corona may or may not extend the lifetime of nanoparticles inside 

biological organisms. Two classes of proteins play a crucial role, opsonins and dysopsonins. 

Opsonins act as an immunological barrier. Major examples include immunoglobulins and their 

complementary proteins. Opsonins are prone to cause phagocytosis due to their surface 

adsorption, shortening the lifetime of the external objects in the plasma system.117 

Dysopsonins, on the other hand, are known to prolong their lifetime in the bloodstream. The 

most abundant serum protein (constitutes 55% of plasma protein), albumin belongs to this 

group, and these are frequently found on the surface of the nanoparticles.113, 118  

One of the consequences of corona formation is a loss of or alterations to the intrinsic 

functionality of proteins.119, 120 Proteins participating in the hard corona, in particular, bind 

tightly to the nanoparticle surface, which can facilitate partial unfolding of their secondary 

structure.119 Norde listed the thermodynamic forces driving the protein binding and protein 

conformational changes on solid surfaces: (1) electrostatic interactions between protein and 

solid surface; (2) dispersion force (van der Waals interactions), weak attractive force involving 

dipoles; and (3) enthalpic and entropic adjustment via conformational change responding to 

protein surface dehydration.121 Alternatively, there are cases of stabilisation of the secondary 

structure upon protein corona formation.122 There is also a case where the functionality of a 

soft corona protein is affected120 even in the absence of structural alterations. 

The structure of the corona also provides a platform for corona proteins to modify their 

quaternary structure to undesirable forms.123 Linse et al.124 observed the enhanced formation 

of 𝛽 2-microglobulin oligomers, following their interaction with polymeric nanoparticles. 

Crucially, oligomeric states can then form amyloid-like protein aggregates, which are thought 

to be responsible for haemodialysis-associated amyloidosis (specifically for the case of 𝛽2-

microglobulin).125 The formation of oligomers alone can have a strong biological relevance, 

particularly in Alzheimer-related symptoms126. Conversely, nanoparticles can also inhibit the 

fibrillation of amyloid proteins127. These findings collectively highlight the case-by-case nature 

of the influence nanoparticles have on protein quaternary structures.  

1.4.4 Eco-corona around nanoplastics 
Analogous to a protein corona, any molecules in the environment that participate in the corona 

structure satisfy the criteria for being an “eco-molecule” and for the resulting structure to be 

am environmental or eco-corona.128 Eco-corona formation becomes a critical parameter in the 
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predictive model, considering the ubiquity of the nanoplastics in the environment. However, 

studies concerning this aspect started to appear only recently for non-plastic nanoparticles; few 

have considered this for nanoplastic research57. While the identification of eco-molecules 

remains the current challenge, early evidence suggests that non-protein corona coating on 

nanoparticles, indeed, affects the biological response.34  

 

Figure 1.4. Comparative illustration of protein corona (top) and environmental or eco-corona (bottom) formed around a 
nanoparticle. Reprinted with permission from Pulido-Reyes et al. 
(https://setac.onlinelibrary.wiley.com/doi/full/10.1002/etc.3924) copyright (2017) John Wiley and Sons. 
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1.4.5 Creating model systems 
Recalling the challenges behind attributing biological response to nanomaterial properties, one 

approach is to simplify the bio-nano interface by creating model systems. This allows 

systematic investigation of different parameters and resolution of molecular details of the 

interface. Nanoplastics, protein coronae, and cellular membranes are studied with simple model 

systems in this work. Brief descriptions and justifications of these systems are given below. 

1.4.6 Model nanoplastics 
Spherical polystyrene (PS) nanoparticles were chosen as the model nanoplastic, as different 

particle sizes can be produced with good control over size polydispersity and control over the 

surface functional groups. In addition, the relative abundance of PS in the environment and its 

reported adverse physiological effects make the results acquired from this model system 

biologically relevant.79 PS nanoplastics of two different sizes (approximately 20 nm and 200 

nm) along with two different surface charges (negative and positive) were used.  

1.4.7 Model protein corona 
Simple mixing of nanoplastics and proteins in solution allows us to produce protein coronae 

around the nanoplastic. This method enables us to choose particular proteins of interest to 

participate in the corona complex, enabling us to investigate the protein-dependent corona 

formation and their resulting biological interactions. This work used two abundantly found 

proteins in human body; human serum albumin (HSA) and lysozyme (LYS). HSA was chosen 

as it has previously been found to be a component in both soft and hard coronae,113 due  in part 

to its relative abundance in blood plasma.113 Similarly, LYS is found abundantly in the human 

mucus system. Furthermore, HSA and LYS carry surface charge opposite to each other (net 

negative and net positive for HSA and LYS, respectively), allowing us to explore the impact 

of the protein charge on the corona formation and structure. The establishment of a controlled 

model protein corona around PS nanoplastics has not been previously reported in the literature, 

to the best of our knowledge. Therefore, this work includes extensive structural characterisation 

of the coronae formed. 

1.4.8 Model human cells 
Two different model systems were used to assess the cellular interactions of PS nanoplastics 

with and without protein corona. The first method employed involved using a sparsely-tethered 

lipid bilayer formed from 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) in 
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combination with cholesterol, tethered to a gold surface through 2,3-di-O-phytanyl-sn-

glycerin-1-tetraethylenglycollipoic acid ester (DPhyTL) mixed with b-mercaptoethanol (b-

ME). This formulation of tethered lipid bilayer mimics the mammalian cell membrane and 

allows to resolve the molecular details of interactions between nanoplastics (and 

nanoplastic/protein corona complex) and the cell membrane. A sparsely-tethered bilayer was 

chosen as lipids in these bilayers better demonstrate the fluid properties found in a cell 

membrane than those in supported lipid bilayers, which may be limited by interaction between 

the adsorbed lipid layer and the solid support.129  

The second model system was in vitro human alveolar epithelial cells (A549) were to study the 

response to nanoplastics, including determining the extent of interaction, adhesion and cellular 

uptake, localisation of nanoparticles and cytotoxicity. The choice of this cell line was motivated 

by the frequent use in nanotoxicology108, 130, 131, and that lung epithelial cells are plausible 

targets following inhalation. The in vitro system allows to mimic the toxicological response 

cells experience in a real biological system (hence used in routine toxicity end-point 

determination).  

1.5 Thesis aims 
The overall aim of this thesis is to explore the contributory factors to the reported 

environmental effects of nanoplastics. The strategy to address this question consists of three 

bodies of work. First, model soft and hard protein coronae are established and studied 

systematically to understand the driving force behind their formation. They are then subjected 

to extensive structural characterisations, which enable  deconvolution of the role of soft and 

hard coronae in biological interactions. Importantly, the knowledge collected ensure consistent 

model protein corona formation that could reliably be introduced to other biological entities 

for the remainder of the work in this thesis.  

The second body of work looked to assess the cellular response of A549 cells to PS nanoplastics 

surrounded by model soft or hard protein corona (or without). Cytotoxicity and cellular uptake 

were tested against the variations in nanoplastic size, surface charge, and protein corona types. 

The use of flow cytometry and fluorescence microscopy sought the potential localisation and 

cellular uptake process.  

Lastly, the cellular interactions were investigated with molecular details using POPC tethered 

lipid bilayers to elaborate on the findings from in vitro experiments. Specifically, membrane 
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damage and the extent of structural alterations to lipid bilayers were investigated using 

electrochemical impedance spectroscopy (EIS) and neutron reflectometry (NR). By collecting 

information from in vitro and lipid bilayer studies, the work aims to critically discuss the 

relationships between the cellular impact and properties of nanoplastics and nanoplastic/protein 

complexes. 
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2.1 Introduction 

Some of the experimental techniques and analyses used in this thesis are specialised. This 

chapter aims to allow readers to understand the underlying concepts and theories. 

2.2 Circular dichroism (CD) spectroscopy 
Circular dichroism (CD) spectroscopy is an absorption spectroscopy technique that probes the 

differential absorption of photons arising from the chiral nature of molecules. The interaction 

of left- or right-circularly polarised light with chiral molecules results in elliptically polarised 

light due to the differential phase interactions - the extent to which the vector magnitude of 

vertically polarised light is greater (or smaller) than that of horizontally-polarised light.  

The technique is commonly used to investigate the secondary structure of peptides and 

proteins.132 The amino acid building blocks contain amides, which are chromophores (except 

glycine). Alignment of these chromophores yields exciton transitions; their resulting CD 

spectra in the far UV-region (180 – 250 nm) are unique to the orientations of these 

chromophores (and hence different secondary structures).133 With the help of reference data 

sets, spectral deconvolution can extract secondary structure information.134 An example of 

spectral deconvolution is shown in Figure 2.1. The effect of nanoparticle interaction with 

proteins are frequently probed using this method.135 High concentration of nanoparticles result 

in noise below 200 nm for which wavelengths that are important for determining the secondary 

structure accurately. The control experiment needs to be undertaken to make sure that noise is 

negligible. 
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Figure 2.1. A CD spectrum of human serum albumin with CONTIN fitting134, which allows deconvolution of secondary 

structure information.  

2.3 Light scattering theory  
Detection of scattered photons constitutes the fundamental basis of many experimental 

techniques that probe the structural properties of objects, whether they are dispersed in air, 

liquid, or ordered solids. Two distinctive types of scattering can be considered– Rayleigh and 

Mie scattering.136 While the Rayleigh theory describes light scattering in which the 

wavelengths of incident light waves are greater than the size of the scattering entities, Mie 

theory describes the inverse situation. In both cases, the scattering event occurs elastically. The 

generalised formula of Rayleigh scattering is given in (Equation 2.1): 

 
𝐼 = 	 𝐼! 	

8𝜋𝑁𝛼"

𝜆#𝑅" (1 + 𝑐𝑜𝑠"𝜃) Equation 2.1 

 

Where I is the intensity of scattered light, I0 is the intensity of incoming photons, N is the 

number of scatterers, 𝛼  is the polarisability, 𝜆  is wavelength, R is the distance from the 

scatterer, and 𝜃 is the scattering angle.  
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While this theory is important in limited cases, both analytical and numerical approaches to 

scattering science rely heavily on Mie theory. The usefulness of Mie theory results from its 

capability to predict the scattering intensities in size, shape, composition, wavelength, and 

angle-dependent manners (Figure 2.2). 

 

Figure 2.2. Illustration of the shift in scattering populations at different angles with increasing scatterer 

size, as described by Mie theory. Larger scatterers lead to more intense scattering in the forward 

direction (length of arrow signifies the relative scattering intensity). 

2.3.1 Dynamic light scattering (DLS)  
This thesis makes use of DLS to probe the size properties of colloidal particles dispersed in 

aqueous media. Thus, the theory behind it is discussed briefly. DLS, or photon correlation 

spectroscopy, measures the diffusion behaviour of colloidal particles dispersed in a liquid. 

Particular physical information such as mean hydrodynamic diameters, size distributions, and 

zeta potential can be obtained using this technique. In DLS, the scattering fluctuation is 

detected at a fixed angle with a monochromatic light source (typically, a red laser, 𝜆 = 532 nm). 

The incident wave of light is scattered by colloidal particles undergoing continuous motion 

(Brownian motion), which leads to a phase shift for some of the scattered waves. Superposition 

of these waves together results in constructive and destructive interference. If a detector is 

positioned at a fixed angle, time-dependent fluctuations in the scattering intensity can be 

observed. These intensity fluctuation events are correlated to the physical properties of the 

particles undergoing the Brownian motion. These fluctuations are quantified by a second order 

correlation function, G2(𝜏) (Equation 2.2): 

 
𝐺"(𝜏) =	< 	

< 𝐼(𝑡)𝐼(𝑡 + 𝜏) >
< 𝐼(𝑡) >" 	> Equation 2.2 
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where 𝜏 is a delay time between two scattering traces. Assuming that the particles are spherical, 

a correlation function can be modelled to extract the translational diffusion coefficient, using 

cumulant analysis137 (Equation 2.3): 

 𝐺(𝜏) = 𝐵 + 𝐴;𝑒$"%!&' Equation 2.3 

 

Where B is the baseline, A is amplitude, q is the scattering vector, and D is the translational 

diffusion coefficient of the particle. Here, the scattering vector, q is defined as (Equation 2.4): 

 𝑞 =
4𝜋𝑛
𝜆 sin	(

𝜃
2) 

Equation 2.4 

 

Where n is the refractive index of the dispersant liquid, and θ is angle between incoming laser 

and the detector.  

The calculated D is related to hydrodynamic diameter (d(H)), described by the Stoke-Einstein 

relation (Equation 2.5)): 

 𝑑(𝐻) = 	
𝑘𝑇
3𝜋𝜂𝐷 Equation 2.5 

where, k is Boltzmann’s constant, T is temperature, 𝜂 is the viscosity of the continuum medium.  

In practice, colloidal systems exhibit some degree of polydispersity (variation in the particle 

size). Such deviation can be characterised by polydispersity index (PDI). A PDI can be 

estimated by fitting the G(t) polynomially138, 139 (Equation 2.6), with assumption that the 

Gaussian distribution describes the size deviation: 

 ln(𝐺(𝜏)) = 	𝑎 + 𝑏𝑡 + 𝑐𝑡"… Equation 2.6 

The value a shows an average mean particle size (hydrodynamic diameter) and b is known as 

the second order cumulant, which accounts for the deviation from the monodispersity. The PDI 

is then defined: 

 𝑃𝐷𝐼 = 	
𝑏
𝜏 

Equation 2.7 

 

2.3.2 Zeta potential measurement 
The particle motion measured by light scattering can also be used to calculate the zeta potential, 

or effective surface charge. To do this an external electric field is applied to the solution by two 
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electrodes to induce particle motion prior to the scattering event. Responding to the applied 

electric field, the charged particles undergo electrophoresis, in which the migration rate is 

proportional to the zeta potential. The electrophoretic mobility (𝑣) is detected experimentally 

via a Doppler frequency shift (∆𝑓) of the scattered light ((Equation 2.8)): 

 ∆𝑓
𝑓 ∝ 	

𝑛𝑣
𝑐  Equation 2.8 

where f is the frequency, n is the refractive index of the dispersant, and c is the speed of light 

in vacuum. The Henry equation is then used to calculate the zeta (z) potential under a condition 

that does not rely on approximations (Equation 2.9): 

 
𝑣 = 	

2𝜀𝑧𝑓(𝜅𝑎)
3𝜂  Equation 2.9 

 

Where 𝜀 is dielectric constant. Henry’s function (f(κa)) describes the dimensionless number 

between 1 and 1.5 that depends on the ration of the particle size to the Debye length. Typically 

for nanoparticles larger than 20 nm in aqueous media, the number is approximated to be 1.5 

(Smoluchowski approximation).140 

2.4 Neutron elastic scattering 
Neutron elastic scattering is a powerful technique in understanding the structure of proteins, 

colloids, and their assemblies in both solution and on surface.141, 142 Two techniques are 

highlighted; small-angle scattering (SANS) and neutron reflectometry (NR).  

Small-angle scattering (SAS) is a powerful tool in determining the low-resolution (compared 

to crystallographic techniques) structure of homogeneous and heterogeneous colloidal systems. 

Typically, X-ray and neutron radiation is used; these are known as SANS and SAXS, 

respectively. When neutrons encounter matter, they are scattered by the atomic nuclei and 

magnetic dipoles, as opposed to X-rays, which scatter predominantly due to electron clouds. I 

would say “elastic neutron scattering methods (e.g., SANS and neutron reflectometry) detects 

the intensity and position of the neutrons elastically scattered by the atomic nuclei. The vector 

diagram shown in Figure 2.3 depicts a scattering event, when incoming neutron radiation of 

wavelength l (with a wavevector ki, the magnitude of which is given by 2p/l) is scattered by 

surface, at a deflected angle (2𝜃).  
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Figure 2.3. Schematic diagram of specular reflection and momentum transfer (q). The incident (ki) and reflected (kf) wave-

vectors have the same angle (q), while the q lies perpendicular to the interface. 

A simple trigonometric transformation of ki and the scattered beam vector (kf) yield the 

momentum transfer (q) in the following form (Equation 2.10): 

 
𝑞 = 	

4𝜋sin	(𝜃)
𝜆  Equation 2.10 

 

 

Typical SAS profiles plot scattering intensity against a certain q-range. In case of a repetitive 

structure, intense angle-dependent reflection (Bragg diffraction) occurs where the interlayer 

distance (d-spacing) can be approximated by a simple formula (Equation 2.11): 

 

 𝑑 = 	
2𝜋
𝑞  Equation 2.11 

 

2.4.1 Reflection 
Reflectometry uses either X-ray or neutron as an incident beam and measures the reflective 

intensity of thin film systems. The technique has been widely used for both inorganic and 

organic thin films, to probe the lateral structural information.143, 144 Here, the basic principles 

surrounding the reflectometry techniques and theory behind analysing reflectometry data are 

discussed.  

When an incident beam of photons or neutrons hits a surface, the reflection event could occur 

in two ways – that is specular or diffuse reflection. If the surface is ultra-smooth, the angle of 

the incident beam, or an incident wave-vector (ki), have the same angle as the outgoing beam, 
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reflected wave-vector, (kf), and classified as specular reflection. It is also likely that the angle 

of the outgoing waves does not match that of the incident beam. In this particular case, the 

reflection is classified as diffuse. A schematic of these two types of reflections are depicted in 

Figure 2.4. In this work, we will focus our discussion on specular reflection, since a large body 

of reflectometry techniques make use of specular reflectivity, particularly in the field of lipid 

bilayers. 

 

Figure 2.4. Schematics of specular reflection (left) that takes place on a smooth surface and diffuse reflection (right) that 

occurs on a rough surface. 

In a typical reflectometry experiment, reflectivity (R) is measured as a ratio of the intensity of 

incoming beam (Ii) and of the reflected beam (If) as shown in Equation 2.1: 

 𝑅 = 	
𝐼(
𝐼)

 

 

 Equation 2.12 

 

Recall Equation 2.10, and the momentum transfer is denoted Q in the context of reflectometry. 

Practically, there are two approaches to reach different ranges of Q, depending on the nature 

of the radiation source. For X-ray, monochromatic X-rays of Cu Ka wavelength (l = 1.54 Å) 

were used in this work. Since the wavelength contribution to Q is fixed, the angles of the 

incidence and reflection are modified. However, for neutrons, a time of flight (ToF) method 

was used in this work, where a range of neutron wavelengths (l = 2 – 20 Å) were chosen and 

collimated by a chopper system. This method allows the collection of a reflectivity profile for 

a particular Q-range at a fixed 𝜃. Likewise, in SAS experiment, structural information at a 

different length-scale is obtained at a different Q, thus, the collection of reflectivity profile at a 

wide Q-range is essential. For a ToF NR experiment, two or three different grazing angles 

(0.4°, 0.85, and 4.0°) are used since one angle does not cover a sufficient Q-range. 

!" !# !"
!#
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2.4.2 Scattering length density (SLD) 
The concept of scattering length density (SLD) is essential in understanding the physical 

significance of neutron data. Similar to visible light optics, the refractive index (n) describes 

the propagation and refraction behaviour of neutron waves in a medium (Equation 2.13): 

 𝑛 = 	1 − 	𝛿 + 𝑖𝛽 Equation 2.13 

Where the imaginary component 𝑖𝛽  describes the absorption of the neutron waves by the 

medium, and 𝛿 (Equation 2.14) is defined as: 

 
𝛿 = 	

𝜆"	𝑆𝐿𝐷
2𝜋  Equation 2.14 

Two factors control the SLD of a material – its elemental composition and density. The SLD 

is calculated as: 

 
𝑆𝐿𝐷 = 	

∑ 𝑏))

𝑉  Equation 2.15 

where bi is the bound coherent scattering length of each atom, which is unique to each isotope, 

and V defines the atomic volume. In the case of X-rays, bi is proportional to the atomic number 

(Z). In contrary, the neutron bi varies unsystematically with atomic number (Figure 2.5). So far, 

only empirical models145 have successfully predicted experimentally obtained values. 

Additionally, the neutron bi is isotope-unique, which makes the SANS technique distinctive 

from SAXS. For instance, bi of 1H and 2H (deuterium, D) have significantly different values, -

3.74 and 6.67 × 10-6 Å, respectively.146 In neutron scattering experiments, the ratio of H2O and 

D2O in background is tuned strategically to match SLD of a component, which renders it to 

effectively invisible to neutrons. In this work, the D2O:H2O ratio is set to 25:75 (contrast match 

with SLD of PS), so the structure of corona proteins can be investigated without the interference 

with the neutron signals from PS particles.  
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Figure 2.5. Neutron scattering length as a function of atomic numbers.146 Scattering lengths of  2H, and 15N are shown to 

highlight the isotope-dependency. 

2.4.3 Scattering cross section and size information 
In a SAS experiment, typical data acquisition involves scattered neutrons or X-ray colliding 

with 2D detectors at solid angles (dΩ). Physical meaning is added to it by considering the 

differential cross section (*+
*,

), likelihood of scattering (d𝜎) from a sample volume into a solid 

angle (Equation 2.16);. 

 𝑑𝜎
𝑑Ω

(𝑞) = 	
𝑁𝐿"

𝐼!𝐴
𝑑𝑡 Equation 2.16 

with total count number (N), incident energy (I0), detector area (A), distance between scattering 

object and detector (L). It is crucial to point out that *+
*,

 is q-dependent, where the real-space 

distances probed are inversely proportional to q (Equation 2.11).  

Experimentally, the *+
*,

 is obtained for a wide range of q, to understand the structure observed 

for biological macromolecules (~ 10 – 50 Å) and their assemblies (100 Å to micrometre 

regime). The lower end of the q-value is limited by the detector to sample distance (L,) as the 

transmitted beam overwhelms the scattered beam at low angles. A simple way to overcome 

this problem is to extend the L, so that the scattering that occurs at low q collides at a position 

further away from the direct beam. It is common to observe SAS instruments where L is tens 

of metres to allowing resolving at a low angle.  
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Figure 2.6. Typical elastic scattering events taken place at two different detector distances (L). 

The major disadvantage in extending L is the loss of scattering intensity prior to reaching a 

detector. To probe the scattering intensity from ultimate low-q regions (< 0.001 Å-1), alternative 

optics setup such as Bonse-Hart method147 overcomes problems found in a classical SANS 

setup. Modern USANS instruments have channel-cut perfect Si crystals located in front and 

behind the sample holder. These Si crystals (or bouncers), diffract the neutrons highly specific 

to wavelengths and scattering angles with a resolution of one thousandth of degrees (Figure 

2.7).  

 

Figure 2.7. Illustration of Kookaburra USANS beamline at Australian Centre for Neutron Scattering (ACNS). The image was 
adopted from the following link (https://www.ansto.gov.au/research/user-office/instruments/neutron-scattering-
instruments/kookaburra/technical-information). 
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2.4.4 Data analysis – form factor and structure factor 
Fourier transformation is commonly used to convert reciprocal space (scattering profiles) 

information to real space information (structure). During the scattering event, phase 

information of the waves are lost (phase problem), which prevents the direct application of this 

method to analytic reconstruction of structures from neutron scattering.148 An alternative 

approach is to use appropriate structural models to describe I(q), where two structural 

contributions are typically considered (Equation 2.17): 

 𝐼(𝑞) = 𝑃(𝑞) ∗ 𝑆(𝑞) Equation 2.17 

where is P(q) is the form factor, describing the shape and size of the scatterer and S(q) is the 

structure factor, relating to the inter-molecular arrangements (caused by inter-molecular 

interactions). The angular-dependent scattering intensity is related to the size and shapes of the 

scattering objects. The S(q) component facilitates this aspect of I(q) (some examples are 

provided in Figure 2.8).  

 

Figure 2.8. Simulated form factors for different shapes; ellipsoid, cylinder, and sphere.  

Theoretically, a P(q) contribution is sufficient to describe I(q), provided that scattering objects 

are randomly oriented relative to the beam and each other. However, molecules encounter 

attractive and repulsive interactions with others. This leads to a partially or highly ordered 

structure in the dispersion system (depending on the average inter-particle distance), which 

gives rise to the structure factor contribution of S(q) in SAS profiles. For charged proteins 

dispersed in a buffer solution, repulsive interactions between the protein molecules can be 

observed at high enough concentrations in the absence of insufficient charge screening by salt 
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molecules. For example, a SANS scattering profile (Figure 2.9) of lysozyme proteins at 9.0 mg 

mL-1 can only be described by the combination of an ellipsoidal model (P(q)) and structure 

factor model that accounts for electrostatic repulsion (S(q)). In this work, a sticky hard sphere 

structure factor model (S(q)) was combined with P(q) models to describe the attractive 

interactions between nanoplastic/protein corona complexes and their shapes.  

 

Figure 2.9. SANS profiles of lysozyme (left) and human serum albumin (right) at 9.0 mg mL-1 in Tris (10 mM) buffer (NaCl, 

10 mM)  at pH 7.4. Modelling requires the combination of P(q) and S(q) to describe the lysozyme data, while S(q) is sufficient 

to describe the scattering intensity of human serum albumin. The data was collected using Bilby SANS, Australian Centre for 

Neutron Scattering (ACNS).  

If the scattering objects are monodisperse and not aggregated, a simple linear regression in the 

low q region can be used to calculate the radius of gyration. This concept was theorised by 

André Guinier149, and is routinely used in SAS data analysis. The theory approximates the 

scattering intensity with Equation 2.18 as q approaches to 0:  

 
𝐼(𝑞) = 	 𝐼!𝑒

$
%!-"!
.  Equation 2.18 

 

The convenience of this method is realised when converted to log form (Equation 2.19), so that 

the Rg is resolved by a simple linear regression.  

 
ln𝐼(𝑞) = 	ln𝐼! −	

𝑅/"

3 𝑞" Equation 2.19 
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An example of the Guinier approximation is shown in Figure 2.10. The following two criteria 

must be met to validate this approximation; 𝑞0)1 <
2

3#$%
 and < 𝑞045 <

6..
8"

. 

 

Figure 2.10. An exemplar SAXS profile of a peptide (10 residues) (left) and the mathematically transformed plot with fitted 

Guinier region (right). The data was collected using SAXS beamline at Australian Synchrotron. 

2.4.5 Modelling Reflectivity 
A typical neutron reflectivity profile of a tethered lipid bilayer on Cr/Au thin layers deposited 

on a Si wafer is presented in Figure 2.11. The reflectivity value remains constant at full 

reflectivity (i.e., R = 1) in the lowest Q-region. This region of the reflectivity profile results 

from the radiation travelling from a medium with a higher refractive index (lower SLD) to a 

medium with lower refractive index (higher SLD), where total internal reflection occurs. 

Above a certain Q, the reflectivity drops dramatically. This cliff in the profile is termed the 

“critical edge”, whose position can be predicted by Snell’s law (Equation Equation 2.20.  

 𝑐𝑜𝑠𝜃 = 	
𝑛"
𝑛6

  Equation 2.20 

  

where n1 and n2 are the refractive indices or SLDs of the two media that the radiation is 

travelling through. The reflectivity features beyond the critical edge are described by Fresnel’s 

equation for s-polarised waves for reflection and refraction at an optical interface. The equation 

specifies the fraction of a wave of radiation that is transmitted and reflected, provided that the 

two media (n1 and n2) are homogeneous and non-absorbing (Equation 2.21): 

 𝑟6," =	
𝑛6𝑠𝑖𝑛𝜃6 − 𝑛"𝑠𝑖𝑛𝜃"
𝑛6𝑠𝑖𝑛𝜃6 +	𝑛"𝑠𝑖𝑛𝜃"

  Equation 2.21 
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where r1,2 is the Fresnel reflection coefficient between media 1 and 2, and the reflection fraction 

(R) above the critical angle can be obtained by (Equation 2.22): 

 𝑅 = c𝑟6,"c
"  Equation 2.22 

  

For a multi-layer system, Abelès optical matrix method150 is typically used (Equation 2.23) 

where the resulting reflectivity is calculated with the product of individual matrices(M): 

 
𝑅 = 	 d

(𝑀6,6 +	𝑀6,6𝑘1:6) − (𝑀",6 +	𝑀","𝑘1:6)
f𝑀6,6 +	𝑀6,6𝑘1:6g + (𝑀",6 +	𝑀","𝑘1:6)

d
"

 Equation 2.23 

  

Each M describes the propagation over a thickness of a layer at an interface n, taking into 

account for reflection, propagation, and transmission at each interface: 

 𝑀 =	𝐷1,1:6𝑃1:6  Equation 2.24  

where Dn,n+1 is the transmission matrix (from medium 1 to medium 2) and Pn+1 describes the 

propagation matrix within medium 2. This method allows the calculation of reflectivity from a 

homogeneous interface divided by number of slab layers with thickness, SLD, and error to the 

smoothness (roughness). The interference between the reflection from the interfaces of a layer 

generates an oscillation feature known as Kiessig fringes.151   

 

Figure 2.11. Experimental neutron reflectivity profile (circle) and fitted data (solid line). The profiles are represented in log R 

vs. Q (left) or RQ4 vs. Q (right) to amplify the characteristic fringes and to clarify the quality of the fitting line.  
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When the number of slab layers increases, the modelled parameters solutions for different 

layers can be underdetermined and correlated. Underdetermination occurs when the change in 

fitted parameter affects the quality of fitting insignificantly and the fitted value appears 

unphysical. Roughness value typically exemplifies this problem. In this work, global roughness 

(roughness of all slab layers is fixed to the fitted value on Au layer) is used to reduce the number 

of fitting parameters. Correlation occurs when the change in a fitting parameter can be 

compensated with other parameter(s) with the quality of fitting unchanged. Interfaces that share 

similar SLDs contribute to reflectivity in a non-unique manner (e.g. inner and outer 

hydrophobic chains of lipid bilayer). For a tethered bilayer, the inner and outer hydrophobic 

chains are merged to one slab layer, and the nSLD is fixed to the previously reported value152, 

153. The fitting limitations for each slab layer are summarised in Table 2.1.  

Above all, it has been demonstrated experimentally154 that neutron reflectivity is capable of 

probing subtle structural changes (thickness change between 1-2 Å) to different parts of lipid 

bilayer with appropriate fitting constraints and usage of Monte Carlo resampling method. 

Table 2.1 Typical ranges of the thickness, nSLD, and hydration % calculated by modelling the neutron reflectivity profiles of 

tBLMs. The roughness parameter is fixed to the fitting value (between 1-10 Å) from Au layer. 

Parameter Thickness / Å nSLD / 10-6 Å-2 Hydration % 

Si N/A 2.07 (fixed) 0 

SiO2 5-30 3.47 (fixed) 0 

Cr / CrOx 10 – 100 3.6 – 3.9 0 

Au 100 - 300 4 – 4.6 0 

Tether 9 - 15 0.8 – 1.1 10 - 40 

Hydrophobic chains 25 – 38 -0.5 (fixed) 0 – 2 

Hydrophilic head 7 - 12 1 - 2 0 – 80 

D2O/H2O/CM4.5 N/A 6 – 6.35 / -0.56 (fixed) / 

4.3-4.7 

N/A 
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2.5 Electrochemical Impedance (EIS) Spectroscopy 

Electrochemical Impedance Spectroscopy (EIS) is widely used to obtain physical information 

of tethered lipid bilayers.155 Its near-insulating nature allows EIS to detect changes in ion 

transport across lipid membranes.  

Impedance (Z) is a measure of opposition to the alternating current (AC) in an electric circuit 

and is mathematically defined as (Equation 2.25):  

 𝑅𝑍 = 	𝑍; + 𝑖𝑍;; Equation 2.25 

𝑍; is a real component of impedance and 𝑖𝑍;; is an imaginary component. The real component 

describes the resistance that impedes charge transport while the imaginary part is attributed to 

the capacitive property. Alternatively, Z can be represented in a polar form with two main 

variables: a magnitude of impedance (|𝑍|) and phase (𝜃);  

 𝑍 = |𝑍|(𝜔)𝑒)<(>) Equation 2.26 

where, 𝜔  is an angular frequency (𝜔 = 2𝜋𝑓) and |𝑍|(𝜔) is the ratio between the applied 

voltage and measured current. The phase shift (𝑒)<(>)) is caused by the delayed shift in the 

magnitude of the current following the voltage changes. Both the magnitude of impedance and 

phase shift are a function of frequency and different electrochemical features of lipid bilayers 

appear in a different range of frequencies. Thus, in a typical EIS experiment, an AC voltage is 

applied over a wide range of frequencies across mHz to hundreds of kHz. During the EIS 

experiment, the sinusoidal AC voltage is applied to a working electrode (Au) and the current 

response and phase shift are measured at the counter electrode (Pt) with respect to the reference 

electrode (Ag).  

The resulting magnitude of impedance and phase shift are represented in a Bode plot (Figure 

2.12). The detailed physical parameters are obtained by modelling the Bode plot using a 

suitable equivalent electric circuit (EEC). The EEC consists of electric circuit components that 

describe different electrochemical properties of lipid bilayers. Upon application of an electric 

field, the electric charges are opposed by the lipid bilayers and charge build-up is observed. 

Such insulating properties can be represented by a resistive (R) element and a capacitive (C) 

element in parallel. 
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Figure 2.12. EIS Bode plot (left) and an illustration of DPhyPC tethered lipid bilayer, with an equivalent electric circuit used 

to fit the EIS spectrum. 

For an ideal lipid bilayer, a simple EEC model that only consists of a single RC element and 

an additional resistance component (R1) that describes bulk solution resistance, is adequate 

(Figure 2.12). However, such models become impractical when the lipid bilayer possesses 

inhomogeneities and/or defects. To accommodate the imperfections, the capacitive element is 

replaced by a constant phase element (CPE) given by: 

 𝑍@AB =
1

𝐶𝑃𝐸(𝑖𝜔)4 Equation 2.27 

where 𝛼 can vary from 1 (ideal capacitor) to 0 (ideal resistor). Deviation from 𝛼 = 1 indicates 

the loss of membrane homogeneity.  

The tethered bilayer system employed in this work includes a spacer molecule, 𝛽 -

mercaptoethanol (𝛽-ME), in the tether region to allow increased fluidity, although it also 

introduces structural defects in the tether region. While this provides the benefits of better 

mimicking the properties of a real cellular membrane, the increased structural defect needs to 

be taken into account when modelling the EIS spectra. Specifically, hydration in the reservoir 

region is modelled as C. The usage of the R-C and C elements for describing the membrane 

and reservoir regions, respectively, are experimentally demonstrated in the past.156, 157 In this 

work, fitted values of R(membrane) and CPE-𝛼 values were primarily used to describe the 

electrochemical properties of lipid bilayer as other parameters may correlate in fitting the EIS 

spectra with the given model and frequency range measured. Specifically, the R(membrane) 
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described the impedance values in low frequency region (< 0.5 ´ 10-1 Hz) and CPE-𝛼 values 

describing the phase deviation from -90°, both of which contributing to fitting process uniquely. 

A typical EIS spectrum observed in this work and the EEC model used are presented in Figure 

2.13.  

 

Figure 2.13. A typical EIS Bode plot observed from POPC tethered lipid bilayer with spacer molecules. The EEC model used 

to fit the spectra is also shown. 

2.6 Cell Line Experiments: 

In vitro cell lines are the primary system used in nanotoxicology to assess cellular 

consequences and relevant adverse effects of exposure to pathogens.98 This simple system (in 

comparison with in vivo studies using whole organisms) can establish mechanism-driven 

evaluations with a series of appropriate experiments. The nanotoxicology community employs 

this system in an attempt to develop structure-activity relationships for individual 

nanomaterials. In this thesis, human lung epithelial (A549) cells are used to simulate the 

cellular interaction with nanoplastics during human exposure. We will discuss the 
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characterisation techniques and the information obtained from these experiments in the 

following sub-sections.  

2.6.1 MTT Assay 
A colorimetric assay is a key method used to determine proliferation or cytotoxicity. The 

experiment involves the reduction of 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium 

bromide (MTT) to formazan by mitochondrial succinate dehydrogenase (Figure 2.14). This 

biochemical reaction is a result of mitochondrial respiration, which can only be executed by 

metabolically active cells. The cell proliferation is measured by comparing the unique optical 

absorbance at 535 nm from control cells to one of treated cells. Statistical significance of the 

cell proliferation observed under different conditions is assessed with t-test. Under this 

statistical test, the variance within the group and the variance between the groups are compared 

to derive a p-value (probability that observed difference could be produced randomly). The p-

value of 0.05 (p < 0.05)  used typically as a threshold to claim that the observed difference has 

statistical significance, assuming that that dependent variables are continuous values and are 

normally distributed. 

 

Figure 2.14. A reductive reaction of MTT to formazan catalysed by mitochondrial reductase.  

2.6.2 Flow Cytometry 
Flow cytometry is a scattering technique developed to primarily study the physical 

(phenotypes, size, and granularity) and chemical aspects (response of fluorescently tagged 

biological molecules) of cells. The underlying principle is the detection of fluorescence 

intensity produced either by intrinsic autofluorescence signals or those generated by 

fluorescently-labelled molecules binding to specific parts of cells.  

When cells are passed through a flow cytometer, a sheath fluid focuses the suspended cells 

through a narrow nozzle (Figure 2.15). Passing through the nozzle, individual cells are exposed 

to monochromatic light until statistically significant events are recorded (approximately 
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~100,000). The scattered light is then classified into different fluorescence signals 

differentiated by wavelengths after being propagated through optical filters.  

 

Figure 2.15. A schematic of flow cytometry experiment. Side scattering detection typically takes place orthogonal (90º) to the 

forward scattering.  

A typical cytogram observed for A549 is shown in Figure 2.16 (left), where forward and side 

scattering (FSC-A and SSC-A) signals are recorded. A qualitative inspection of the cytogram 

often provides probable identification of the analysed cells. Here, only A549 cells were used, 

thus, the major population can be attributed to intact A549 cells.158 However, for some other 

cells, different phenotypes can be identified by distinguishing different scattering 

populations.159 Histograms of FSC-A and SSC-A (Figure 2.16) also provide information on the 

physical properties of the cells. The relative forward intensity increases proportionally to the 

size of the cells, according to the Mie theory, (Chapter 2.3) while side scattering correlates to 

the cellular complexity.130, 160  

 

Figure 2.16. Typical cytogram of A549 cells (left), forward (middle) and side (right) scatter histograms obtained from the 

main population shown in the cytogram.  
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Method and Materials 
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3.1  Materials 
Ultrapure water (resistance = 18.2 MW cm) was used to prepare all the aqueous solutions used 

in this work. For neutron experiments, D2O was sourced from Australian Nuclear Science and 

Technology Organisation (ANSTO, Lucas Heights, Australia). Polystyrene (PS) plastic 

nanoparticles were sourced from Thermo Fisher New Zealand (product names CML Latex 

beads and amidine Latex beads), unless otherwise stated, and consisted of spheres with surface 

functional groups of carboxylic acid for negatively charged surface (CML Latex beads) and 

amidine groups for positively charged groups and approximate sizes of 20 nm (PSsmall) and 

200 nm (PSlarge). Negatively charged large polystyrene nanoparticles (200 nm) were 

synthesised in-house (the method is described elsewhere161) with surface functional groups of 

carboxylic acid. Namely, the small PS nanoplastics were labelled “PS(-)small” or 

“PS(+)small”, depending on their charges, and likewise for their large analogues, “PS(-)large” 

and “PS(+)large”. The nanoplastics were extensively dialysed twice over a period of 24 h 

against ultrapure water or D2O for neutron scattering experiments. Lyophilised albumin from 

human serum, essentially fatty acid free, (HSA) and hen egg white lysozyme (LYS) were 

sourced from Merck. 

The following reagents were used to prepare buffer solutions: NaCl (ECP, 99.5%), KCl 

(99.5%, ECP), Na2HPO4 (99%, Sigma Aldrich), KH2PO4 (99.5%), citric acid (99.5%, Sigma 

Aldrich), and Tris (Merck). 

Phospholipids and cholesterol were purchased from Avanti Polar Lipids Inc. (Alabaster, USA) 

in powder form. The DPhyTL tether lipids were kindly donated by (synthesis method is 

described elsewhere162). The tether spacer, b-mercaptoethanol (𝛽-ME), was purchased from 

Sigma Aldrich, New Zealand. Ethanol (99.5 %, ECP) was used to dissolve the phospholipids 

and cholesterol for rapid solvent exchange, as well as for fabricating ethanolic tether solution 

(8:2 molar ratio of DPhyTL:	𝛽-ME).  

For in vitro experiments, the following reagents were used without further purification: 3-[4,5-

dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide (MTT) (Abcam, ab322092 MTT cell 

proliferation kit), DAPI (D1306, Thermo Fischer Scientific), Dulbecco’s Modified Eagle’s 

Medium (11885092, DMEM, low glucose, pyruvate, Gibco®, Life Technologies New 

Zealand), Fetal Bovine Serum (FBS) (10091148, FBS, qualified, New Zealand, Life 

Technologies New Zealand), Gibco® Antibiotic-Antimycotic, 1% trypsin/EDTA (New 

Zealand, Life Technologies New Zealand), and Dulbecco’s PBS (DPBS). The A549 cells were 
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generously donated by Dr John Taylor, University of Auckland, New Zealand (originally from 

ATCC). 

3.2 Preparation of POPC Tethered Lipid Bilayers 
Silicon wafers were cleaned with ozone for 10 min, and rinsed thoroughly with ultrapure water 

(18.2 MΩ cm) and ethanol. The freshly cleaned Si wafers were then coated with Cr and Au 

layers using a magnetron sputter coater, with Ar as a carrier gas. For electrochemical 

impedance spectroscopy (EIS), the Cr layer, generated by radio frequency (RF) plasma (30 W), 

was deposited for 5 min, followed by Au layer (100 W) for 3 min, resulting in Cr and Au layer 

thicknesses of approximately 5 nm and 40 nm, respectively. For NR experiments, Cr and Au 

were both sputter coated on a 4-inch wafer, at 100 W, for ~6 min and ~8 min, respectively. The 

resulting thicknesses are approximately 10 nm for Cr and 20 nm for Au. 

The Cr/Au coated substrates were cleaned with ethanol and immersed in a DPhyTL and 𝛽ME 

ethanolic solution (0.1 mM), with a molar ratio of 8:2, for a minimum of 18 h, allowing the 

tethers to form a monolayer. The substrates were removed from the tether solution, washed 

with ethanol, and dried under a stream of N2 gas. The second, phospholipid layer was 

completed using a rapid solvent exchange method.163 The substrate surface was covered with 

an ethanolic solution of POPC/cholesterol  at a  9:1 molar ratio (10 mM) for 15 min, and rapidly 

rinsed off with an excess of aqueous Tris buffer (minimum of five times the cell volume used). 

3.3 Preparation of PS/corona protein complexes 
The complex were formed by mixing the equal parts of PS nanoplastics and proteins at 

desirable concentrations. The complexes were equilibrated for a minimum of 30 min. An 

exception was made for the in-situ DLS experiment, where the measurement took place 

immediately after mixing the two.  

3.4 Circular Dichroism Spectroscopy 
Circular dichroism (CD) experiments were performed on a Chirascan spectrometer (Applied 

Photophysics, UK) over the range of 180 nm to 360 nm, at 0.5 nm intervals, using a quartz 

cuvette of 1.0 mm path length (Hellma Cells Pacific, Singapore). Spectra were recorded for the 

samples (400 µL) at a scan rate of 0.5 s per point and 1.0 nm bandwidth. A minimum of five 

scans were averaged prior to data conversion into absolute CD values. HSA and PS 

nanoplastics were dispersed in 10 mM sodium phosphate or Tris buffer without saline. The raw 
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CD signal (𝜃) was, then, converted to mean residual ellipticity ([𝜃]MRE) using the equation 

below: 

[𝜃]C-B =	
𝜃
𝐶D𝑙

	

where, Cr is protein concentration and 𝑙  is the cuvette path length (1.0 mm). Spectral 

deconvolution was performed using the CONTIN algorithm52 with a reference set of SP17553 

available on DICHROWEB52. 

3.5 Dynamic Light Scattering (DLS) and zeta potential 

measurements 
Particle size distribution and zeta potential analyses were carried out on a Malvern Instruments 

Nanozetasizer ZS, equipped with a 633 nm laser. The size distribution of PS nanoplastics and 

HSA in PBS or Tris buffer (pH 7.4) was measured in non-invasive back scatter (NIBS) mode, 

with the photomultiplier detector placed at 173° relative to the incident beam, a measurement 

path length of 3.00 mm and an attenuation factor of 9. The measurements comprised of 14 runs, 

averaging three repeats. For the time resolved experiments, each run comprised of 10 s data 

acquisitions with six repeats, making a 60 s time interval for each point. For zeta potential 

determination, the Smoluchowski approximation was used. 

3.6 Small-angle Neutron Scattering (SANS) measurements and 

data analysis 
SANS measurements were carried out on Bilby, the time-of-flight small-angle neutron 

scattering (SANS) instrument, at ANSTO, Lucas Heights, Australia54. Samples were 

suspended in three different aqueous buffers with different levels of deuterated water (d-buffer) 

at the following H2O:D2O ratios - 0%, 25%, and 100%. The 25% d-buffer (SLD = 1.3 

´ 10-6 ´ Å-1) was used to minimise the neutron scattering from PS particles (estimated SLD = 

1.33 ´ 10-6 ´ Å-). The samples were placed in a 1.0 mm path-length quartz Hellma cell. The 

pH 7.4 buffer solution contained Na2HPO4 (10 mM), KH2PO4 (3 mM), NaCl (132 mM) and 

KCl (2.7 mM), and the pH was adjusted with NaOH dissolved in D2O (50 𝜇M). For the acidic 

buffer, citric acid (10 mM) was used with NaOH (132 mM) dissolved in D2O to make a pH 5.0 

solution. For Chapter 5 Tris (10 mM) buffer with NaOH (10 mM) at pH 7.4 was used to 

minimise the aggregation of PS(+) nanoplastics. Scattering data were radially averaged (under 
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the assumption of isotropic scattering) and placed on an absolute scale using direct beam 

intensity. The value of q was defined as:  

𝑞 = 	
4𝜋𝑠𝑖𝑛𝜃
𝜆 	

Where 𝜆 is the wavelength of the incident neutron beam and 2𝜃 is the angle of scattering. For 

PSsmall and proteins, neutrons with wavelengths between 2–20 Å were collected on 2-

dimensional detector panels positioned at 7.000 (rear), 4.500 (horizontal curtains) and 3.500 m 

(vertical curtains) from the sample (q-range = ~0.002 – 0.340 Å-1, 𝛥𝜆/𝜆 = 12.4-14.3%). For 

large PSlargeand PS/protein corona complexes, the rear detector was moved to 17.000 m from 

the sample (q-range = ~0.001 – 0.340 Å-1, 𝛥𝜆/𝜆 = 9.0 - 14.3%). Neutron scattering curves were 

fitted using the SasView software55. The radius of gyration (Rg) was resolved using the AutoRg 

function in the ATSAS package (2.8.2)59 , or with Guinier fitting. 

3.7 Cell Culture Experiments 

3.7.1 Cytotoxicity assay 

A549 cells were cultured in T-75 flasks at 37 °C in 5% CO2 in DMEM, supplemented with 5% 

FBS and 1% Gibco® Antibiotic-Antimycotic. 3000 cells per well were cultivated in a 96-well 

plate and each well was rinsed with PBS and DMEM, when 70-80% confluency was achieved, 

to remove proteins present in the FBS solution. Finally, desired concentrations of PS 

nanoplastics or PS/protein corona complexes were added, allowing 18 h of incubation time 

prior to the MTT assay. Cell proliferation was calculated by dividing the fluorescent intensity 

of the treated cells by the intensity of control cells. 

3.7.2 Flow Cytometry 
For flow cytometry experiments, 3.0 × 105 cells were seeded into individual wells in a 6-well 

plate and incubated for 24 h in DMEM, supplemented with 5% FBS and 1% Gibco® 

Antibiotic-Antimycotic. The cells were rinsed with PBS and DMEM prior to adding PS 

nanoplastic or PS/protein corona complexes, followed by 18 h of incubation. The cells were 

then rinsed with PBS and collected by adding trypsin/EDTA. Once the detachment of the cells 

was confirmed, the trypsin/EDTA solution was removed by centrifugation. Finally, the cells 

were ready for flow cytometry experiment after resuspension in DMEM. 
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3.7.3 Fluorescence Microscopy with ApoTome 
For microscopy experiments, 1.0 × 105 cells were seeded into individual wells in an 8-well μ-

Slide (ibidi®, Germany), and incubated for 24 h in DMEM, supplemented with 5% FBS and 

1% Gibco® Antibiotic-Antimycotic. The cells were treated with PS nanoplastics or PS/protein 

corona complexes as described above. The cells were rinsed with PBS five times and fixed 

with 4% formaldehyde for 20 min. The formaldehyde was then washed away with PBS three 

times. Methanol was then added, and the cells were stored at -20 ºC for 20 min to permeabilise 

the cell membrane. Finally, the cells were stained with DAPI solution (300 nM), in the dark, 

for 60 min with constant shaking. The cells were rinsed with PBS five times and stored in the 

refrigerator until the microscopy experiments. The cells were observed with a Zeiss Axio-

observer7 fluorescence microscope with an Axiocam 500 colour camera with lasers at 405 nm 

(DAPI), 514 nm (PS(-)small and PS(+)large), and 560 nm (PS(-)large).  

3.8 Electrochemical Impedance Spectroscopy (EIS)  
Electrochemical impedance spectroscopy (EIS) measurements were carried out on a CHI 660E 

electrochemical station (CH instruments, Inc.). Spectra were recorded from 150 kHz to 3 mHz 

at 0 V bias potential, with a 10 mV AC modulation amplitude. A three-electrode system was 

used, consisting of a Pt wire (Sigma, Australia) counter electrode coiled around the Ag/AgCl 

reference electrode (eDAQ Pty Ltd, NSW, Australia), and the Au layer on the substrate acting 

as the working electrode. A in-house built, six-well EIS cell was used. Individual EIS 

measurements were conducted in each well and the spectra were normalised to the area of the 

well (0.33 cm2).  Nanoplastics, proteins, or nanoplastic/protein complexes added to the lipid 

bilayers were incubated for a minimum of 3.0 h prior to data collection. EIS data was analysed 

with a fitting software, ZVIEW (version 3.5c, Scribner Associates, Southern Pines, NC).  

3.9 Neutron Reflectometry (NR) 
Neutron reflectometry (NR) experiments were conducted on Platypus, the time-of-flight 

reflectometer at Australian Centre for Neutron Scattering (ACNS), Australian Nuclear Science 

and Technology Organisation (ANSTO) Sydney.164 Three incident angles– 0.5°, 2°, and 6°, 

were used to cover the Q-range between 0.005 Å-1 and 0.4 Å-1, using neutron wavelengths 

ranging from 2.5 to 19.0 Å. Reflectivity profiles for each sample were collected under D2O 

and, where available, H2O or CM4.5 ( a mixture of H2O:D2O in the ratio of 26:74, which has 

a nSLD = 4.5 × 10-6 Å-2) buffer (Tris 10 mM with NaOH 10 mM at pH 7.4). The tethered lipid 
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bilayers were exposed to PS nanoplastics, proteins, or nanoplastics/protein complexes after 

collecting the reflectivity profile of the control bilayers.  

3.9.1 Neutron Reflectometry Data Reduction and Data Analysis 
NR data reduction and analysis were performed on the refnx reflectometry analysis package165. 

A slab layer model was used to fit and co-refine (where a second solvent was available) the 

reflectivity profiles. Four parameters were used to describe a slab layer: thickness, nSLD, 

roughness, and solvent volume fraction. The roughness values of all slab layers were linked to 

the interfacial roughness of the Au layer, to reduce the number of fitting parameters (global 

roughness). The fitting model did not consider cholesterol as an independent slab and assumed 

it to be embedded in the hydrophobic chains. Markov-chain Monte Carlo error analysis was 

used to estimate the uncertainties of fitted values165. 
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Formation and the Structure of Model 
Nanoplastic/Protein Corona Complex 

  



46 
 

4.1 Introduction  
Generally, surface characteristics of nanoplastics play a key role in driving interactions with 

biological entities. The surfaces of nanoparticles are known to become coated with various 

kinds of proteins and other biological molecules when in contact with a biological system112, 

118, 166-168. Consequently, the nanoparticles exist as a new entity, a composite of nanoparticles 

with a predominantly protein layer (the protein layer(s) are known as the protein corona112, 114, 

118), whose surface characteristics alter depending on the composition of the corona. The nature 

of protein coronae is also dependent on the intrinsic properties of the nanoparticles – their 

chemical compositions113, 118, shape169, and surface chemistry113, 118, 170. All of these aspects are 

infrequently studied, if at all, for nanoplastics. Furthermore, the surface character of the 

nanoplastic/corona complex is strongly governed by structure of the packing of the corona. 

However, the molecular details of the structure of the protein coronae are poorly understood, 

which makes it difficult to identify the impact of the structure on further biochemical processes.  

The protein corona found on plastic nanoparticles in nature is complex, and it is challenging to 

isolate the components that make it up in samples from in vivo environments. The first approach 

taken in this work towards filling in the gaping hole in our knowledge is to mimic the natural 

protein corona formed around nanoplastics in the body with a model corona, and evaluate its 

structure.  

We mimicked the two major classes of protein corona, namely soft and hard coronae. A 

successful fabrication of these individual types of coronae allowed for a determination of the 

biological impact of each type. We found that a weak attractive force plays a key role in 

forming soft corona, and strong attractive force for hard corona. The approach taken to create 

the different kinds of corona was by modifying the surface charge of proteins, while keeping 

the surface charge of the nanoplastics constant (the pI is below the pH tested in this chapter). 

Specifically, the pH of the aqueous medium was adjusted to tune the charge of the protein. 

Circular dichroism (CD) spectroscopy and light and neutron scattering techniques were used 

to evaluate the type of corona structure formed around the nanoplastics. 

In the work reported in this chapter, HSA was chosen as a model protein because it is known 

to be found in both soft and hard coronae, and because it has a relatively high abundance in 

blood plasma.113 The pI of HSA is above 5.0 (calculation found in Figure S9.6), meaning that 

adjusting the pH from 7.4 to 5.0 results in charge flipping from net negative to positive. 
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For a model nanoplastic, polystyrene (PS) was used due to its high environmental abundance, 

and because polystyrene nanoplastics are reported to have adverse physiological effects that 

are not fully understood, such that the results acquired from this model system are biologically 

interesting.11, 171 Additionally, PS can used to produce nanoparticles with control over both the 

surface chemistry and size. In this chapter, negatively charged PS nanoplastics (sized ~ 20 nm) 

are used (and denoted “PS(-)small”), other size and surface charge combinations are 

investigated in Chapter 5. 

4.2 Aims of the chapter 

In this chapter, we aim to mimic model soft and hard protein corona around PS nanoplastics, 

and identify the driving force of forming each type of protein corona. The resulting 

nanoplastics/protein corona complexes are then structurally evaluated using DLS and SANS.  
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4.3 Results  

4.3.1 Circular Dichroism Spectroscopy 
If conformational change occurs it implies that the proteins are bound sufficiently tightly on 

the surface to cause the change as the proteins minimise their total free energy121, 172, suggesting 

a hard corona has been formed. The formation of soft or hard coronae was distinguished by 

assessing the preservation of the secondary structure of the protein after introducing 

nanoparticles. Thus, the secondary structure of HSA before and after the introduction of PS 

nanoplastics was evaluated by CD spectroscopy. 

The measured CD spectrum and hence the secondary structure of HSA(dissolved in phosphate 

buffer without NaOH at pH 7.4) was unaffected following exposure to PS(-)small (Figure 4.1 

left), suggesting that the interaction is weak between the negatively charged plastic and the 

protein when the protein also has a net negative charge. However, the CD spectrum observed 

for PS(-)small/HSA complex at pH 5.0 (in citric acid buffer without NaOH) showed a 

significant change compared to the native protein measured at pH 5.0 (Figure 4.1, right). This 

can be modelled as a decrease in the proportion of 𝛼-helices (51±2% to 46±2%) and increase 

in random coil (28±1% to 42±3%), suggesting the significant structural rearrangement 

typically found in hard coronae. The summary of the secondary structure content of all the 

samples is found in Table 4.1 and Table 4.2. The experiment was repeated with lower 

concentration of PS nanoplastics, although a marginal change to the spectrum was observed 

(Figure S9.1). 

 

Figure 4.1. CD spectra of HSA (0.067 mg mL-1), before and after the introduction of PS(-)small (0.1 mg mL-1) at pH 7.4 (left) 

in phosphate buffer without NaOH and pH 5.0 (right) in citric acid buffer without saline. 
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Table 4.1. Secondary structure of HSA (0.067 mg mL-1), in presence or absence of PS nanoplastics (0.1 mg mL-1), resolved 

by spectral deconvolution of CD spectra collected at pH 7.4 in phosphate buffer without NaOH. Numbers in brackets represent 

the estimated modelling uncertainties. 

Sample 𝛼-helix 𝛽-sheet Random coil 

Native HSA 51 (2)% 21 (2)% 28 (1)% 

HSA With PS(-)small  
at pH 7.4 52 (2)% 20 (3)% 29 (2)% 

HSA with PS(-)small  
at pH 5.0 46 (2)% 12 (2)% 42 (3)% 

Table 4.2. Secondary structure of HSA (0.067 mg mL-1), in presence or absence of PS nanoplastics (0.1 mg mL-1) resolved by 

spectra deconvolution of CD spectra collected at pH 5.0. The modelling uncertainties are shown. inside the parentheses. 

Sample 𝛼-helix 𝛽-sheet Random coil 

Native HSA 51 (2)% 20 (1)% 29 (2)% 

With PS(-)small 
(0.1 mg mL-1) 

46 (2)% 12 (2)% 42 (3)% 

With PS(-)large 
 (0.1 mg mL-1) 

52% (1)% 19 (3)% 29 (2)% 

 

 

4.3.2 Dynamic Light Scattering (DLS) 
DLS is a technique frequently used to characterise the adsorbed layer thickness of colloidal 

suspensions and the resulting aggregates.120, 173, 174 Steady-state DLS experiments were 

conducted to measure the hydrodynamic diameter (Z) for HSA (1.0 mg mL-1) and PS(-)small 

(1.0 mg mL-1) alone, and of a HSA/PS(-)small mixture after 1.0 h, when the system was 

equilibrated (Figure 4.2). A subtle increase in the average Z (~4.0 nm) was observed for the 

HSA/PS(-)small mixture at pH 7.4 compared the PS(-)small alone. This was followed by a 

DLS experiment tracking the mixing in situ under the same conditions (Figure 4.2) , which 

revealed that the process took approximately 30 min to reach an increase of approximately 4.0 

nm. The size distribution of PS(-)small/HSA complex at pH 5.0, acquired by multimodal 
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analyses, is presented in Figure 4.2. An increasing Z-average from 33 nm to 120 nm was 

confirmed,  along with the formation of large aggregates (< 5 𝜇m).  

Additionally, zeta potentials of these single components and complexes were measured.  

PS(-)small showed negative surface charges at each pH (Table 4.3), whereas, the zeta potential 

of HSA notably became neutral as the pH was changed from 7.4 to 5.0 (-12.2 ± 3.2 mV to -

4.4 ± 4.5 mV). The neutralisation of the HSA is caused by two factors: the protonation of 

aspartic acid and glutamic acid, and the protonation of histidine. Based on the pKa calculations 

(Table S9.8), 5% of aspartic acid (~2 molecules) and 17% of glutamic acid (~10 molecules) 

are protonated at pH 5.0, resulting in the suppression of negative charge. Additionally, 90% of 

histidine undergoes protonation (~14 molecules), and so the net charge becomes more positive.  

The zeta potentials of PS(-)small/HSA complex were -15.5 mV (± 3.0 mV) and -15.8 mV (± 

9.8 mV) at pH 7.4 and 5.0, respectively, both of which showed a similar extent of charge 

suppression in comparison with the free PS(-) particles. This charge shift has also been 

observed by other negatively charged nanoparticles in presence of HSA at approximately the 

same pH range in the literature.175 
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Figure 4.2. Z-average distributions obtained by DLS for HSA with PS(-)small at pH 7.4 (top left), (top right), PS(-)small/HSA 
complex at pH 5.0 (top right), and an in situ Z-average study of PS(-)small/HSA at pH 7.4 (bottom). The final concentration 
of PS and HSA used was 1.0 mg mL-1 at all conditions.  

Table 4.3. Zeta potential values of PS particles, HSA, and PS/HSA complexes at pH 7.4 and 5.0.  

Sample pH 7.4 pH 5.0 

HSA -12.2 (3.2) mV -4.4 (4.5) mV 

PS(-)small -50.2 (12.0) mV -45.3 (6.8) mV 

PS(-)small/HSA -15.5 (3.0) mV -15.8 (9.8) mV 
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4.3.3 Small-angle Neutron Scattering (SANS) 

The diameters of the PS(-)small was found to be a 230 Å (with a polydispersity of 17%) 

spherical model149 (Figure 4.3 and Table 4.4, respectively). The fitted diameters were smaller 

than the average size determined in the DLS study, which was expected because the size 

resolved by DLS also takes into account of the movement of the particles and the hydration 

layer on the surface176. The dimensions of HSA estimated by the fit of an ellipsoid to the 

neutron scattering data were 15.6 × 43.7 Å (Table 4.5)), which is in a reasonable agreement 

with previously reported values from the literature177. 

 

Figure 4.3. SANS profiles of PS(-)small nanoplastics at 9.0 mg mL-1(left) and HSA at 3.0 mg mL-1(right). The spherical 

model149 and ellipsoidal model178 are used to fit the SANS profiles of PS nanoplastics and HSA, respectively. 

Table 4.4. Fitting parameters for SANS curve of PS(-) particles, using a spherical model.149 The errors are inside the 

parenthese. 

SLDn / 10-6	Å-2 SLDn solvent / 10-6	Å-2 Diameter / Å 

1.34 6.35 230 (0.200) 

 

Table 4.5. Fitting parameters for SANS curve of HSA, using an ellipsoidal model. The errors are inside the parenthese. 

SLDn / 10-6	Å-2 SLDn solvent / 10-6	Å-2 Radius polar / Å Radius equatorial / Å 

2.40 6.35 15.6 ± 1.90 43.7 (0.700) 
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SANS profiles of HSA/PS(-)small complexes were divided into two distinctive q-ranges for 

the convenience of describing two distinctive structural features at different length scales 

(Figure 4.4). The q-range I highlights the structural features from individual PS(-) and HSA, 

while q-range II shows information relating to the geometry of the HSA/PS(-)small complexes. 

The insets of Figure 4.4 show the residual scattering intensity after subtracting the sum of 

scattering from isolated PS(-)small and HSA from that of the HSA/PS(-)small complex. The 

small residual scattering intensity at q-range I at pH 7.4 implies the absence or small proportion 

of PS(-)small and HSA experiencing a direct interaction, consistent with the CD spectra (Figure 

4.1).  

Initially, the resulting scattering at q-range I was attempted to be described by a model sum of 

a sphere model and an ellipsoid model (Figure S9.2). However, this composite model could 

not also satisfactorily accommodate the q-range II, suggesting that the geometrical 

arrangement of the complexes and/or their interparticle interaction was more than a simple 

addition of individual components. Hence, a combination of a sphere model and a structure 

factor (hard sticky sphere) was used to describe the q-range II (Figure 4.5) with “stickiness” 

as a measure of the strength of interparticle interaction (PS(-)small/HSA – PS(-)small/HSA), 

and the perturbation parameter (denoted “perturb”) as an attractive well potential. To provide 

further insight, a SANS experiment was carried out in 25% deuterated buffer (25% D2O), 

which contrast matches the PS particles (Figure 4.5 right, illustrated in a cartoon in Figure 4.7). 

Rg of the PS(-)small/HSA soft corona complex in 25% D2O, determined by Guinier analysis, 

was 134 Å compared with 116 Å and 400 Å for the PS(-)small and PS(-)small/HSA complexes 

in 100% D2O, respectively (Figure S9.3). The resulting neutron scattering reflects that HSA 

participated in the formation of complexes, and that the HSA is likely  to be loosely decorated 

on the surface of PS(-)small spheres. 
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Figure 4.4. SANS profiles of PS(-)small/HSA complexes at pH 7.4 (left) and pH 5.0 (right, and their corresponding individual 
components). The inset in both plots show the residual between the scattering intensities from the PS(-)small/HSA complex 
and  the sum of individual components. The concentration of the PS(-)small used in the complex was fixed at 9.0 mg mL-1. 

 

Figure 4.5. SANS profiles of PS(-)small/HSA complex at pH 7.4 in 100% D2O (left) and PS(-)small/HSA complex at pH 7.4 
in 25% D2O with HSA (3.0 mg mL-1) collected in 100% D2O as a comparison (right). The SANS profile was fitted with a 
sphere model with a structure factor (sticky hard sphere).  

Table 4.6. Fitting parameters of sphere model with structure factor (sticky hard sphere) for PS(-)small/HSA complex in pH 
7.4. The radius and the SLD contrast fitted here takes into account both PS and HSA. The estimated modelling uncertainties 
are inside the parentheses. 

100% D2O at pH 7.4 Radius / Å Perturb Stickiness ∆SLDn / 10-

6	Å-2 

PS(-)small/HSA  135a (0.4) 0.100 (0.003)  0.0856 (0.0008) 4.45 
aThe optimised polydispersity was 17%. 
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The SANS profiles of PS(-)small/HSA complex at pH 5.0 (Figure 4.4 inset right) shows that 

the scattering intensity in the q-range I can no longer be explained by the summation of 

scattering from individual components as for the pH 7.4 measurement. This change can be 

attributed to the change in the PS-HSA interface via direct adsorption of the protein, which can 

be modelled with a core shell model with partial coverage (Figure S9.4). Again unlike at pH 

7.4, the upturn in q-range II  here cannot be accommodated by a sphere model with structure 

factor (sticky hard sphere). The aggregation of the colloidal system is better described by a 

fractal model, where both primary particles (PS(-)small/HSA composites) and aggregates 

(geometric arrangements of PS(-)small/HSA composite complexes) can be considered in in the 

q-range I  and in the q-range II , respectively. Global fitting was used to fit the scattering curves 

obtained in 100% D2O and H2O in Figure 4.6 (fitted parameters in Table 4.7). In particular, the 

SLDn of the solvent was fixed according to the D2O content in each, and the fractal dimension 

(Dm) and correlation length were fitted. The radius obtained for the model was 135 Å (± 0.4 

Å) which took into account the radius of primary particles (PS(-)small and HSA). For mass 

fractals, the power law I(q) ∝ q-Dm relationship holds, as opposed to the power law relationship 

for surface fractals36, described as I(q) ∝ q-6+Dm. Here, the power law fit for PS(-)small/HSA 

(with HSA concentration of 3.0 mg mL-1, presented in Figure 4.6) complex shows a 

relationship I(q) ∝ q-2.3. The observation that this characteristic upturn in the low q region lasts 

more than one decade in q, and of the fractal dimension, Dm, of 2.5 (± 0.04) for the power law 

fit, supports a mass fractal formation.  
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Figure 4.6. SANS profiles of PS(-)small/HSA hard corona complex in 100% and 0% D2O at pH 5.0, fitted with a fractal model 
(top), PS(-)small/HSA complex in 100% d-buffer at pH 5.0 with various HSA concentrations (bottom left), and  
PS(-)small/HSA complex in 25% D2O at pH 5.0 with various HSA concentrations (bottom right). The concentration of PS 
nanoplastics is fixed at 9.0 mg mL-1. 

Table 4.7. Fitting parameters of fractal moodel for PS-
s/HSA complex in pH 5.0.  

PS(-)/HSA at pH 5.0 Radius / Å Fractal dimension Correlation length / Å ∆SLDn	/ 10-6	Å-2 

100% d-buffer 135 (0.23) 2.3 (0.041) 1556 (0.2) 5.0 

0% d-buffer 135 (0.35) 2.3 (0.064) 1556 (0.23) 1.8 

aOptimised value of PD was 2%. 
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SANS curves with various concentrations of HSA (0 – 15 mg mL-1) and a fixed concentration 

of PS(-)small (9.0 mg mL-1) are presented in Figure 4.6. The increasing scattering intensity in 

q-range I is attributed to the scattering from individual HSA. The change in the steepness of 

the upturn in q-range II, however, shows a modification to the geometry of the PS(-)small/HSA 

complex, which depends on the HSA concentration. Power law fitting in q-range II showed a 

decreasing coefficient from q-2.3 to q-1.8, as the HSA concentration increased from 3.0 mg mL-1 

to 15.0 mg mL-1. Provided that the assumption that the power law relationship I(q) ∝ q-Dm holds 

for the PS(-)small/HSA complexes at all the HSA concentrations, the power law coefficients, 

q-P, are interchangeable with mass fractal coefficients. The mass fractal dimension describes 

the “compactness” of the fractal aggregates179-181, with more compact aggregates, at a higher 

local concentration, having a higher dimension, Dm (schematics are found in Figure S9.5). The 

decrease in fractal dimension with an increasing HSA concentration can be explained by charge 

screening of the PS(-)small by HSA bound to the surface. With an increasing concentration of 

HSA on the PS(-)small surface, additional HSA is more likely to experience electrostatic 

repulsion from HSA bound to other PS(-)small/HSA complexes, leaving spatially limited 

adsorption sites on PS(-)small. This results in a less branched fractal aggregate (low Dm), 

suggesting that a lower extent of aggregation would be observed with excess HSA 

concentration. Further evidence of this structural model can be found in SANS curves for  

PS(-)small/HSA with two HSA concentrations (3.0 and 9.0 mg mL-1) contrast matched in 25% 

D2O. The increase from q-1.6 to q-2.1 in these SANS curves (Figure 4.7) reflects a local 

aggregation of HSA on PS(-)small surfaces.  
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Figure 4.7. Proposed structural model of PS(-)small/HSA complexes in pH 7.4 (top) and pH 5.0 (bottom). The background of 
the figures on the right are coloured to portray the neutron scattering data collected using 25% d-buffer. 

4.3.4 Discussion and conclusion 
The evidence indicates that at pH 7.4 the HSA protein corona around the PS(-)small 

nanoparticles is soft, with no perturbation of the protein secondary structure and a composite 

structure that can be well modelled as a combination of two essentially unperturbed individual 

components. The interaction between the HSA soft corona with PS surface is maintained by a 

subtle balance of the electrostatic interaction. Despite both having an overall negative charge 

at this pH, HSA and PS(-)small nanoplastics clearly experience some interaction. The HSA 

surface consists of a mixture of negatively and positively charged amino acids (shown in Figure 

4.8). This weak interaction observed in HSA soft corona is attributed to an attractive interaction 

between the positively charged amino acids and the negatively charged PS surface, while 

negatively charged amino acids, particularly those in the vicinity of the positively charged 

amino acids, inhibit strong attractive interactions and also lead to loose packing of the proteins 

on the surface.  

When the pH is lowered down to 5.0, protein conformational change was detected in the CD 

spectrum, the protein coating on the PS(-)small particles were well described by a core-shell 

structure implying a well-formed homogenous coating, and larger assemblies of the 

nanoparticle complexes were observed. These results indicate that a hard protein corona has 
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been formed around the PS(-)small particles, as the balance of the electrostatic interactions in 

the system has changed. At pH 5 more histidine molecules are protonated (providing positive 

charge), and aspartic acids and glutamic acids are also protonated (losing negative charges), 

collectively enhancing the electrostatic attraction between the protein and the PS surface while 

reducing the repulsion between proteins.  

We also noted that greater solution HSA concentration reduced the extent of aggregation at pH 

5. The finding suggested that a high HSA concentration would result in an extensive coverage 

of HSA, and that protein molecules on the nanoparticle surface no longer undergo interactions 

with other PS particles. We expect that a real biological system with HSA-rich environment 

follows such case.  

 

Figure 4.8. Crystal structure (1AO6182) of HSA from two different angles with colour codes (red for positively chargeable 
amino acids and blue for negatively chargeable amino acids), portraying the potential sites for PS particles to experience an 
electrostatic interaction.  

Many of the protein-protein interactions are known to be transient, yet significant in their 

functions183-185. For soft corona, despite the absence of conformational change, the interparticle 

interaction between the PS/HSA – PS/HSA and HSA/HSA, could alter the way native proteins 

interact with other proteins. This measured interparticle interaction would have numerous 

origins, namely electrostatics, Van der Waal, depletion force, and structural force.104, 186 Charge 

suppression on protein surface due to the interaction with nanoplastics would weaken the 

electrostatic repulsion, which results in enhanced intermolecular attraction. Further with the 

proteins confined in a limited space (compared to bulk), this intermolecular attraction can also 

be attributed to the depletion force, where the corona proteins are sufficiently close so the solute 

in between the proteins are repelled by protein surfaces (leading to effective attraction between 

the proteins).186 On a similar basis, when proteins are in vicinity, where the separation distance 

16 Å

44 Å
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is smaller than molecular diameter, the depleted solvent creates osmotic imbalance that 

oscillates over a certain distance.187 This alternating repulsive and attractive force (termed 

structural force), depending on the position of the proteins with respective to each other, also 

contribute to the modified intermolecular interactions in confined space. However, to correlate 

the observed interparticle interaction between soft coronae and their biological relevance, an 

assessment of protein functionality, such as enzymatic activity, is required. Nevertheless, the 

presence of interparticle interactions would be an important parameter to add to the current 

understanding of soft coronae. 

The observation of fractal structure in PS/HSA hard complex implies the alterations of the way 

PS nanoplastics interacts with other biological entities. Early toxicology on silica nanoparticles 

observed enhanced cytotoxicity caused by nanoparticles attributing to the fractal 

morphology.188 However, this work presents the fractal formation only with a single type of 

protein and nanoplastics. Evaluation of hard corona made of different proteins will allow the 

better prediction of realistic structure found in biological systems.  
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Nanoplastic/Protein Properties on Corona Structure 

Formation – Nanoplastic Size Effect, Surface Charge, and 
Protein Types 
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5.1 Introduction  
In Chapter 4, we established that electrostatic forces drives the type of corona structure 

formation for HSA proteins on small PS(-) nanoparticles and developed methods for 

characterising the complexes (and aggregates) formed. Here, we apply this knowledge to create 

and characterise model soft and hard protein coronae with two types of proteins and 

polystyrene (PS) nanoplastics with different surface charges and sizes at pH 7.4, which will be 

nanoplastic/corona complexes used for in vitro (Chapter 6) and lipid bilayer experiments 

(Chapter 7).  

Two types of proteins, human serum albumin (HSA, net negative charge at pH 7.4) and 

lysozyme (LYS, net positive charge at pH 7.4), were mixed with four types of polystyrene 

nanoplastics with different surface charges (denoted “-“ or “+”) and sizes (~20 and 200 nm, 

denoted small and large respectively). The small (~20 nm) PS nanoplastics were labelled PS(-

)small or PS(+)small, and their large analogues were PS(-)large and PS(+)large. For creating a 

PS/soft corona complex mixtures of protein and PS with matching charges were used (i.e., PS(-

)/HSA or PS(+)/LYS) while the opposite case was applied for fabricating PS/hard corona 

complex (i.e., PS(-)/LYS or PS(+)/HSA).  

5.2 Aims of the chapter 

This chapter aims to establish the types of protein corona formed with different combinations 

of PS nanoplastics and proteins types. In addition, the influence of nanoplastic size on protein 

corona formation and the resulting structure is explored.  
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5.3 Results 

5.3.1 Circular Dichroism Spectroscopy 
The CD spectra of HSA in the presence of PS(+) nanoplastics (small and large) and HSA alone 

was measured, and the secondary structure of the protein was resolved by deconvolution. HSA 

is expected to participate in the hard corona formation with PS(+) as HSA and PS(+) carry 

opposite surface charge at pH 7.4 (PS(-)small/HSA soft corona formation is found in (Figure 

4.1). The effect of particle size can be found conspicuously by comparing the spectra (Figure 

5.1). Deconvolution showed a reduction in the amount of the 𝛼-helix content consistent with 

the formation of a hard corona on association with the PS(+) in both cases, but this was much 

more pronounced for small PS(+) (declined approximately 30%), than for the large PS(+) (~7% 

decrease in the 𝛼-helicity). The calculated secondary structure of HSA alone and in HSA/PS(+) 

mixtures can be found in Table 5.1. Intriguingly, the b-sheet content increase was also 

observed. This increase shows an example that the structural re-arrangement does not 

necessarily lead to secondary structure loss. It has been known in the literature that the 

interaction with nanoparticles can lead to both gain107 and loss119 of the secondary structure, 

which is determined by case-by-case situation. 

 

Figure 5.1. Comparison of CD spectra of HSA (red), PS(+)small/HSA (blue) and PS(+)large/HSA hard corona (green) at pH 

7.4. The final concentrations of HSA and PS nanoplastics are 0.067 mg mL-1 and 0.1 mg mL-1, respectively. 
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Table 5.1. Secondary structure of HSA (0.067 mg mL-1), in the presence and absence of PS(+) nanoplastics (0.1 mg mL-1), 

resolved by the spectral deconvolution of CD spectra. The fitting uncertainties are shown inside the parentheses.  

 𝛼-Helix 𝛽-sheets unordered 

Untreated HSA 45 (2)% 26 (2)% 31 (2)% 

HSA with PS(+) 12 (2)% 48 (2)% 40 (1)% 

HSA with PS(+)large 38 (1)% 28 (3)% 34  (2)% 

 

Similarly, the secondary structure of LYS, before and after the exposure to the PS nanoplastics 

was investigated. Unlike HSA, LYS carries a net positive charge at pH 7.4, suggesting that the 

LYS/PS(-) will form a complex with a hard protein corona with consequent protein secondary 

structure change (PS(-) could only form soft corona complex with HSA). Conversely, we tested 

the structural integrity of LYS when participating in the soft corona formation with PS(+) 

nanoplastics.  

When LYS is mixed with PS(-), the CD spectra showed significant changes compared to LYS 

alone. The secondary structure determined by spectral deconvolution (see Table 5.2) showed 

the reduction in 𝛼-helix content and increase in random coil associated with the formation of a 

hard corona, as expected. Again the nanoplastic size played a significant role in the extent of 

unfolding 𝛼-helix, with the small PS(-) nanoplastic caused a greater degree of unfolding than 

large PS(-) nanoplastics. Conversely, although a slight shift in the CD spectra is found for 

PS(+)/LYS mixtures, the spectral deconvolution shows that the secondary structure of LYS is 

preserved (Table 5.2), consistent with the formation of a soft protein corona, as expected. 

 

Figure 5.2. CD Spectra of LYS, untreated and treated with PS (-) (left) and tearted with PS(+) (right) at pH 7.4. The final 

concentrations of HSA and PS nanoplastics are 0.067 mg mL-1 and 0.1 mg mL-1, respectively. 
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Table 5.2. Secondary structure of LYS (0.067 mg mL-1), alone and mixed with PS nanoplastics (0.1 mg mL-1), resolved by 

the deconvolution of CD spectra.  

PS type 𝛼-Helix 𝛽-sheets unordered  

– 35% 33% 32%  

PS(-)small 9% 40% 41% Hard 
Corona PS(-)large 25% 37% 38% 

PS(+)small 31% 35% 34% Soft 
Corona PS(+)large 32% 34% 34% 

 

5.3.2 Dynamic Light Scattering 
For PS/soft corona complexes, only a subtle increase in the hydrodynamic diameters were 

observed (typically 2 – 6 nm compared to PS nanoplastics), consistent with change observed 

for the PS(-)/HSA soft corona in Chapter 4. On the contrary, when the hard corona formed 

around PS nanoplastics, larger colloidal aggregates were observed (< 5000 nm, beyond the size 

resolution of DLS) except for the case of the PS(+)large/HSA hard corona system. In this case 

large aggregates of particles did not form, although the hard corona formation did increase the 

hydrodynamic diameter by 90 nm. The result shows the extent of the aggregation is less than 

those observed for other types of PS/hard corona particulates.  

Table 5.3. Summary of hydrodynamic diameters of PS nanoplastics, and PS/protein mixtures. The corresponding 

polydispersity indices are shown inside the parentheses. The final concentrations of HSA and PS nanoplastics are 0.067 mg 

mL-1 and 0.1 mg mL-1, respectively. 

 PS only PS/HSA  PS/LYS  

PS(-) 32 nm (PDI  = 0.1) 34 nm (PDI = 0.09) Soft 

Corona 

> 5000 nm (PDI = 1.0) Hard 

Corona PS(-)large 226 nm (PDI = 0.02) 230 nm (PDI = 0.02) > 5000 nm (PDI = 1.0) 

PS(+) 39 nm (PDI = 0.11) > 5000 nm (PDI = 1.0) Hard 

Corona 

42 nm (PDI = 0.13) Soft 

Corona PS(+)large 229 nm (PDI = 0.01) 315 nm (PDI = 0.02) 236 nm (PDI = 0.02) 
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5.3.3 (Ultra) Small-angle Neutron Scattering (USANS/SANS) 
Combined SANS and USANS measurements of the PS particles and all the combinations of 

PS/protein mixtures were performed. As in Chapter 4 a spherical model149 was used to 

described the PS particles alone, while a composite model (spherical and sticky hard sphere189) 

was sufficient to describe the SANS profiles of PS/soft corona complexes. As before, the 

composite model used the additional parameters, namely a perturbation parameter (defined as 

the square well potential) and the stickiness (the attractive force)190, to facilitate the feature in 

the mid-q to low-q region (~0.001-0.01 Å-1). A thorough analysis and justification for the use 

of a composite model are found in Chapter 4. On comparing the soft corona formed around the 

PS(-) and PS(+), the strength of the surface adhesion (stickiness) was found to be stronger for 

PS(+)small/LYS than PS(-)small/HSA soft corona (Table 5.4). Despite the difference in the 

attractive interactions, the overall profile demonstrate the structural similarity in these soft 

corona complexes. The calculated net charges of HSA (-14) and LYS (+8) could explain the 

difference in the extent of attractive interactions (i.e. HSA and PS(-)small would experience 

stronger repulsive interactions than LYS and PS(+)small).  

Combined USANS/SANS plots are presented for PS/hard corona complexes (Figure 5.3). Due 

to the colloidal aggregation (evident in DLS results, Table 5.3), the USANS experiment aimed 

to capture the structural features that appeared below ~5.0 × 10-5 Å-1. Specifically for fractal 

structure, the USANS region (~5.0 × 10-5 – 1.0 × 10-3 Å-2) allows for a better estimate of the 

fractal dimension and correlation length in fractal structures. Both, PS(-)/LYS and PS(+)/HSA 

hard corona complexes, show an upturn in the low-q region, consistent with the hard corona 

structure observed for PS(-)small/HSA complex at pH 5.0 in Chapter 4. A summary of the 

fitting parameters is found in Table 5.5. 

The scattering intensity from PS particles was contrast-matched (at 25% D2O) to highlight the 

structural features of protein coronae (Figure 5.4). The SANS profiles of the protein and PS 

particles were collected (and are shown in the Figure S9.7) to ensure the absence of residual 

scattering. The PS(+) contrast-matched SANS profiles of LYS soft and hard coronae resemble 

those from PS(-)/HSA system, implying that the PS/HSA and PS/LYS systems form similar 

corona structures. 
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Figure 5.3. SANS/USANS profiles of small (20 nm) PS nanoplastics (red), PS/soft corona complexes (blue), and PS/hard 

corona complexes (green). The final ceonctrations of PS nanoplastics and proteins were 9.0 mg mL-1 and 3.0 mg mL-1 

respectively. SANS profiles of PS nanopalstics, PS/soft corona complexes, and PS/hard corona complexes are fitted with 

spherical model149, spherical and sticky hard sphere model190, and a fractal model, respectively.  

 

 

 

Figure 5.4. PS contrast-matched SANS profiles of PS(+)/LYS soft corona complex (blue) and PS(+)/HSA hard corona 

complex (Green). The final ceonctrations of PS nanoplastics and proteins were 9.0 mg mL-1 and 3.0 mg mL-1 respectively. 

Core-shell fractal191 model was used to describe hard corona complex, a Guinier-Porod model for soft corona complex, and 

spherical model149 for PS only.  
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Table 5.4. Fitting parameters for the spherical model (for PS particles) and the spherical model with sticky hard sphere 

model190 (PS/soft corona complex).  

 radius / Å Perturbation Stickiness 

PS(-) 113 ± 1  N/A N/A 

PS(-)/HSA  
Soft Corona complex 135 (fixed) 0.10 (fixed) 0.12 ± 0.02 

PS(-)large 1110 ± 0.7 N/A N/A 

PS(-)large/HSA 
 Soft Corona complex 1130 (fixed) 0.10 (fixed) 0.10 ± 0.02 

PS(+) 111 ± 1 N/A N/A 

PS(+)/LYS Soft Corona 
complex 137 (fixed) 0.10 (fixed) 0.275 ± 0.06 

PS(+)large 1085 ± 0.7 N/A N/A 

PS(+)large/LYS 
 Soft Corona complex 1100 (fixed) 0.10 (fixed) 0.106 ± 0.04 

* The neutron scattering length density (nSLD) of PS and PS/corona complexes were fixed at 1.33 and 2.0 	×	10-6	Å-2,	

respectively.	

Table 5.5. Fitting parameters for the spherical model (for PS particles) and the spherical model with sticky hard sphere 

model190 (PS/soft corona complex). 

 Radius / nm Fractal dimension Correlation Length / Å 

PS(-)/LYS Hard Corona 

complex 

130 (fixed) 2.28 ± 0.01 59800 ± 2500 

PS(+)/HSA Hard Corona 

complex 

130 (fixed) 2.44 ± 0.04 11100 ± 3350 

PS(-)large/LYS 

Hard Corona 

1130 (fixed) 2.94 ± 0.04 94500 ± 3350 

	

Table 5.6. Fitting parameters of the PS contrast-matched SANS profiles of PS(+)/LYS soft and hard protein corona complexes. 
A core-shell fractal model was used for the hard corona complex.  

 Protein shell 

thickness / Å 

nSLD of the 

protein shell /  10-6 

Å-2 

Fractal dimension  
Correlation 

Length / Å-1 

PS(+)/HSA 

 Hard Corona 
7.0 ± 0.3 1.95 ± 0.03 2.5 ± 0.01 10600 ± 250 

*the radius and nSLD of the core (PS particles) were fixed at 113 Å and 1.33 × 10-6 Å-2, respectively, while the nSLD of the 

solvent was set to be 1.33 × 10-6 Å-2. 
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The scattering intensity from PS particles was contrast-matched (at 25% D2O) to highlight the 

structural features of protein coronae (Figure 5.4). The SANS profiles of the protein and PS 

particles were also collected (Figure S9.8) to ensure the absence of residual scattering. The 

PS(+)small contrast-matched SANS profiles of LYS soft and hard coronae resemble those from 

the PS(-)small/HSA soft corona system192, showing that the PS/HSA and PS/LYS systems 

form similar corona structures. Given that the free-standing LYS does not scatter with this 

contrast, the appearance of a clear SANS profile provides evidence of LYS participating in the 

soft corona with a defined structure.  

A Guinier-Porod model with a spherical approximation (s = 0) was used to extract two physical 

parameters, Rg and the Porod exponent, D (fitting summary in Table 5.7), where the D values 

correspond to the roughness of the surface (with D = 4 representing a perfectly smooth 

interface).193, 194 For PS(+)small nanoplastics alone the modelling gives Rg = 136 (± 0.01) Å 

and D = 4.1 (± 0.007), reflecting a smooth surface. PS(+)/LYS soft corona mixtures were found 

to form a structure with Rg = 148 Å (± 0.02) Å and D = 3.4 (± 0.009), a difference in Rg that 

can be converted to change in radius of 15.5 Å (with spherical approximation). This is 

equivalent a protein layer up to a maximum of 2-3 molecules thick assuming that the LYS faces 

the nanoplastic surface sideway (LYS dimensions are 5.7 ´ 18 Å). Additionally, the resolved 

D values suggest that the surface morphology of LYS soft corona layer is rough. These 

calculated parameters imply that the soft corona layer consists of patches of proteins loosely 

bound from the nanoplastic surface for the case of LYS.		

Table 5.7. A Guinier Porod analysis on PS contrast-matched PS(+)small/LYS soft corona in 25% D2O and PS(+)small in 

100% D2O. Fitting uncertainties are shown in parentheses. 

 Rg / Å s Porod exponent 

PS(+)small/LYS soft 

corona in 25% D2O 
148 (0.02) 0 (fixed) 3.4 (0.009) 

PS(+)small 100% 

D2O 
134 (0.01) 0 (fixed) 4.1 (0.007) 
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For PS(+)/HSA mixtures, which formed a hard corona complex, a core-shell fractal model191 

was used – the model assumes a core-shell sphere as a repeating unit. Here, the nSLD of the 

core (PS particles) and the solvent were fixed at 1.33 ´ 10-6 Å-2, while the protein shell 

thickness and nSLD were fitted. The fitted thickness of the shell (7.0 ± 0.3 Å) was smaller the 

dimension of HSA (15.6 ´ 43.7 Å), indicating that HSA only partially covers the nanoplastic 

surface. Fractal dimensions (2.5 ± 0.01) and correlation length (10600 ± 250 Å) accommodated 

the upturn feature in the SANS low-q region and shows that the proteins, themselves, also form 

fractal-like geometries within the hard corona complex.	

Table 5.8. Fitting parameters of the PS contrast-matched SANS profiles of PS(+)/LYS soft and hard protein corona complexes. 
A core-shell fractal191 model was used for the hard corona complex.  

 Protein shell 

thickness / Å 

nSLD of the 

protein shell /  10-6 

Å-2 

Fractal dimension  
Correlation 

Length / Å-1 

PS(+)/HSA 

 Hard Corona 
7.0 ± 0.3 1.95 ± 0.03 2.5 ± 0.01 10600 ± 250 

*the radius and nSLD of the core (PS particles) were fixed at 113 Å and 1.33 × 10-6 Å-2, respectively, while the nSLD of the 

solvent was set to be 1.33 × 10-6 Å-2. 

Corona structures on large PS particles were also investigated to explore the particle size effect 

(Figure 5.5). Both SANS profiles of PS(-)large/HSA and PS(+)large/LYS soft corona 

complexes were described by the composite model which accommodated the soft corona 

complexes their small analogues formed. Consistently, the fitted “stickiness” was lower than 

those of PS/soft corona complexes (Table 5.4), showing the decreasing trend of interparticle 

attractive interactions as the PS particle size increases.  

A steep upturn at USANS low-q region (< 10-3 Å-1) is observed with the PS(-)large/LYS hard 

corona complex (Figure 5.5), which is characteristic of the hard corona structure (fitting 

parameters can be found in Table 5.5). Intriguingly, neither DLS (Table 5.3) or USANS/SANS 

(Figure 5.5 right) experiments for PS(+)large/HSA hard corona complex supported the large 

aggregate formation. Here, the fractal model could not capture the scattering features appeared 

in the USANS mid-low q-range (< 2.0 × 10-3 Å-1). With the Guinier region appears at ~3.0 × 

10-4 Å-1 (the radius of gyration = ~4500 Å), this hard corona complex appeared to have fewer 

particles gathered together. Instead of the fractal model, a pearl necklace model195 described 

the bundles of the PS(+)large particles adhered to HSA molecules. The fitted edge separation 

(PS – PS separation from the centre of the spheres) was 2170 Å (± 8 Å), which coincided with 

the diameter of the PS(+)large particles. The model also predicted that the bundle consists of 



71 
 

20 PS particles (± 5), forming a necklace-like shape. This in comparison to the fractal shape, 

is rather linear, much less branched and small. With the given resolved size and linearity of 

this complex, we hypothesise that this necklace morphology is a “seed” for forming fractal 

structure if further aggregation occurs. 

 

Figure 5.5. USANS/SANS profiles of large (~200 nm) PS nanoplastics (red), PS/soft corona complexes (blue), and PS/hard 

corona complexes (green). The final conctrations of PS nanoplastics and proteins were 9.0 mg mL-1 and 3.0 mg mL-1 

respectively. SANS profiles of PS nanopalstics, PS/soft corona complexes, and PS/hard corona complexes are fitted with 

spherical model, spherical and sticky hard sphere model190, and a fractal model, respectively. With an exception for the SANS 

profile for PS(+)large/HSA hard corona complexes are fitted with a necklace model. 

Table 5.9. Relevant fitting parameters for the pearl necklace model to describe the USANS/SANS profile of PS(+)large/HSA 

hard protein complex.  

 PS(+)large/HSA Hard Corona 

Edge separation / Å 2170 ± 8 

string thickness / Å 10 (fixed) 

Number of pearls  20 ± 5 
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5.4 Discussion and conclusion 

5.4.1 Protein and nanoplastic surface charge effect 
As expected when PS particles were mixed with proteins bearing the same net charge only soft 

protein coronae were formed, regardless of particle size, while hard protein corona were formed 

when proteins and PS particles bore opposite charge. This was seen when PS/same charge 

protein complex formations led to insignificant conformational changes for either HSA or LYS, 

although conversely, for PS/opposite charge complexes, decrease of 𝛼 -helix content and 

increase in random coil was observed. Similarly, HSA and LYS soft and hard coronae around 

PS(- and +) showed analogous structural features of the PS(-)/HSA soft corona at pH 7.4 and 

PS(-)/HSA hard corona at pH 5.0 from neutron scattering measurements. Therefore, the net 

charge can be an indicator for deciding the type of protein corona formation, regardless of the 

protein types (at least for the ones explored in this work).  

Despite the fact that the presence of soft and hard coronae has been recognised196, we report 

the first independent structural assessment of soft and hard coronae at this size scale, to our 

best knowledge. In the past, nanoparticle aggregation has been known to result in fractal 

morphology formation interaction with surfactants and proteins.197, 198 In the past, nanoparticle 

aggregation, upon interaction with surfactants and proteins, has been known to result in fractal 

formation.  However, this work definitively attributes this morphology to the formation of hard 

corona. In addition, the work in this chapter establishes the first protocol in establishing a 

nanoparticle (and nanoplastic)/soft protein corona complex formation and structure evaluation 

using SANS. 

In Chapter 4 the importance of ionisable amino acids exposed on the HSA surface in controlling 

the packing of the protein was emphasised – the same concept applies to LYS. Even though 

the protein has a net positive charge at pH 7.4 ionisable amino acids are found with both charges 

on the protein surface (Figure 5.6). The precise distribution and patterning of these charges is 

likely to affect the higher order association of the proteins in the complex and the propensity 

for higher order aggregation. It also suggests that the type of LYS protein corona formed will 

be pH sensitive (the pI of LYS is 11.1). 
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Figure 5.6. Crystal structure (1DPX)199 of LYS from two different angles with colour codes (red for positively chargeable 
amino acids and blue for negatively chargeable amino acids), highlighting the potential sites for PS particles to experience an 
electrostatic interaction. 
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5.4.2 Nanoplastic particle size effect 
Soft corona complexes shared similar structural features for both sizes of PS particles (~20 and 

200 nm), though the strength of the attractive force between the complexes was weaker for the 

large particles. The effect of the size of the PS particle on the corona structure appeared more 

conspicuously for PS/hard corona complexes. Firstly, the extent of the change in the protein 

secondary structure on forming the corona was consistently much more significant for small 

PS particles than large, for both proteins used. This is contrary to some of the reports in the 

literature107, 200 – larger particles are typically reported to facilitate a greater degree of unfolding 

of secondary structure than smaller particles, at least for the two sizes explored in this work. It 

is possible that the HSA and LYS required more extensive conformational change to be able 

to associate themselves closely on the more highly curved surface (smaller particles). There 

was similarity amongst the morphology of the hard corona complexes regardless of the particle 

size, except for PS(+)large/HSA, where a smaller and more linear complex (best described with 

a pearl necklace model) was found rather than the large aggregates for PS(+)small/HSA or the 

LYS hard coronae mixtures. 
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Effect of Polystyrene Nanoplastics on Cellular Interactions 

and the Role of Protein Corona 
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6.1 Introduction 
In this chapter, the responses of in vitro cellular lines to PS nanoplastics and PS/protein corona 

systems (established in Chapter 5) are tested. This study aims to link nanoplastic and protein 

corona properties, which include nanoplastic size and charge, types of corona proteins, and the 

nature of protein corona (i.e., soft or hard), to the biological impacts of the nanoplastics. 

Specifically, human alveolar epithelial (A549) cells are exposed to pristine PS nanoplastics and 

PS/protein corona complexes and tested for cytotoxicity, and cellular uptake by flow cytometry 

and fluorescence microscopy. 

6.2 Aim of the chapter 

Specifically, this chapter of thesis assesses the effect of size and charge of PS nanoplastics on 

the cytotoxicity, and evaluate the influence of each type of protein corona around the PS 

nanoplastics on the cytotoxic effects. Finally, the cellular uptake of PS nanoplastics in absence 

or presence of protein corona is studied. 
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6.3 Results  

6.3.1 MTT assay 
A549 cells were tested using the 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium 

bromide (MTT) assay to investigate the cytotoxicity of PS nanoplastics and PS/protein corona 

complexes. First, bare PS nanoplastics, of different sizes and charges, were introduced to 

confluent cell monolayers at concentrations of 50 and 10 𝜇 g mL-1 (Figure 6.1a),typical 

concentration range tested in the literature107, 108). At both concentrations, mild cytotoxicity 

was observed, although there were no significant size or charge related trends observed (at  p 

> 0.05 significance level obtained by two-tailed t-test, the results are summarised in Figure 

6.1b and Table 6.1). When the proteins (15 𝜇g mL-1, estimated sufficient total protein to 

completely cover the surface area of the PSsmall particles) were introduced to the PS 

nanoplastics, cytotoxicity was reduced to <10% cell death. For the PS(+)small/LYS soft 

corona, there was little difference in observed cytotoxicity compared to the control cells (2% 

(± 6%)) cell death. An increasing trend in cytotoxicity was observed when PS nanoplastics and 

proteins formed hard corona complexes, compared to the values observed when soft corona 

complexes were formed (Figure 6.1 and Table 6.2). The significance of the different trends was 

confirmed by two-tailed t-tests (p < 0.05) except for PS(+)large complexes (p = 0.3). 

 

Figure 6.1. Summary of MTT cytotoxicity assay using A549 cells. The cell viability % is shown for A549 cells exposed to 

two concentrations of uncoated PS nanoplastics (a) and the ones exposed to fixed concentration of PS (50 µg mL-1) and HSA 

or LYS corona protein at 15 µg mL-1 (b). The results are the average of triplicates. 
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Table 6.1. Summary of MTT cytotoxicity assay using A549 cells. The cell viability % is shown for A549 cells exposed to two 

concentrations of uncoated PS nanoplastics. The results are the average of triplicate measurements and errors are shown within 

the parentheses.  

 50 𝜇g mL-1 10 𝜇g mL-1 

PS(-)large 60 (25)% 82(10)% 

PS(-)small 73 (4)% 85(5)% 

PS(+)large 85 (16)% 83(16)% 

PS(+)small 80(5)% 81(5)% 

 

Table 6.2. Summary of MTT cytotoxicity assay using A549 cells. The fraction of dead cells with respect to control cells is 

shown in %. The concentration of PS nanoplastics and proteins were fixed at 50 and 15 μg mL-1, respectively. The results are 

the average of triplicate measurements and the error is shown inside the parentheses. 

 HSA (-) LYS (+) 

PS(-)large 95% (5) Soft Corona 89% (7) Hard Corona 

PS(-)small 97% (2) 84% (7) 

PS(+)large 87% (8) Hard Corona 89% (4) Soft Corona 

PS(+)small     81% (6)     98% (6) 
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6.3.2 Flow Cytometry 
The effect of PS nanoplastics and protein corona on A549 cells was also studied using flow 

cytometry (FC). Scatter plots (Figure 6.2) show the presence of A549 cells, indicated in the 

major scattering population (80-90%). The other populations, appearing in the low side 

scattering (SSC) and forward scattering (FSC) intensities, are cell debris or noise.  

The introduction of PS(-)small, with or without the presence of protein coronae, did not alter 

the cytogram profiles significantly. The results imply that a majority of the cells are intact, 

aligning with the cytotoxicity assay results. The same trend can be observed for the PS(-)large 

complexes with both types of protein coronae (Figure 6.2 and Figure 6.3).  

However, for their positively charged analogues, PS(+)small and PS(+)large, another scattering 

population, in the low FSC, and a broad range of SSC intensities, appear (Figure 6.3). Although 

the strong scattering from PS(+)small and PS(+)large nanoplastics is evident in the control FC 

experiment, without A549 cells (Figure S9.10), the additional scattering population appears to 

have a different SSC. Colloidal aggregation is observed when PS(+)small and PS(+)large 

nanoplastics are dispersed in DMEM (evident in cytograms found in Figure S9.10), which leads 

to the appearance of the scattering profile.  

The FSC and SSC histograms are shown in Figure 6.4. The FSC scale increased slightly when 

PS(-)small (with or without the protein corona) were incubated with the cells, implying little 

influence on overall cell sizes, according to the Mie theory. The relative SSC scale increased 

in comparison to the control cells, with the bare PS(-)small showing the greatest effect followed 

by PS(-)small/LYS hard corona complex, and PS(-)small/HSA soft corona complex. The 

observed trend was also found for PS(-)large complexes in Figure 6.5). Similarly, for the 

positively charged particles, the effect of the bare PS nanoplastics appeared to promote the 

greatest change, and the PS/hard corona complexes either caused greater or a similar extent of 

change compared to the PS/soft corona complexes. The increase on the SSC scale is related to 

the cytoplasmic complexity for eukaryotic cells.130, 160 We speculate that the increase in the 

cellular complexity is attributed to the additional cellular environment present inside the cells 

and/or internalised PS particles. 
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Figure 6.2. Cytograms of control A549 cells (a) and those exposed to PS(-) nanoplastics (b), PS(-)/HSA soft corona (c), and 

PS(-)/LYS hard corona (d). Gating was applied to two identifiable scattering populations.  
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Figure 6.3. Cytograms of A549 cells treated with different PS nanoplastics and different kinds of protein coronae, namely a 

set of PS(-)large (a-c), PS(+)large (d-f), and PS(+)small (g-i). 

 

Figure 6.4. Forward-scatter (FSC-A) (a) and side-scatter (SSC-A) (b) and histograms of A549 cells (black), exposed to bare 

PS(-) nanoplastics (red), PS(-)/HSA soft corona (blue), and PS(-)/LYS hard corona (green). Gating was applied to select the 

cells from major scattering populations shown in Figure 6.2. 
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Figure 6.5. Side-scatter (SSC-A) and forward-scatter (FSC-A) histograms of A549 cells (black), exposed to bare PS 

nanoplastics (red), PS/HSA complexes (blue), and PS/LYS complexes (green). Different set of nanoplastics were applied to 

A549, namely PS(-)large (a and b), PS(+)large (c and d), and PS(+)small (e and f). Gating was applied to select the cells from 

major scattering populations shown in Figure 6.3.  

6.3.3 Fluorescence Microscopy 
The cell uptake process was visualised using fluorescently-labelled PS(-)small and A549 cells, 

with nuclei stained with 4′,6-diamidino-2-phenylindole (DAPI) (Figure 6.6), by fluorescence 

microscopy. Prior to and after the staining process, the A549 cells were extensively rinsed, to 

remove freely floating particles. Under all conditions (except for PS(+)small, for which we 

could not obtain the fluorescent particles), the cellular uptake of the PS nanoplastics was 

confirmed (Figure 6.7 and Figure 6.8) for other types of PS nanoplastics). The experiment was 

repeated in the presence of 10% fetal bovine albumin (FBS), to simulate the high concentration 
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of serum albumin (the main component of 10% FBS is bovine serum albumin) in the cells 

treated with PS(-)small/HSA soft corona (Figure S9.11). Again, even in the presence of the 

10% FBS, PS particles were observed within the cytoplasm. Overall, the penetrated particles 

appeared to surround the nuclei, though it is unclear if the particles were inside the nuclei or 

not. To verify this, three-dimensional images were created via Z-stacking of different focal 

planes (Figure 6.9 c and d). While the particle adhesion on the nuclear membrane is evident 

visually, no particles were found to be inside the nuclei.  

In rare cases, chromosomes, in the absence of nuclear membrane, were surrounded by PS(-

)small, although no such case was found for the cells treated with the large nanoplastics. To 

further investigate this size-dependent effect, the cells were treated with the two size-

combination of PS(-) nanoplastics, tagged with two distinct fluorescent molecules (shown in 

Figure 6.9). The PS(-)small particles were, indeed, shown to interact with the chromosomes 

more favourably than the PS(-)large (Figure 6.9 d). Considering that passive diffusion is an 

unlikely uptake mechanism, the chromosomal interactions likely took place during the 

prophase to anaphase mitotic stages, prior to nuclear membrane formation.  

 

Figure 6.6. Bright field (a, d, and g) and fluorescence micrographs (b, e, and h) of DAPI nuclear stained (blue) A549 cells, 

treated with fluorescently labelled PS(-)small (green). The enlarged details of the fluorescence micrographs (c, f, and i) 

highlight the individual nuclei with PS nanoplastics. The enlarged image of the cells treated with PS(-)small nanoplastics also 

feature the chromosomes (c).  
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Figure 6.7. Bright field (a, d, and g) and fluorescence micrographs (b, e, and h) of DAPI nuclear stained (blue) A549 cells, 

treated with fluorescently labelled PS(-)large (red). The enlarged details of the fluorescence micrographs (c, f, and i) highlight 

the individual nuclei with PS(-)large.  

 

Figure 6.8. Bright field (a, d, and g)  and fluorescence micrographs (b, e, and h) of DAPI nuclear stained (blue) A549 cells, 

treated with fluorescently labelled PS(+)large (green). The enlarged details of the fluorescence micrographs (c, f, and i) 

highlight the individual nuclei with PS nanoplastics.  
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Figure 6.9. Fluorescence micrographs (a) of DAPI nuclear stained (blue) of A549 cells treated with the combination of 

fluorescently labelled PS(-)small (green) and PS(-)large (red). An enlarged image (b) and the three-dimensionally 

reconstructed images (c and d) and  show individual nuclei (c) and chromosomes (b and d). 

6.4 Discussion and conclusion 
Two sizes of PS nanoplastics (20 and 200 nm) with two different surface charges (- and +) 

were tested, with no clear trend in cytotoxicity observed when the nanoplastics were pristine 

or coated with protein corona. When PS particles were precoated with protein coronae, the 

cytotoxic action was mitigated. However, of these two, the extent of mitigation was 

significantly more apparent with soft corona, than with hard corona. The difference may be 

attributed to the aggregated fractal morphology of the hard corona complexes (as characterised 

in Chapter 4 and 5). This morphology is particularly known to promote cellular uptake201 and 

enhanced toxicity for some cells188, however, the correlation between the fractal dimension (or 

the inner structure or granularity of the fractal shape) and the cellular response is yet to be 

understood. 

Increasing side scattering intensity in flow cytometry indicated the occurrence of additional 

cellular environments (such as endosomes) inside the A549 cells and/or cellular uptake. While 

nanoplastics were found to be in the cytoplasm by fluorescence microscopy, some localisation 

around the nuclear membrane was observed. In rare cases, small PS nanoplastics (20 nm) were 

found  in the vicinity of chromosomes with no nuclear membrane surrounding them; however 

this was not observed for larger PS nanoplastics (200 nm). This suggests that the nanoplastics 

are able to interact with chromosomes prior to nuclear membrane formation (during prophase-
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anaphase), inhibiting further growth of cells. The observed phenomena is only qualitatively 

observed, if at all, and the mechanistic process remains speculative. However, recent studies95, 

97 with different cell lines have also shown chromosomal interactions and aberrations caused 

by PS nanoplastics (100 nm and smaller), supporting that this phenomena is not unique to the 

nanoplastic and cell types used in this work. 

There is no ambiguity that HSA and LYS protein coronae, whether soft or hard, altered the 

way PS nanoplastics interacted with cells in vitro. In most cases, the presence of the protein 

corona mitigated the impact of PS nanoplastics on the extent of cytotoxicity. Of the two types 

of protein coronae, soft corona showed a greater extent of mitigation on the cytotoxicity than 

hard corona. This observed trend was independent of the type of protein (HSA or LYS) 

participating in the soft or hard corona, and the PS particle size. Notably, we demonstrated the 

effect of protein corona at a very low concentration (20 𝜇g mL-1), where a typical protein 

concentration used for in vitro experiments is 10-100 fold higher107, 108. The result emphasises 

the importance of understanding the bio-interface properties of nanoplastics/nanoparticles in 

assessing their biological outcome.  
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Model lipid membrane interactions with PS nanoplastics 
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7.1 Introduction 
This chapter extends the cellular interaction study (from Chapter 6) that clearly showed that 

the PS nanoplastics and corona complexes tested interacted with cellular membranes, to assess 

the impact of nanoplastic properties and protein corona types on cellular membrane disruption. 

By using a simple model of a part of the cellular system, a molecular-level understanding of 

nanoplastic/cell interactions can be gained to explain the trends observed in the in vitro 

experiment. This will be done using model lipid bilayer experiments. Specifically, a tethered 

lipid bilayer system is used as a model membrane which allows the testing of ion transport 

across the membrane and the structural assessment of the lipid bilayer with nanometre 

resolution via electrochemical impedance spectroscopy (EIS) and neutron reflectometry (NR), 

respectively. 

7.2 Aim of the chapter 

In this chapter, this work assesses the lipid bilayer disruption resulting from the non-specific 

interaction with PS nanoplastics of different sizes, charges, and each type of protein corona, 

using EIS. Secondly, the extent of structural disruption is evaluated by NR. The trend observed 

in lipid bilayer disruption is compared with the cytotoxicity and cellular uptake observed in 

Chapter 6. 
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7.3 Results 

7.3.1 Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) was used to analyse the effect of PS particles 

and PS particles with soft or hard protein coronae. The EIS spectra were described by an 

electrical equivalent circuit (EEC) model, shown in Figure 7.1d. The fitting parameters, 

Rmembrane and constant phase element (CPE), (shown in Table 7.1, Table 7.2, and Table 7.3) are 

used to describe the physical properties of differently treated lipid bilayers. Rmembrane shows the 

resistance of the lipid bilayer to ion flows, which is related to how closely packed the bilayers 

are. CPEs describe the capacitance and ideality of the capacitor (perfectly homogeneous bilayer 

when 𝛼 = 1.0).156, 202, 203 Additionally, bulk solution resistance (Rsolution) and capacitance (C), 

which account for defects in the insulating bilayer, are used in the model. Rmembrane and CPE 

values are focussed on in this chapter. 

Representative EIS Bode plots of lipid bilayers before and after the introduction of PSsmall, 

PSsmall with soft protein corona, and hard corona are presented in Figure 7.1 and Figure 7.2(a, 

b, and c, respectively). When PS(-)small nanoplastics were introduced, a notable decline in the 

Rmembrane (as high as a 50% decrease compared to the bare bilayer) was observed with an 

increase in PS nanoplastic concentration. Along with the decrease in the Rmembrane, a systematic 

increase in the capacitance values and decrease in 𝛼 values were observed. This observation 

was unique to the small PS nanoplastics, regardless of the surface charge (Table 7.2). Larger 

PS nanoplastics, on the contrary, showed insignificant changes to CPE values (Figure 7.3 and 

Table 7.3). The Rmembrane was observed to increase in a concentration-dependent manner for 

both negatively- and positively-charged particles. The increasing Rmembrane values are thought 

to be attributed to the large insulating PS nanoplastics adsorbed on the bilayer surface, which 

inhibit ion transport across the membrane. 
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Figure 7.1. Representative EIS Bode plots of POPC tethered bilayer (labelled “Control”), bilayer exposed to PS(-)small 

nanoplastics at different concentrations (a); bilayer exposed to PS(-)small/HSA soft corona complexes at different HSA 

concentrations (b); and bilayer exposed to PS(-)small/LYS hard corona at different LYS concentrations (c). The schematics 

(d) depict the POPC tethered bilayer with different components and the EEC model used to fit the Bode plots.  

 

Figure 7.2. Representative EIS Bode plots of POPC tethered bilayer (labelled “Control”), exposed to PS(+)small nanoplastics 

at different concentrations (a); exposed to PS(+)/HSA hard corona complexes at different HSA concentrations (b); and exposed 

to PS(+)/LYS soft corona at different LYS concentrations (c). 
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Figure 7.3. Representative EIS Bode plots of POPC tethered bilayer (labelled “Control”), bilayer exposed to PS(-)large (a) 

and 200 nm PS(+)large (b) nanoplastics at different concentrations. 

 

Table 7.1. EIS fitting parameters for POPC tethered lipid bilayers before and after the introduction of PSlarge nanoplastics, at 

different concentrations.  

Fitting 

parameters Control 

PS(-)large 

0.125 mg mL-1 

 

PS(-)large 

0.250 mg mL-1
 

 

Control 

 

PS(+)large 

0.125 mg mL-1 

 

PS(+)large 

0.250 mg mL-1 

Rmembrane / 

MW cm2 4.07 (0.16) 

4.57 (0.19) / 

12% 

5.46 (0.22) / 

34% 

 3.27 

(0.11) 

4.14 (0.16) / 

27% 

4.67 (0.24) / 

43% 

CPE / µF cm-2 

s(1-a) 0.99 (0.02) 1.03 (0.03) / 4% 

1.03 (0.02) / 

4% 

 1.06 

(0.02) 1.07 (0.02) / 1% 

1.11 (0.03) / 

14% 

a 0.946 (0.01) 

0.942 (0.01) / -

0.5% 

0.943 (0.01) / 

-0.4% 

 0.951 

(0.01) 

0.953 (0.01) / 

0.2% 

0.944 (0.01) / 

0.8% 
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The effect of HSA and LYS proteins was also tested as controls prior to assessing the impact 

of nanoplastics with soft or hard protein corona. After the introduction of HSA, the Rmembrane 

increased from 5.2 (±0.11) to 7.25 (±0.2) MW cm2, at an HSA concentration of 150 𝜇g mL-1. 

A small increase in the CPE values was also observed (fitted Bode plot and fitting parameters 

shown in Figure S9.13a and Table S9.11). For LYS (Figure S9.13b and Table S9.11), a slight 

decrease in the Rmembrane was observed (3.89 (±0.15) to 3.68 (±0.13) MW cm2), although the 

difference was within the fitting uncertainty. The effect of both proteins was understood to be 

undisruptive to the lipid bilayer, if not stabilising for the HSA.  

Finally, PS nanoplastics with either soft or hard protein corona were introduced to the bilayer 

to investigate the relevance of the protein corona in nanoplastic-membrane interactions (Figure 

7.1b,c and Figure 7.2b,c). In these complex systems, the concentration of proteins was varied 

(50 to 150 𝜇g mL-1), while the PS nanoplastic concentration was fixed (250 𝜇g mL-1). The 

disruption to the bilayer was reduced when HSA formed a soft protein corona around PS(-

)small, compared to the uncoated PS(-)small. This reduction was consistently observed at all 

HSA concentrations – the % change in Rmembrane and CPE values was always less for PS(-

)small/HSA than for PS(-)small.  

In contrast, the degree of bilayer disruption was just as significant for the PS(-)small/LYS hard 

coronae as for the bare PS nanoplastics. The increase in concentration of LYS from 50 to 150 

𝜇 g mL-1 deteriorated bilayer packing, as evidenced by the decrease in Rmembrane from 

3.47(±0.15) to 2.11 (±0.08) MW cm2. Another combination of nanoplastic/hard corona 

(PS(+)small/HSA) was also tested (Figure 7.2b and Table 7.4). The membrane stability 

declined similarly with an increase in the concentration of HSA participating in the hard protein 

corona around PS(+) nanoplastics, as seen by the decreasing Rmembrane and CPE values. 

Intriguingly, the LYS soft protein corona formed around PS(+)small (Figure 7.2c) did not 

mitigate membrane disruption of the nanoplastics; if anything, it amplified the destabilisation 

effect with increasing concentration (i.e., the Rmembrane % change increased from -45% to -57%, 

with respect to the control bilayer, when LYS concentration increased from 50 to 150 𝜇g mL-

1). 
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 Table 7.2. EIS fitting parameters for tethered lipid bilayers before and after the introduction of PS nanoplastics, at different 
concentrations.  

*Uncertainties are reported within parentheses. The change in the fitting parameters with respect to the control data (bare lipid 

bilayers) is shown as a percentage.  

Table 7.3. EIS fitting parameters for tethered lipid bilayers before and after the introduction of PS(-)/protein corona complexes 

at different protein concentrations, and a fixed PS(-)small nanoplastics concentration of 250 μg mL-1. 

*Uncertainties are reported within parentheses. The change in the fitting parameters with respect to the control data (bare lipid 

bilayers) is shown as a percentage.  

 

Table 7.4. EIS fitting parameters for tethered lipid bilayers before and after the introduction of PS(+)small/protein corona 

complexes at different protein concentrations, and a fixed PS(+)small nanoplastics concentration of  250 μg mL-1. 

*Uncertainties are reported in parentheses. The change in the fitting parameters with respect to the control data (bare lipid 

bilayers) are shown as a percentage. 

Fitting 
parameters Control 

PS(-)small  
125 !g mL-1 

 
PS(-)small  

250 !g mL-1
 

 

Control 

 
PS(+)small  

125 !g mL-1 

 
PS(+)small  

250 !g mL-1 

Rmembrane / 
MW cm2 

2.93 
(0.006) 

2.20 (0.006) 
 / -25% 

1.47 (0.05) 
 / -50% 

 

4.78 
(0.14) 

4.47 (0.13) 
 / -6% 

2.89 (0.09) 
 / -40% 

CPE / µF 
cm-2 s(1-a) 

1.16 
(0.02) 

1.31 (0.02) 
 / +13% 

1.70 (0.04) 
 / +47% 

 

1.17 
(0.02) 

1.18 (0.02) 
 / +1.0% 

1.34 (0.03) 
 / 15% 

a 
0.944 

(0.003) 
0.932 (0.003) 

 / +1.3% 
0.881 (0.01) 

 / +6.7% 

 

0.947 
(0.005) 

0.944 (0.01) 
 / +0.4% 

0.931 (0.01) 
 / 1.7% 

 

Fitting 
parameters Control 

Soft corona 
PS(-)small/HSA  

50 !g mL-1 

 
PS(-)small/HSA  

150 !g mL-1
 

 

Control 

Hard corona 
PS(-)small/LYS  

50 !g mL-1 

 
PS(-)small/LYS  

150 !g mL-1 

Rmembrane / 
MW cm2 

4.61 
(0.28) 

3.90 (0.28) 
 / -15% 

3.84 (0.15) 
 / -17% 

 

4.65 (0.20) 
3.47 (0.15)  

 / -25% 
2.11 (0.08)  

/ -55% 

CPE / µF 
cm-2 s(1-a) 

1.26 
(0.04) 

1.31 (0.04) 
 / +4% 

1.34 (0.04) 
 / +6% 

 

1.09 (0.02) 
1.28 (0.02) 

 / +17% 
1.31 (0.04) 

 / +20% 

a 
0.938 
(0.06) 

0.928 (0.01) 
 / -1.1% 

0.923 (0.01) 
 / -1.6% 

 

0.936 (0.01) 
0.913 (0.01) 

 / -2.5% 
0.910 (0.01) 

 / -2.8% 
 

Fitting 
parameters Control 

Hard corona 
PS(+)/HSA  
50 !g mL-1 

 
PS(+)/HSA 
150 !g mL-1 

 

Control 

Soft corona 
PS(+)/LYS 
50 !g mL-1 

 
PS(+)/LYS  

150 !g mL-1 
Rmembrane / 
MW cm2 1.87 (0.03) 

0.86 (0.18) 
 / -54% 

0.75 (0.02) / -
60% 

 
1.79 (0.09) 

0.99 (0.06) 
 / -45% 

0.76 (0.05) 
/ -57% 

CPE / µF cm-

2 s(1-a) 1.05 (0.02) 
1.10 (0.03) 

 / +5% 
1.12 (0.03) / 

+7% 
 

1.19 (0.03)  
1.47 (0.05) 

 / 24% 
1.52 (0.06) 

 / +28% 

a 0.948 (0.004) 
0.936 (0.05) 

 / -1.3% 
0.928 (0.01) / -

2.2% 
 

0.933 (0.005) 
0.908 (0.001) 

 / -2.7% 
0.902 (0.001) 

 / -3.4% 
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7.3.2 Neutron reflectometry 
The extent of membrane structural alteration caused by the PS nanoplastics and the 

nanoplastic/protein corona complexes was studied using NR. Seven slab layers were used to 

adequately model the NR profiles of the tethered lipid bilayer, namely Si, SiOx, Cr(CrOx), Au, 

tether, hydrophobic chains, and POPC headgroup. The inorganic layers and the tether regions 

were fixed to the control-fitted values, while the hydrophobic chains and POPC headgroups 

were fitted. The lack of nSLD contrast between the hydrophobic moieties of DPhyTL and 

POPC did not justify the presence of two independent slabs; therefore, they were merged in 

this model. The nSLD of the hydrophobic chains were fixed to -0.5 × 10-6 Å-2. Herein, we 

report the change in the thickness, nSLD, and solvent volume % of the hydrophobic chains and 

POPC headgroup, before and after the introduction of PS nanoplastics, in the presence, or 

absence, the protein corona.  

PSsmall, regardless of its surface charge, increased solvent penetration on the POPC headgroup 

by approximately 20% and lowered the nSLD from ~2.0 × 10-6 to ~1.5 × 10-6 Å-2 (NR and 

nSLD profiles are shown in Figure 7.4 and Figure 7.5, and fitting parameters are shown in 

Table 7.5 and Table 7.6, respectively). Furthermore, the tightly packed hydrophobic chains 

were found to be occupied by the solvent when bare PS(-) nanoplastics were introduced 

(0%(0.1) for control vs. 2%(0.1)). The effect of size was also investigated using PS(-)large 

(Figure 7.6). This addition caused insignificant changes (Table 7.7) to the structural properties 

of the bilayer, which is in agreement with the EIS measurements.  

The effects of HSA proteins on POPC tethered bilayer were independently assessed (Figure 

S9.14a). A notable effect was seen in the thinning of the hydrophobic chains (3.0 Å (±0.1)), 

and the decrease in the solvent penetration in the POPC headgroup (by 29% (±2)). For LYS 

(Figure S9.14b), thinning on the hydrophobic chains was observed while the POPC headgroup 

appeared to experience a thickening effect (by 2.4 Å (±0.2)) (Table S9.12). The nSLD of the 

POPC headgroup increased by ~0.5 × 10-6 Å-2. Finally, a weakly increasing trend was observed 

in the solvent penetration in the POPC headgroup (increase in ~6% (±2)). Unlike in EIS 

experiment, only one concentration of protein (150 𝜇g mL-1) was used. However, with the 

limited extent of perturbation to the bilayer structure observed in NR and indicated by EIS, the 

lower concentrations of proteins is anticipated to cause marginal disruption to the bilayer. 

When PS(-)small combined with the HSA soft corona, the change in the solvent penetration in 

both the hydrophobic chains (0%(±0.1) for control vs. 0%(±0.1) with PS(-)small/HSA soft 



95 
 

corona) and the POPC headgroup became insignificant (50%(±2) for control vs. 53%(±3) for 

PS(-)small/HSA soft corona). A decline in the nSLD of the POPC headgroup was also 

observed, the extent of which may be comparable to the effect of bare PS(-)small nanoplastics 

(1.61 × 10-6 Å-2 (±0.10)). Furthermore, PS(-)small/HSA soft corona appeared to thin the POPC 

headgroup by ~1.0 Å (±0.2); such an effect was also seen when the bilayer interacted with HSA 

alone (Table S9.13). PS(-)small/LYS hard corona caused a significant thinning effect on the 

POPC headgroup (~4.5 Å(±0.5)), and aqueous solvent penetration was observed in the 

headgroup (+7%(±2), compared to the control), although not as much as that caused by bare 

PS(-)small (+17%(±2)). Here, a similar extent of hydrophobic chain disruption could be 

observed for bilayers with PS(-)small/LYS hard corona complexes and the bilayer with bare 

PS(-)small (2%(±0.1)). 

The reflectivity profiles of POPC tethered bilayers with PS(+)small and protein coronae were 

also collected. When HSA formed a hard corona with PS(+)small, the complex caused a 

notable thickening effect in the hydrophobic chains (+4.2Å (±0.2)). A structural change in the 

headgroup was observed, along with greater solvent penetration (28% (±2)) and a decrease in 

the nSLD (from 1.92 (±0.09) ×  10-6 Å-2 to 1.53(±0.03) ×  10-6 Å-2). The addition of 

PS(+)small/LYS soft corona complex provided a similar structural change to PS(+)small, 

except that the decrease in the nSLD of the headgroup was not as pronounced.   
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Table 7.5. Summary of NR fitting parameters for POPC tethered lipid bilayer, with and without PS(-)small or  

PS(-)small/protein corona complexes. The concentration of the PS nanoplastics was fixed at 250 μg mL-1 and at 150 μg mL-1 

for the proteins.  

 

Figure 7.4. NR (RQ4 vs. Q) profiles of POPC/cholesterol tethered bilayers, with and without the PS(-)small/protein corona 

complexes (a and c). The corresponding nSLD profiles are presented (b and d), highlighting the structural change in the 

tethered bilayer (tether, hydrophobic chains, POPC headgroup, and bulk solvent regions are shown).  

 Control 
bilayer 

PS(-)small PS(-)small/HSA 
soft corona 

PS(-)small/LYS 
hard corona 

Thickness / Å     
Hydrophobic chains 34.0 (0.1) 34.3 (0.3) 33.1 (0.2) 34.3 (0.1) 

POPC headgroup 12.0 (0.4) 11.9 (0.4) 12.0 (0.3) 7.5 (0.5) 
nSLD / 10-6 Å-2     

Hydrophobic chains -0.5 (fixed) -0.5 (fixed) -0.5 (fixed) -0.5 (fixed) 
POPC headgroup 1.98 (0.02) 1.53 (0.04) 1.61 (0.10) 1.52 (0.02) 

Solvent volume %     
Hydrophobic chains 0.0 (0.1) 2.0 (0.1) 0.0 (0.1) 2.0 (0.3) 

POPC headgroup 50 (2) 67 (2) 53 (2) 57 (2) 
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Table 7.6. Summary of NR fitting parameters for POPC tethered lipid bilayer, with and without PS(+)small or 

PS(+)small/protein corona complexes. The concentration of the PS nanoplastics was fixed at 250 μg mL-1 and at 0.15 μg mL-

1 for the proteins. 

 

 

Figure 7.5. NR (RQ4 vs. Q) profiles of POPC/cholesterol tethered bilayer with and without the PS(+)/HSA hard corona (a 

and) and PS(+)/LYS soft corona (c). The corresponding nSLD profiles are presented (b and d), highlighting the structural 

change in the tethered bilayer (tether, hydrophobic chains, POPC headgroup, and bulk solvent regions are shown).  

 Control 
bilayer 

PS(+)small PS(+)small/HSA 
hard corona 

PS(+)small/LYS 
soft corona 

Thickness / Å     
Hydrophobic chains 30.2 (0.2) 30.7 (0.2) 34.4 (0.2) 30.3 (0.4) 

POPC headgroup 11.9 (0.1) 11.9 (0.4) 12.0 (0.6) 11.9 (0.1) 
nSLD / 10-6 Å-2     

Hydrophobic chains -0.5 (fixed) -0.5 (fixed) -0.5 (fixed) -0.5 (fixed) 
POPC headgroup 1.92 (0.09) 1.52 (0.02) 1.53 (0.03) 1.76 (0.04) 

Solvent volume %     
Hydrophobic chains 10 (1) 4 (2) 11 (1) 11 (1) 

POPC headgroup 59 (1) 78 (2) 87 (2) 76 (3) 
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Table 7.7. Summary of NR fitting parameters for POPC tethered lipid bilayer with and without 200 nm PS(-)large nanoplastics 

or nanoplastic/protein corona complexes. The concentration of the PS nanoplastics was fixed at 250 μg mL-1. The error is 

shown inside the parentheses. 

 Control bilayer PS(-)large  

250 𝜇g mL-1 

Thickness / Å   

Hydrophobic chains 38.0 (0.1) 38.0 (0.3) 

POPC headgroup 7.4 (0.4) 7.2 (0.3) 

nSLD / Å-2   

Hydrophobic chains -0.5 (fixed) -0.5 (fixed) 

POPC headgroup 1.71 (0.16) 1.75 (0.17) 

Solvent volume %   

Hydrophobic chains 0 (1) 0 (0.2) 

POPC headgroup 78 (1) 76 (2) 

 

 

 

Figure 7.6. NR (RQ4 vs. Q) profiles of POPC/cholesterol tethered bilayer with and without the 200 nm PS(-)large nanoplastics 

(a). The corresponding nSLD profiles are presented (b), highlighting the structural change in the tethered bilayer (tether, 

hydrophobic chains, POPC headgroup, and bulk solvent regions are shown). 
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When a soft protein corona formed around the PS nanoplastics, both HSA and LYS appeared 

to preserve their effect against POPC bilayer. Given that an increase in HSA alone improved 

the membrane stability (as observed in EIS), the increase in HSA concentration in the soft 

protein corona was understood to offset the membrane damage caused by PS(-) nanoplastics. 

The structural change also showed that the HSA in the soft corona also preserved its own effect 

on the bilayer. For instance, a thinning of hydrophobic chains and tightening of POPC 

headgroups (decreasing hydration) was observed in the soft corona with PS(-) with increasing 

HSA concentrations. In contrast, LYS had a slight membrane-destabilising effect (decreasing 

Rmembrane) on its own. When the LYS soft corona formed with PS(+)small, an increase in the 

LYS concentration led to further membrane disruption – apparent in the Rmembrane decline and 

increasing inhomogeneity. 

Contrary to the soft corona, proteins participating in the hard corona caused a different effect 

to the POPC bilayer than their native forms. This was particularly noticeable for 

HSA/PS(+)small hard coronae (Table 7.6), where the increase in HSA concentration promoted 

further membrane disruption. Additionally, a thickening of hydrophobic tails and disruption in 

the POPC headgroup (greater hydration) occurred, while the native HSA caused the opposite 

effect. 

For PS(-)small/LYS hard corona complex (Table 7.5), the extent of the membrane damage was 

similar to that caused by the PS(+)small/LYS soft corona complex. Although the membrane 

stability appears to be independent of the protein corona type for PS/LYS complexes, their 

effect on the membrane structure differ from each other. While thickening of the POPC 

headgroup was observed with native LYS (and no change for PS(+)small/LYS soft corona 

complex), thickening was confirmed with the PS(-)small/LYS hard corona complex.  

Although bilayer disruption was observed, structural alteration was mainly limited to the POPC 

headgroup; the hydrophobic chains were almost unaffected. Putting these findings into an in 

vitro context, PS nanoplastics are unlikely to disrupt the integrity of the membrane to an extent 

to which the PS particles diffuse further through the membrane. The biological relevance of 

headgroup thickening and thinning is frequently discussed for  bacterial membranes204-207, 

although its significance to the mammalian membrane remains ambiguous.  
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7.4 Discussion and conclusion 
A summary of each experiment is presented in Table 7.8 in an attempt to relate the findings 

from in vitro experiments (Chapter 6) and the work from this chapter,. 

Table 7.8. Comparative findings of in vitro and model POPC tethered lipid bilayer experiments.  

In vitro 

A549 cells 

POPC/cholesterol tethered lipid bilayer 

Cytotoxicity 

assay 

1. Effects due to particle size 

or charge were not observed. 

2. Protein corona mitigated 

the cytotoxicity in most cases. 

PS nanoplastics with hard 

protein corona imparted more 

significant cytotoxicity than 

with soft corona.   

EIS/NR 1. Effect due to particle size 

was observed, while charge 

effect was not observed.  

2.   Protein corona mitigated the 

bilayer disruption in most 

cases. Generally, the hard 

corona led to more severe 

bilayer disruption. However, 

when LYS participated in soft 

corona formation, it did not 

mitigate the disruptive effect.  

3. The observation of 

membrane damage was limited 

to the POPC headgroup – the 

hydrophobic chains were 

almost unaffected.  

Flow 

cytometry 

and 

fluorescence 

microscopy 

1. The granularity of the cells 

increased when PS 

nanoplastics were added (with 

or without the protein corona).  

2.  Cell uptake is implied in 

flow cytometry and observed 

in fluorescence images.  

3.  The PS particles were 

inside the cytoplasm and 

adhered to the nuclear 

membrane— no or few 

particles were inside the 

nuclei.  
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7.4.1 Surface charge and size effects of bare PS nanoplastics on the in vitro 

A549 cells and POPC tethered lipid bilayer 
Mild cytotoxicity was observed in the cells with  the bare PS particles. There was no clear 

correlation between the cell death and the physical properties of PS nanoplastics (size and 

surface charge) in this study. Although there was no size dependency in the results observed 

for the in vitro experiments (Chapter 6), a clear size trend was found in the experiments 

involving a model bilayer. Membrane disruption was observed for PSsmall (20 nm), while 

PSlarge (200 nm) did not promote any measurable disruption to the POPC tethered bilayer. A 

similar trend was reflected with respect to structural alterations to the lipid bilayer. Based on 

these observations, one could expect particles within a size threshold to cause bilayer 

disruption, however, this was outside the scope of this work. Results observed in this work 

conclude that the level of cellular disruption by these particles have little influence on the 

cytotoxicity. 

7.4.2 Implications to cellular uptake mechanisms 
Under all the conditions tested in this work, we observed cellular uptake of PS nanoplastics 

(with or without the protein corona). Two likely uptake mechanisms are endocytosis and trans-

membrane diffusion.208, 209 In order for tarns-membrane diffusion to occur, severe disruption 

in the lipid bilayer is necessary, especially for nanoplastics of the sizes tested (20 and 200 nm). 

However, the extent of disruption was limited to the hydrophilic headgroup of POPC. For this 

reason, the possibility of the trans-membrane diffusion can be excluded. Furthermore, the EIS 

experiment demonstrated membrane adhesion, which is considered to be a crucial step for 

endocytosis.108, 210  

7.4.3 The effect of soft and hard protein coronae 
In comparison with the pristine PS, the presence of protein corona generally mitigated 

membrane disruption. For PS/HSA corona complexes, increasing the concentration of soft 

corona proteins led to a greater extent of mitigation; HSA hard corona protein showed the 

opposite trend, which was consistent with the observed cytotoxicity (Chapter 6). There are two 

plausible factors contributing to this behaviour observed for hard corona complexes. First, the 

partially unfolded HSA (as a result of hard corona complex; Chapters 4 and 5) interacts with 

the lipid bilayer differently from the native state. Second, the aggregated state (fractal 

geometry) of the nanoplastics are known to be harmful to cells.201  
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Interestingly for LYS, regardless of the nature of the protein corona formed, the mitigatory 

effect was limited. The effect of the protein corona on a bilayer has been documented for 

nanoplastics97, 107, 211 and other kinds of nanoparticles211-214. Di Silvio et al.109 reported that PS 

nanoplastics with a hard protein corona (proteins recovered from serum) did not promote 

apparent damage to a supported DOPC lipid bilayer. When a soft corona was present with the 

hard corona, the DOPC bilayer experienced more severe disruption and it tended to interact 

with the lipid bilayer. The authors, importantly, highlighted that the proteins participating in 

soft corona formation affected the lipid membrane differently to free-standing proteins. The 

report aligns with our findings for LYS soft corona, although the HSA soft corona preserved 

its behaviour. It is possible that LYS – membrane interaction was altered due to the change in 

the LYS quaternary structure during soft corona formation. However, to make a definitive 

conclusion a control with proteins of different quaternary structures is required in the absence 

of nanoplastics. Above all, the difference between HSA and LYS in soft protein corona 

emphasises that while some generalisations can be made, the role of proteins within the corona 

around PS nanoplastics should be discussed on a case-by-case basis.     
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Concluding Remarks 
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8.1 Summary 
The present work first established conditions under which HSA and LYS form soft and hard 

protein coronae around PS nanoplastics of different sizes (20 and 200 nm) and charges. A soft 

protein corona was observed when PS(-) nanoplastics and HSA were combined at pH 7.4 – 

under this condition, sufficient electrostatic repulsion is maintained, but there is enough of an 

attractive force to form a complex. For hard corona formation, the pH value was lowered to pH 

5.0 to suppress the negative charge of HSA and reduce the overall electrostatic repulsion 

between it and the PS particle. Ultimately, these electrostatic forces were determined to be a 

major factor for the fabrication of soft and hard corona structures. By applying this knowledge, 

eight sets of PS/protein corona complexes were fabricated, using HSA and LYS as model 

proteins; where PS/soft and PS/hard corona complexes were made by combining the same and 

opposite charges (of PS and proteins), respectively.  

The nanoplastic/protein coronae were then structurally evaluated by SANS and USANS. Soft 

corona complexes shared similar structural features for both sizes of PS particles (~20 and 200 

nm), although the attractive force between the complexes was weaker for the large particles. 

These complexes were described as spherical particles surrounded by a loose layer of proteins 

(up to 2-3 molecules thick). A moderate attractive force was measured, which highlights the 

intricate balance of electrostatic interactions between the nanoplastics and the corona proteins 

that prevent further aggregation. The extent of the attractive interaction was found to be weaker 

for larger PS nanoplastics. 

On the contrary, strong attractive interactions led to PS/hard corona complex formation, the 

geometry of which could best be described as fractal-like aggregates. A size effect appeared 

more noticeably for PS/hard corona complexes. Firstly, smaller particles induced greater 

conformational change in, consistently for both proteins used. Furthermore, the hard corona 

complex structure was altered (particularly for PS(+)large/HSA), to a small and more linear 

morphology (best described by a pearl necklace model).  

Once established, the model nanoplastic/protein corona complexes were introduced to the 

cellular environments of A549 cells and tethered POPC lipid bilayers. The introduction of bare 

PS nanoplastics (20 nm and 200 nm) to the A549 cells in serum-free media caused mild 

cytotoxicity. However, there was no clear correlation between cell death and the physical 

properties of PS nanoplastics (size and surface charge) in this study. Bilayer damage observed 

in the POPC tethered bilayer, however, was PS particle size-dependent—the large particles 
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(200 nm) did not induce any membrane disruption. Although there may be a size threshold 

(between 20 and 200 nm) for PS nanoplastics to be able to disrupt bilayer, this was beyond the 

scope of this study.  

The interaction of PS nanoplastic with cells was not limited to membrane adhesion; particle 

uptake was implied in flow cytometry (FC) experiments and confirmed by fluorescence 

microscopy. By qualitatively assessing the images of fluorescently tagged PS nanoplastics and 

nuclei stained A549 cells, many of the particles were observed within the cytoplasm, and some 

were found to be localised around the nuclei. Three-dimensionally reconstructed images 

showed the absence of particle penetration into the nuclei, although they appeared to adhere to 

the nuclear membrane surface. An increase in the cell granularity was observed via an FC 

experiment, which may be attributed to the particle uptake and/or the additional cellular 

environment created inside the cells. 

There was also an indication that chromosomes were found close to the PSsmall. However, 

when the cells were incubated with PSlarge, this was not observed. To further assess this 

phenomenon, both small and large PS(-) particles were incubated with A549 cells for 24 h. The 

chromosomes were, indeed, captured in fluorescence images and, predominantly, the smaller 

PS particles were observed close to the chromosomes. Given that PS nanoplastics have been 

associated with reports on delayed reproduction80, 81, 100 and transgenerational effects81, such 

an observation at a cellular level is intriguing, and demonstrates the possibility that small PS 

nanoplastics (20 nm) interact with DNA. Although the exact mechanism behind the pathway 

to localise around chromosomes remains unclear, we hypothesise that the PS particles may 

have interacted with the chromosomes during cell mitosis. The PS particles alone are unable to 

penetrate the nuclear membrane. To surpass this physical barrier, PS particles must interact 

with the chromosomes while the membrane itself is altering dynamically – likely during the 

prophase to anaphase stages.  

There is no ambiguity that HSA and LYS protein coronae, whether soft or hard, alter the way 

in which PS nanoplastics interacted with both in vitro cells and the POPC lipid bilayer. In most 

cases, the presence of the protein corona mitigated the impact of PS nanoplastics on bilayer 

disruption and the extent of cytotoxicity. Of the two types, soft coronae showed a greater extent 

of cytotoxicity mitigation than hard coronae, independent of the protein type and nanoplastic 

size. This difference may be correlated to the fractal-like morphology of hard corona 

complexes, which are known to be harmful to cells. Notably, the findings demonstrated the 
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effect of protein corona at a very low concentration (20 𝜇g mL-1), where a typical protein 

concentration used for in vitro experiments is 10-100 fold higher107, 108. The results emphasise 

the importance of understanding the bio-interface properties of nanoplastics (or non-plastic 

nanoparticles) in assessing their biological outcome. 

8.2 Novelty and significance 

This work characterised the protein coronae formation and resulting complex structure with PS 

nanoplastics (of different charges and sizes) at interfacial level. Although the structure of 

protein corona has been characterised using SANS by other authors197, 198, this work, for the 

first time, evaluated the soft and hard corona complexes independently. The understanding 

acquired in this work will be used in considering the chemical and biological bases of 

nanoplastic research. Further, we demonstrated that nanostructured soft and hard corona 

complexes affect further biological interactions (e.g. cytotoxicity, cellular uptake, and lipid 

bilayer interactions). To our best knowledge, no other studies have attempted to study the 

nanoplastic toxicity from an interfacial aspect (i.e. conducting in vitro and lipid bilayer 

experiments in same work). It has been suggested that membrane penetration is a possible 

cellular uptake mechanism for other kinds of nanoparticles208, 209, yet our combined approach 

concluded that this is an unlikely scenario with the sizes of nanoplastics and corona complexes 

used in this work – endocytosis is more plausible. Overall, this work approached  nanoplastic 

toxicity research uniquely and showed its robustness by combining interfacial and macroscopic 

cellular information, unlike majority of literature which tend to use a single approach. 

8.3 Future work 
The present work created a platform to investigate the biological relevance of nanoplastics (or 

non-plastic nanoparticles) and protein corona. The methodology developed in this study 

provides opportunities to uncover specific biological processes and entities disrupted by 

nanoplastics. Specifically, experiments can be tailored to specific interests by employing more 

specialised proteins (instead of the abundant proteins used in this work), or even combinations.  

Prior to exposure, nanoplastics in the environment are inevitably coated by an eco-corona, 

which would then affect further interactions with biological molecules once inside the 

organism. As highlighted in this work, bio-nano interfaces play a crucial role in deciding the 

biological outcome of the nanoplastics. Initial studies should concern the types of molecules 

adsorbed on the nanoplastics from the environment, and identify the proteins that participate 
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in protein corona formation in the presence of an eco-corona. Typing of relevant molecules and 

corona proteins can be done using analytical techniques including Fourier-transform infrared 

spectroscopy, mass spectrometry, and gel electrophoresis. 

The work indicated that only the PSsmall were found close to chromosomes, but not with 

PSlarge. Considering that PS nanoplastics are known to responsible for delayed reproduction80, 

81, 100 and transgenerational effects81, such an observation at a cellular level is intriguing. 

Although other authors97 also have reported the chromosomal interactions with PS 

nanoplastics. The exact mechanism behind the pathway to localise with chromosomes remains 

questionable, although other authors97 have noted the chromosomal interactions with PS 

nanoplastics. The size dependency of this phenomenon should be carefully addressed by more 

statistically robust experiments such as FC. Future studies can consider staining the nucleus, 

and monitor the structural changes with nanoplastics of different sizes. Furthermore, 

fluorescence microscopy experiments with stains (such as EdU) can be conducted with close 

attention to the cell cycle, to explore the chromosomal interactions during different mitotic 

stages. 

A mechanistic study of nanoplastic toxicity benefits the creation of risk assessments and 

informed decision-making to mitigate harm. Nanoplastic exposure can be in the long-term with 

little acute toxicity, while this work was concerned with short-term exposures (< 24 h) due to 

time constraints. Future studies should address cell stress, metabolism and cellular signalling 

to identify the fate of nanoplastics and the subtle effects they impart to further reveal the 

potential risks of nanoplastics.  
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9.1 Chapter 4 

9.1.1 Relevant properties  
Table S9.1. Physical properties of HSA, PS(-)small, and PS(-)large. 

Name Formula Molecular 

weight / g mol-1 

Density / 

g cm-3 

Isoelectric 

point 
SLDn / 10-6 Å-

2 

HSA C2916H4624N760O889S41 66500 1.360 5.5 1.84-3.14a,168 

PS-s C8H8 (monomer) 104 1.040 <2 1.30 

PS-L C8H8 (monomer) 104 1.040 <2 1.30 

H2O H2O 18 0.997 NA -0.56 

D2O D2O 20 1.100 NA 6.25 

a The lower limit of the SLDn occurs when there is no hydrogen-deuterium (H/D) exchange for exchangeable hydrogens, 

occurs while the upper limit assumes the 100% H/D exchange.  

  



111 
 

9.1.2 Circular dichroism (CD) spectroscopy 
Table S9.2. Secondary structure of HSA resolved by spectra deconvolution of CD spectra collected at pH 7.4. The error is 

shown. inside the parentheses. 

Sample 𝛼-helix 𝛽-sheet Random coil 

Native HSA 51% (2%) 21% ± 2% 28% ± 1% 

With PS-s (0.1 mg 

mL-1) 

52% (2%) 20% ± 3% 29% ± 2% 

With PS-L (0.1 mg 

mL-1) 

52%  (1%) 21% ± 2% 28% ± 2% 

 

 

Figure S9.1. CD spectra of HSA (0.067 mg mL-1), before and after the introduction of PS(-)small (0.1 mg mL-1 and 0.05 

mg mL-1) at pH 5.0  in citric acid buffer without NaOH. 
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9.1.3 Zeta potential values 
Table S9.3. Zeta potential values of PS particles, HSA, and PS/HSA complexes at pH 7.4 and 5.0. The error is shown inside 

the parentheses. 

Sample pH 7.4 pH 5.0 

HSA -12.2 (3.2) mV -4.4 (4.5) mV 

PS(-)small -50.2 (12.0) mV -45.3 (6.8) mV 

PS(-)large -58.2 (7.0) mV -46.8 (11.6) mV 

HSA/ PS(-)small -15.5 (3.0) mV -15.8  (9.8) mV 

HSA/ PS(-)large -43.4 (7.1) mV -9.0 (6.8) mV 
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9.1.4 SANS 

 

Figure S9.2. SANS curve for PS(-)small (9.0 mg mL-1)/HSA (3.0 mg mL-1) complex in 100% D2O (pH 7.4). The scattering 

intensity was fitted with a combination of spherical and ellipsoidal178 models. 

Table S9.4. Fitting parameters for SANS curve shown in Figure S9.2. The radius of PS(-)small, and dimensions of HSA were 

fixed with the values that were obtained in single components.  

Radius / 

Å 

Radius 

polar / Å 

Radius 

equatorial 

/ Å 

SLDn 

solvent / 

10-6	Å-2 

SLDn PS 

/ 10-6	Å-2 

SLDn HSA / 10-6	Å-2 

135a  15.6  43.7 6.35 1.34 2.40 
a The optimised polydispersity was 17% 
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Figure S9.3. Guinier plots for (a) PS(-)small (9.0 mg mL-1) in 100% D2O buffer, (b) PS(-)small (9.0 mg mL-1)/HSA (3.0 mg 

mL-1) complex in 25% D2O buffer, and (c) PS(-)small(9.0 mg mL-1)/HSA (3.0 mg mL-1) complex in 100% D2O buffer. 
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Figure S9.4. SANS curve for PS(-)small/HSA complex in 100% D2O buffer (pH 5.0), fitted with core shell model. 

Table S9.5. Fitting parameters for Figure S9.4. The error is shown inside the parentheses. 

Radius / 

Å 

Thickness 

/ Å 

SLDn 

solvent / 

10-6	Å-2 

SLDn 

core / 10-

6	Å-2 

SLDn shell / 10-6	Å-2 

135a 15.6 

(1.90) 

6.35 1.34 2.40 
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Table S9.6. Fitting parameters for Figure 9, PS(-)large/HSA complex at pH 7.4. 

Radius 

/ Å 

Radius 

polar / 

Å 

Radius 

equatorial 

/ Å 

SLDn solvent 

/ 10-6	Å-2 

SLDn PS / 10-

6	Å-2 

SLDn HSA / 10-

6	Å-2 

1187a 15.6 43.7 6.35 1.34 2.40 

The optimised polydispersity was fitted to be 2% 

 

Table S9.7. Fitting parameters for Figure 9, PS(-)large/HSA complex at pH 5.0. 

Radius 

/ Å 

Radius 

polar / 

Å 

Radius 

equatorial 

/ Å 

SLDn 

solvent 

/ 10-6	Å-

2 

SLDn 

PS / 

10-6 	Å -

2 

SLDn HSA 

/ 10-6	Å-2 

Perturb Stickiness 

1187a  15.6  43.7 6.35 1.34 2.40 0.0620 ± 

0.00085 

0.140 ± 

0.00015 

The optimised polydispersity was fitted to be 2% 
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9.1.5 Representation of fractal dimension in colloidal system 

 

Figure S9.5. Graphical representation of fractals with different fractal dimensions.  

 

9.1.6 Theoretical calculation of HSA net charge 
The net charge of human serum albumin (HSA) was calculated with the following equation: 

         𝑛𝑒𝑡	𝑐ℎ𝑎𝑟𝑔𝑒	(𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒	𝑐ℎ𝑎𝑟𝑔𝑒) = 	 6!&'($

6!&'($:6!&')
   Equation S1 

         𝑛𝑒𝑡	𝑐ℎ𝑎𝑟𝑔𝑒	(𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒	𝑐ℎ𝑎𝑟𝑔𝑒) = 	 6!&')

6!&'):6!&'($
   Equation S2 

 

The number and the pKa values of each amino acid used in the calculation is found in Table S9.8. 

 

Table S9.8. Relevant properties of HSA for calculating net charges at various pH.  

Amino acid pKa of side group215 Number182 

Arginine 12.8 24 

Histidine 6.0 16 

Lysine 10.1 59 

Aspartic acid 3.7 36 

Glutamic acid 4.3 62 

Cysteine* 8.2 1 
*One cysteine that does not form disulfide bridge is used in this calculation.182 
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Figure S9.6. Theoretically calculated net charge of HSA as a function of pH.  
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9.2 Chapter 5 

9.2.1 SANS 
Table S9.9. A Guinier Porod analysis on PS contrast-matched PS(+)small/LYS soft corona in 25% D2O and PS(+)small in 

100% D2O. Fitting uncertainties are shown in parentheses. 

 Rg / Å s Porod exponent 

PS(+)small/LYS soft 

corona in 25% D2O 

148 (0.02) 0 (fixed) 3.4 (0.009) 

PS(+)small 100% 

D2O 

134 (0.01) 0 (fixed) 4.1 (0.007) 

 

 

Figure S9.7. SANS profiles of individual components measured in 25% D2O buffer. PS particles are confirmed to be contrast-

matched, and the signals from HSA and LYS are also suppressed due to the lack of SLD contrast. 
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Figure S9.8. SANS profile of LYS (3.0 mg mL-1) measured in 100% D2O buffer fitted with ellipsoid model.178 

Table S9.10. Fitting summary of (ellipsoid model178) SANS profile of LYS (3.0 mg mL-1) measured in 100% D2O buffer. 

 Polar / Å Equatorial / Å nSLD 

LYS 5.7 (6.2) 18.2 (0.5) 2.4 
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Figure S9.9. SANS profile of PS(+)large/HSA hard corona complexes. The Guinier region appeared at low q is fitted to 

calculate the Rg of the complex. 
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9.3 Chapter 6 

9.3.1 Flow cytometry 

 

Figure S9.10. Cytograms of PS nanoplastics dispersed in the DMEM at 50 µg mL-1 without A549 cells. 
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9.3.2 Fluorescence Microscopy 

 

Figure S9.11. Fluorescence (top) and bright (bottom)field micrographs of DAPI nuclear stained (blue) A549 cells treated with 

fluorescently labelled PS(-)small nanoplastics (green) in the presence of HSA (20 𝝁g mL-1) on the left and 10% FBS on the 

right. The nuclei of the cells are stained with DAPI (blue). 
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Figure S9.12. Fluorescence micrographs of nuclear stained (blue) A549 cells treated with the combination of fluorescently 

labelled 20 nm (green) and 200 nm (red) PS(-) nanoplastics. The nuclei of the cells are stained with DAPI (blue). The enlarged 

details show the three-dimensionally reconstructed images of individual nuclei and chromosomes. 
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9.4 Chapter 7 

9.4.1 Electrochemical Impedance Spectroscopy  

 

Figure S9.13. Representative EIS Bode plots of POPC tethered bilayer (labelled “Control”), bilayer exposed to HSA (a) and 

LYS (b). 

Table S9.11. EIS fitting parameters for POPC tethered lipid bilayers before and after the introduction of HSA and LYS. 

Fitting 

parameters Control 

HSA 0.05 

 mg mL-1 

 

HSA 0.15 

 mg mL-1 

 

Control 

 

LYS 0.05  

mg mL-1 

 

LYS 0.15  

mg mL-1 

Rmembrane / 

MW cm2 5.20 (0.11) 

5.74 (0.16) / 

+10% 

7.25 (0.20) / 

+39% 

 

3.89 (0.15) - 

3.68 (0.13) /-

7% 

CPE / µF cm-2 

s(1-a) 1.19 (0.01) 

1.21 (0.01) / 

+2% 

1.11 (0.01) / -

7% 

 

1.25 (0.02) - 

1.26 (0.02) / 

+0.1% 

a 0.941 (0.002) 

0.939 (0.003) 

/ 0.3% 

0.944 (0.003) 

/ +0.3% 

 

0.947 (0.003) - 

0.945 (0.03) 

/+0.2% 
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9.4.2 Neutron Reflectometry  

 

Figure S9.14. NR (RQ4 vs. Q) profiles of POPC tethered bilayer with and without HSA (a) and LYS (c). The corresponding 

nSLD profiles are presented (b and d), highlighting the structural change in the tethered bilayer (tether, hydrophobic chains, 

POPC headgroup, and bulk solvent regions are shown). The concentration of HSA and LYS were 150 μg mL-1. 
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Table S9.12. Summary of NR fitting parameters for POPC tethered lipid bilayer with and without HSA. The fitting error is 

shown inside the parentheses. 

 Control bilayer HSA 150 𝜇g mL-1 

Thickness / Å   

Hydrophobic chains 32.2 (0.1) 29.2 (0.1) 

POPC headgroup 7.0 (0.1) 7.1 (0.1) 

nSLD / Å-2   

Hydrophobic chains -0.50 (fixed) -0.50 (fixed) 

POPC headgroup 1.51 (0.01) 1.52 (0.02) 

Solvent volume %   

Hydrophobic chains 0 (1) 0 (2) 

POPC headgroup 52 (2) 23 (2) 

 

 

Table S9.13. Summary of NR fitting parameters for POPC tethered lipid bilayer with and without HSA. The fitting error is 

shown inside the parentheses. 

 Control bilayer LYS 150 𝜇g mL-1 

Thickness / Å   

Hydrophobic chains 29.2 (0.1) 28.0 (0.1)  

POPC headgroup 7.1 (0.1) 9.5 (0.2) 

nSLD / Å-2   

Hydrophobic chains -0.5 (fixed) -0.5 (fixed) 

POPC headgroup 1.52 (0.02) 2.0 (0.01) 

Solvent volume %   

Hydrophobic chains 0 (0.1) 0 (0.2) 

POPC headgroup 23 (2) 29 (2) 
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