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Abstract 

Nanomaterials have found extensive application in medicine, biology, and the 
chemical industry, which has led to a growing interest in exploring their behavior within 
biological environments. In recent years, significant progress has been made in the 
physical and chemical modification of biomaterial surfaces to enhance their interactions 
with complex biological environment. There is urgent need to focus on studying the 
interactions between nanomaterial surfaces and biological environments in order to 
provide essential insights for enhancing performance and advancing the applications of 
nanomaterials.  

This thesis presents a comprehensive investigation into the protein corona formation, 
which illustrates the dynamic interaction between nanoparticles and proteins. First, 
various surface chemical modifications were performed on quantum dots with intrinsic 
fluorescence properties to endow them with different surface physicochemical 
characteristics, such as surface charge and hydrophilicity. Subsequently, these modified 
quantum dot-based nanoparticles were exposed to specific proteins under varying pH 
conditions. Fluorescence correlation spectroscopy (FCS) was used to track the formation 
process of protein corona on the surface of the nanoparticles, providing us with 
systematic and accurate understanding of protein corona formation. 

Protein corona formation is a multifaceted process influenced by various factors, 
including the properties of the nanomaterial, the type of protein, and the specific 
biological environment. By investigating the dynamic process of protein corona formation 
under distinct conditions, we can gain a deeper and more comprehensive understanding 
of the determinants behind this phenomenon. This knowledge enables us to effectively 
modulate the formation of protein corona, either to mitigate or enhance it, in the design 
and utilization of nanomaterials in diverse application. 
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Zusammenfassung 

Nanomaterialien finden in der Medizin, Biologie und der chemischen Industrie breite 
Anwendung, was zu einem wachsenden Interesse an der Erforschung ihres Verhaltens in 
biologischen Umgebungen geführt hat. In den letzten Jahren wurden erhebliche 
Fortschritte bei der physikalischen und chemischen Modifizierung von 
Biomaterialoberflächen erzielt, um ihre Wechselwirkungen mit komplexen biologischen 
Umgebungen zu verbessern. Es besteht dringender Bedarf, sich auf die Untersuchung der 
Wechselwirkungen zwischen Nanomaterialoberflächen und biologischen Umgebungen zu 
konzentrieren, um wichtige Erkenntnisse zur Leistungssteigerung und Weiterentwicklung 
der Anwendung von Nanomaterialien zu gewinnen. 

Diese Arbeit präsentiert eine umfassende Untersuchung der Proteinkoronabildung, die 
die dynamische Wechselwirkung zwischen Nanopartikeln und Proteinen veranschaulicht. 
Zunächst wurden verschiedene chemische Oberflächenmodifikationen an 
Quantenpunkten mit intrinsischen Fluoreszenzeigenschaften durchgeführt, um ihnen 
unterschiedliche physikochemischen Oberflächeneigenschaften wie Oberflächenladung 
und Hydrophilie zu verleihen. Anschließend wurden diese modifizierten Nanopartikel auf 
Quantenpunktbasis unter unterschiedlichen pH-Bedingungen bestimmten Proteinen 
ausgesetzt. Mithilfe der Fluoreszenzkorrelationsspektroskopie (FCS) wurde der 
Bildungsprozess der Proteinkorona auf der Oberfläche der Nanopartikel verfolgt, was uns 
ein systematisches und genaues Verständnis der Proteinkoronabildung ermöglichte. 

Die Bildung einer Proteinkorona ist ein vielschichtiger Prozess, der von verschiedenen 
Faktoren beeinflusst wird, darunter den Eigenschaften des Nanomaterials, der Art des 
Proteins und der spezifischen biologischen Umgebung. Indem wir den dynamischen 
Prozess der Proteinkoronabildung unter bestimmten Bedingungen untersuchen, können 
wir ein tieferes und umfassenderes Verständnis der Determinanten hinter diesem 
Phänomen erlangen. Dieses Wissen ermöglicht es uns, die Bildung der Proteinkorona bei 
der Entwicklung und Nutzung von Nanomaterialien in verschiedenen Anwendungen 
effektiv zu modulieren, um sie entweder zu mildern oder zu verstärken.  
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Abbreviations 

FCS Fluorescence correlation spectroscopy 

MUA 11-Mercaptoundecanoic acid 

PEG Polyethylene glycol 

PMA poly (isobutylene-alt-maleic anhydride) 

BSA Bovine Serum Albumin 

SDS-PAGE  Sodium dodecyl sulfate–polyacrylamide gel electrophoresis 

UV-vis Ultraviolet–visible spectroscopy 

FTIR Fourier Transform Infrared Spectroscopy 

nm Nanometers 

Kda Kilodalton 

pl Isoelectric point 

Kd Dissociation constant 

QDs Quantum dots  

NPs Nanoparticles 

PBS Phosphate buffer saline 

IFT Interfacial tension 

Rh6G Rhodamine 6G 

TEM Transmission electron microscopy 

TBP Tributylphosphin 

ζ Zeta potential 

EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

NHS N-hydroxysuccinimide 

ACF Autocorrelation function 

CLSM Confocal Laser Scanning Microscopy 
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1. Motivation and Scope of the Work 

In recent years, nanoparticles (NPs) have emerged as promising candidates for a wide 
range of biomedical and environmental applications, including drug delivery, clinical 
diagnostics, and pollution mitigation. However, they often fail to fully realize their efficacy 
in biological environments, primarily due to our inadequate understanding of the 
interactions between nanomaterials, nanomedicines, and the biological environment. 
Central to this understanding is the protein corona—a dynamic biomolecular layer 
surrounds NPs when exposed to biological fluids. The protein corona not only determines 
the physicochemical properties of NPs but also governs their fate and functionality in 
biological systems. 

In biological systems, protein coronas are often composed of multiple proteins forming 
monolayer or multilayer structures. These protein coronas modify the physicochemical 
identities of NPs, including particle’s size, surface charge, hydrophilicity and aggregation 
behavior. As a result, the interaction between NPs and biological systems also changes. 
The development of protein coronas is influenced by various factors, such as pH, time, 
temperature, protein composition, concentration, and other environmental conditions. 
In addition, the intrinsic properties of NPs, such as their size, shape, and surface chemistry, 
also play an important role. Each element significantly affects the composition and 
formation of the protein corona. Therefore, a deeper understanding of the formation 
mechanism of the protein corona and the factors that influence it has become a key area 
of nanomaterial research. By understanding these mechanisms and factors, we can better 
determine how to regulate various conditions for specific applications. 

The growing interest in exploring the potential of NPs for a variety of applications has 
underscored the urgent need for deeper exploration of the complex interaction between 
NPs and the surrounded protein corona. By unraveling the composition, structure, and 
dynamics of the protein corona, we can elucidate how it regulates the uptake and 
recognition of NPs by cells, thereby affecting their biodistribution and pharmacokinetics. 
Furthermore, we can investigate how the protein corona affects the biological responses 
to NPs, including immune recognition, inflammatory responses, and cellular signaling 
pathways. Given that the protein corona formation can also affect the toxicity of NPs, 
research in this area is critical for mitigating the adverse effects of nanomedicines on 
human health. In addition, insights gained from studying the protein corona can inform 
the design of NPs with tailored surface properties, improved biocompatibility, and 
enhanced therapeutic efficacy. 

Protein coronas can be studied using a variety of techniques, including direct and 
indirect detection methods. By using complementary characterization techniques, we can 
more comprehensively and deeply study the dynamic process of protein corona 
formation, thereby fully understanding the interaction between NPs and the biological 
environment, especially the interaction with proteins. 



 

2 
 

By thoroughly exploring the dynamic process of protein corona formation, we aim to 
pave the way for the rational design of NPs for various biomedical and environmental 
applications. Through interdisciplinary collaboration and innovative methods, we aim to 
investigate the differences in protein corona formation of nanoparticles with different 
surface chemistry. In this thesis, we selected cadmium selenide-cadmium sulfide core-
shell structure quantum dots with autofluorescence properties as the research object, we 
further designed and synthesized a series of polymers or cap ligands with different 
physicochemical properties to coat the surface of quantum dots, they can be divided into 
three research systems.  

First, a series of polymers based on poly (isobutylene-maleic anhydride) backbone 
were designed and synthesized, and each polymer has different surface charges by 
changing the composition of the polymers. Afterwards, these polymers were fully 
characterized to gain a preliminary understanding of their physicochemical properties. 
Taking advantage of their unique amphiphilic structure, these polymers were able to be 
coated on hydrophobic quantum dots through hydrophobic interactions, thereby 
achieving a phase transition from organic solvent to aqueous solution of quantum dots 
NPs to further investigate protein corona formation. In the second system, the surface of 
water-soluble quantum dot NPs was further modified with polyethylene glycol or biotin 
to make them resistant to protein adsorption or have specific affinity for avidin molecules. 
And for the third system, two water-soluble quantum dots were synthesized by cap 
exchange method to compare the effects of polymer coating and direct ligand exchange 
on the formation of protein coronas.  

Throughout the study, NPs with different surface chemistries were fabricated, 
including different surface charges, polymer compositions, and targeted molecular 
modifications. This variation in surface properties facilitated the subsequent comparison 
and evaluation of protein corona formation. When selecting the proteins to be evaluated, 
in order to take the effects of different protein properties into account on protein corona 
formation, we ultimately chose five proteins with different physicochemical properties 
and evaluated the protein corona formation process. Due to the complexity of the 
physiological environment, environmental factors also need to be considered. Therefore, 
we studied the pH-dependent protein corona formation process to summarize and 
analyze the formation behavior of protein coronas on NPs with different surface 
modifications.  
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Figure 1-1. Schematic of research work. 

The findings presented in this thesis provide new insights and perspectives for the 
application of NPs in biological environments. They also contribute to enrich the practical 
experience for the design and surface modification of NPs.  
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2. Background of Nanoparticles-Proteins’ interaction 

2.1 Nanoparticles  

Nanoparticles (NPs) are defined as particles ranging in size from 1 to 100 nanometers 
(nm) that possess unprecedented properties and have become a transformative class of 
materials with applications in a wide range of science and technology, from life sciences 
to chemical engineering.[1-3] The unique size-dependent characteristics and high surface 
area-to-volume ratio of NPs, offering countless possibilities for innovation and 
advancement.[4] This thesis explores the synthesis, modification and characterization of 
NPs, and further uncovering their potential interaction with biological environment. 

 

Figure 2-1. overview of nanoparticles.[1] 

Diverse types of materials can be used to synthesize different kinds of NPs, each 
possessing distinctive properties and various range of applications. Metallic NPs, including 
gold, silver, and platinum NPs, exhibit exceptional catalytic activity, optical properties, 
and antimicrobial efficacy, making them indispensable in catalysis and biomedicine 
applications.[5, 6] Xiao Yen et al. improved the photothermal properties of gold NPs 
through the induction of aggregation, successfully enhancing their effectiveness for 
tumor ablation.[7] Abu Bakar Siddique and his colleagues synthesized silver NPs through 
an ecofriendly synthesis route, showcasing their notable photocatalytic and antibacterial 
properties.[8] Carbon-based NPs, such as fullerenes, carbon nanotubes, and graphene, 
have excellent mechanical, electrical, and thermal properties, making them as key 
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components in energy storage, electronics, and composite materials.[9-11] Guoqiang 
Song et al. used dopamine (DA) as a carbon source to synthesize hierarchical hollow 
carbon structures that encapsulate carbon nanotubes (CNTs) in situ, making them well-
suited for high-performance supercapacitor applications.[12] Hualiang Lv and colleagues 
synthesized a nanoporous bilayer graphene superlattice featuring partially overlapped 
pores, which enables ultrathin electromagnetic absorption, efficient electromagnetic 
energy harvesting and conversion, low- to medium-temperature thermoelectric 
properties, as well as applications in photoluminescence and optoelectronic devices.[13] 
Polymer NPs are known for their excellent biocompatibility and stability, they also have 
variety of application in drug delivery systems, gene therapy platforms, and functional 
coatings.[14-16] Jafari-Gharabaghlou, D and colleagues utilized folate-functionalized 
PLGA-PEG nanoparticles to deliver metformin, significantly enhancing its therapeutic 
efficacy in breast cancer treatment.[17] Semiconductor NPs, such as quantum dots (QDs), 
have tunable optical properties, which are ideally for solar cells, Light-emitting diodes, 
and bioimaging applications.[18-20] 

Among semiconductor nanomaterials, QDs have attracted much attention in recent 
years due to their unique optical and electronic properties. These nanoscale particles, 
which are typically between 2 and 10 nm in size, have size-dependent fluorescence 
properties, making them a promising candidate for a wide range of applications in 
biomedicine and materials science.[21, 22] When QDs are excited by an external light 
source, they absorb energy and elevate electrons to a higher energy state. When the 
electrons return to the ground state, they emit light at specific wavelengths that depend 
on the size of the QDs. Smaller dots emit shorter wavelengths of light, while larger dots 
emit longer wavelengths.[23] This ability to tailor fluorescence based on size has 
significant advantages among a variety of applications. In the field of biomaterials, QDs 
can be used as fluorescent labels for applications, including live cell imaging, in vivo 
imaging, and biomolecular sensors, where their high photostability, brightness, and broad 
absorption spectra and narrow tunable emission spectra make them superior to 
traditional organic fluorophores.[24, 25] In addition, their superior photophysical 
properties give them multiplexing capabilities, allowing for the simultaneous detection of 
multiple targets in biological samples. 



 

6 
 

Figure 2-2. The luminescence mechanism of quantum dots. Source: Semiconductor 
Engineering. 

As the frontier of nanoscience and nanotechnology continues to expand, NPs stand at 
the cutting edge of innovation, providing unprecedented opportunities for new materials, 
devices, and biological applications. This thesis aims to shed light on the synthesis, 
characterization, and interactions of NPs with biological environments, demonstrating 
their potential applications. By exploring the multifaceted nature of NPs across various 
research fields, this research aims to provide valuable insights into the extraordinary 
capabilities of NPs and their profound impact on advancing knowledge and promoting a 
sustainable future. 

2.2 Surface chemistry on nanoparticles  

Nanoparticles (NPs) have unique size-dependent properties and highly reactive 
surfaces that enable wide range of functions and applications. The surface chemistry of 
NPs is particularly important, as it determines their interactions with the surrounding 
environment, biological systems, and other materials, thereby influencing their reactivity, 
stability, and functionality. A comprehensive understanding of surface chemistry and the 
ability to modify surfaces have opened up new avenues for the application of NPs across 
diverse fields. 

Surface modification of NPs includes a variety of methods, including physical 
adsorption, which relies on weak van der Waals forces or electrostatic interactions to 
attach molecules to the surface of NPs. This approach allows molecules to attach 
reversibly, usually with weak binding forces. In this method, molecules such as surfactants 
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or polymers are usually dissolved or dispersed in the same solvent as the NPs, and after 
mixing them together, the molecules adhere to the surface of the NPs through non-
covalent interactions, thereby achieving enhanced stability and solubility and 
dispersibility.[26, 27] 

There are also some chemical functionalization methods that involve the formation of 
covalent bonds between the surface atoms of the NPs and functional groups. This method 
can create more stable modifications than physical adsorption.[28, 29] Common 
strategies include the reaction of alkoxysilanes with oxide surfaces to form siloxane bonds, 
which is widely used to modify silica NPs.[30] As well as thiol-ene and thiol-click reactions, 
thiols group usually react with metal NPs to form strong covalent bonds, enhancing the 
stability of the NPs and allowing for further functionalization.[31]  

Layer-by-layer (LbL) assembly is a technique that involves the sequential adsorption of 
oppositely charged polyelectrolytes onto the surface of NPs. By alternating layers of 
cationic and anionic polymers, multilayer structures are formed through electrostatic 
interactions, enabling the creation of controlled nanostructured coatings. This approach 
allows for precise regulation of both the thickness and composition of the NPs coatings, 
facilitating customization for specific applications. Consequently, LbL assembly can be 
effectively utilized in drug delivery systems and biosensing devices. [32, 33] 

Ligand exchange is a widely used surface modification technique that involves 
replacing the original ligands bound to NPs with a different ligand. This process is 
particularly significant in the context of metal NPs, which typically have stabilizing ligands. 
The process is often driven by the relative binding affinities of the ligands, a ligand with 
higher binding affinity can effectively replace one with lower affinity, resulting in changes 
to the original properties of the NPs. [34, 35] 

Polymer coating is an important surface modification strategy that involves enveloping 
NPs with polymer chains to create a protective layer. This method enhances the stability, 
solubility, and functionality of NPs, particularly in biological environments. The 
characteristics of the polymer can significantly influence the properties of the composite 
NPs by introducing various functional groups, ligands, or biomolecules on their surfaces. 
As a result, the physicochemical properties and interactions of the NPs with their 
surrounding environment can be altered.[36-38] 

By manipulating the surface chemistry, researchers can optimize performance, 
enhance stability, and introduce functional groups that were previously unattainable. This 
customization allows NPs to be tailored to meet the specific requirements of diverse 
applications, resulting in more efficient, selective, and versatile tools for scientific and 
technological progress. By precisely controlling and modifying the surfaces of NPs, 
researchers can facilitate breakthrough discoveries and innovations across multiple 
disciplines, ultimately advancing science and technology. 
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2.3 Protein corona 

When NPs are exposed to biological environments, they will inevitably interact with 
biomolecules including proteins and peptides, leading to a phenomenon known as the 
protein corona.[39] 

The term “protein corona” is derived from the Latin word “corona,” meaning “crown.” 
The nomenclature metaphorically describes how proteins form a layer or “crown” around 
NPs when they enter a biological environment, especially fluids such as blood or serum. 
The concept emphasizes the idea that, like a crown surrounding a head, a protein corona 
surrounds a NP, fundamentally changing its biological identities and fate within a living 
system.  

The formation of a protein corona deeply influences the interaction of the NP with 
surrounding biological matter, including cells, tissues, even the immune system.[40, 41] 
Rather than being a passive entity, the protein corona actively controls the fate of the NPs 
in vivo, therefore, understanding the dynamics of protein corona formation is critical to 
advancing nanomedicine and ensuring the effective application of nanotechnology in 
biological environments.[42, 43] This thesis explores the complex interactions between 
NPs and the protein corona, highlighting its significance in biomedical applications. 
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Figure 2-3. Formation of protein corona in vivo. [39] 

The protein corona is comprised of two distinct layers: the hard corona and the soft 
corona.[44, 45] The hard corona is the inner layer, closely associated with the NPs, and 
generally exhibits higher affinity for the nanoparticles. In contrast, the soft corona is the 
outer layer, where the proteins typically have lower affinity for the NPs and exist in a 
dynamic equilibrium of adsorption and desorption. This competitive protein adsorption 
phenomenon is described as Vroman effect.[46, 47] The formation of the protein corona 
is a dynamic and complex process. Typically, proteins with greater mobility are the first 
to interact with the NPs surface, adhering to the material through various physical and 
chemical interactions between the proteins and the NPs surface. These initially adsorbed 
proteins are often replaced by proteins that exhibit a higher affinity for the surface over 
time. [48, 49] Once proteins are adsorbed onto the NPs surface, they may undergo 
conformational changes or even lose their original biological identities.[50] 

Additionally, the space between adsorbed proteins becomes available for new 
proteins to bind to the surface. This process can lead to desorption, where proteins 
detach from the NPs surface. In understanding protein adsorption, it is essential to 
consider various protein characteristics, including size, charge, mobility, stability, and the 
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specific structure and composition of different protein domains that comprise the 
protein's tertiary structure. 

The protein corona not only masks the original surface of NPs but also imparts them 
with biological properties, thereby dictating their interactions with cells, tissues, and 
biological barriers. 

 

 

Figure 2-4. Comparison of the “hard” corona and the “soft” corona.[51] 

In the realm of nanomedicine, the protein corona has profound implications for the 
design and efficacy of NPs-based therapeutics, drug delivery systems, and diagnostic 
agents. By modulating the protein corona, researchers can enhance the biological stability, 
targeting specificity, and therapeutic efficacy of NPs, leading to advancements in 
precision medicine, cancer therapy, and regenerative medicine. Furthermore, 
understanding the protein corona can help predict the biological fate and toxicity of NPs 
in vivo, guiding the development of safe and effective nanomedicines. 

The protein corona represents a dynamic interface between NPs and biological 
systems, exerting profound influences on their biological behavior, therapeutic efficacy, 
and environmental fate. This thesis aims to unravel the complexities of protein corona 
formation on NPs, highlighting its significance for biomedical applications. By deeply 
exploring the protein corona interactions, this research aims to advance our 
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understanding of the nanointerface and its implications for developing safe and effective 
nanotechnologies. 

2.4 Protein corona factors 

The composition and formation of a protein corona around NPs is a complex process 
mediated by a variety of physicochemical and biological factors.[52] Understanding these 
factors is essential for predicting the interactions between NPs and biological systems, 
also pave the way for optimizing the design of nanomedicines and nanocarriers. The 
protein corona can significantly influence the biodistribution, immunogenicity, and 
therapeutic efficacy of NPs, thus underscoring the importance of recognizing the 
parameters that govern its formation. 

 

Figure 2-5. Extrinsic factors affecting the protein corona formation.[52] 

Several main factors impact the protein corona formation, including the characteristics 
of NPs, the nature of the biological fluid, and environmental conditions.  

The intrinsic properties of NPs significantly influence the composition and structure of 
the protein corona. The size of the NPs affects their surface area-to-volume ratio, 
impacting protein adsorption kinetics. smaller NPs generally have higher surface energy 
and greater surface area, which can enhance protein binding, while larger ones may face 
steric hindrance hindering adsorption.[53] Additionally, morphology of NPs also alters 
protein corona’s orientation and composition.[54] The NPs' surface charge is crucial for 
electrostatic interactions, theoretically, positively charged particles attract negatively 
charged proteins, while negatively charged ones can repel them, influencing adsorption 
stability.[55] Furthermore, the chemical composition, hydrophobicity/hydrophilicity, and 
surface modifications of NPs such as coatings with polyethylene glycol or specific 
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antibodies can optimize protein binding and enhance biocompatibility or target specific 
proteins, thus altering the protein corona's properties.[56, 57] 

Secondly, the biological environment surrounding the NPs is vital for protein corona 
formation. Various biological fluids contain distinct types and concentrations of proteins 
that influence NPs adsorption. High-abundance proteins can dominate the adsorption 
process, significantly altering the overall composition of the protein corona. As protein 
concentration increases, competition for binding sites on the NPs surface, affecting the 
distribution of proteins in the corona. This competitive adsorption process impacts the 
stability and dynamic distribution of both the hard and soft coronas.[58, 59] 

Lastly, the physical and chemical environment around NPs can significantly influence 
protein corona dynamics. For instance, variations in pH can modify the surface charge of 
both proteins and NPs, impacting their interactions.[50] Ionic strength can also affect 
protein stability and conformational changes during adsorption. Temperature plays a 
crucial as well, higher temperature can enhance protein mobility and accelerate 
adsorption, whereas extreme temperatures may denature proteins, altering their binding 
properties and overall behavior in the corona.[50] 

The formation of protein corona around NPs is a multifaceted process that is 
influenced by the interplay of NP characteristics, biofluid properties, and environmental 
conditions. A comprehensive understanding of these factors is essential for the rational 
design of NPs for biomedical applications, allowing researchers to predict and control NPs 
behavior in biological systems. With the rapid development of nanomedicine, elucidating 
the factors that influence protein corona formation will be critical to improving the 
efficacy and safety of nanotherapeutics. 
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3. Techniques for the experimental investigation of the protein corona 

3.1 Basics 

Studying the protein corona using advanced detection methods provides crucial 
insights into the composition and adsorption amounts of proteins on NPs. Research 
methodologies in this field can be categorized into two main types: direct measurements 
and indirect measurements.[60] 

Direct measurements involve the explicit analysis of proteins that are adsorbed onto 
the surface of NPs. This approach allows for the acquisition of structural information and 
enables both quantitative and qualitative analyses of the proteins present. However, to 
minimize interference from unbound proteins in the solution, it is usually necessary to 
purify the protein corona and separate the protein-bound NPs from the free proteins.[43, 
61] This purification step is essential for accurately determining the composition and 
concentration of the protein corona. 

 

Figure 3-1. Summary of direct methods. [60] 

In contrast, indirect measurements examine the protein corona by analyzing changes 
in the physical and chemical properties of NPs before and after protein corona formation. 
Key parameters assessed include variations in size, surface charge, density, absorbance, 
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and fluorescence. While this method eliminates the need for purification of the protein 
corona, it poses challenges for performing quantitative analyses of the protein 
composition. 

 

Figure 3-2. Summary of indirect methods.[60] 

A range of experimental techniques has been developed to investigate the protein 
corona on NPs, each offering unique advantages for exploring various aspects of its 
formation and composition. For instance, high-throughput screening methods such as 
proteomics and mass spectrometry enable the identification and quantification of 
proteins within the corona, providing valuable insights into protein composition and 
abundance. Techniques like fluorescence spectroscopy and surface plasmon resonance 
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(SPR) allow for real-time monitoring of protein binding kinetics and affinity to NPs, 
provides insights on dynamic interactions at the nanoscale.  

Atomic force microscopy (AFM) and transmission electron microscopy (TEM) can 
visualize protein corona morphology and NP-protein complexes at high spatial resolution, 
thus enhancing our understanding of the corona formation process. Circular dichroism 
(CD) spectroscopy and Fourier transform infrared spectroscopy (FTIR) reveal information 
about protein secondary structure and conformational changes caused by NPs 
interactions, elucidating conformational changes before and after protein corona 
formation. In addition, dynamic light scattering (DLS) and zeta potential measurements 
provide insights into the size distribution, aggregation behavior, and surface charge of NP-
protein complexes, thus elucidating changes in physicochemical properties before and 
after protein corona formation. 

By utilizing a variety of analytical and biophysical methods, researchers can fully reveal 
the complexity of protein corona formation, composition, and behavior, providing key 
insights into nanoscale interactions that determine the biological and environmental fate 
of NPs. In this thesis, we used experimental techniques to elucidate the differences in 
protein corona formation on different NPs surfaces, emphasizing the effects of surface 
chemical modifications on protein corona formation, which will help deepen our 
understanding of NP-protein interactions and their applications in biomedical and 
environmental contexts. 

3.2 Fluorescence correlation microscopy for protein corona study 

Fluorescence correlation spectroscopy (FCS) is an advanced analytical technique that 
enables the study of molecular dynamics and interactions at the single-molecule level. In 
the fields of nanobiology and nanomedicine, FCS has emerged as an essential tool for 
investigating nanoparticle behavior, particularly their interactions with biomolecules such 
as proteins and the formation of protein corona.[62] 

The structure of FCS is shown in Figure 3-8. In confocal laser scanning microscopy 
(CLSM), the excitation laser beam is focused into a small excitation volume, usually only 
about 1 femtoliter. The fluorescence emitted by the excited sample will be collected by 
the same objective lens used for excitation, and the unwanted signal will be blocked by 
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the pinhole on the back of the objective lens, and then the signal will be guided to a single 
point detector. 

 

Figure 3-3. Principle of Fluorescence correlation spectroscopy (FCS).[62] 

When studying the formation of protein coronas on nanoparticles, FCS presents a 
significant advantage as an indirect detection method for real-time monitoring of NPs-
protein interactions. By incubating nanoparticles—either labeled with fluorescent dyes or 
exhibiting autofluorescence—with proteins, researchers can track the movement and 
binding of these molecules in solution without the need for sample separation to remove 
free proteins, thus facilitating an analysis of the dynamics of protein corona formation on 
the nanoparticle surface. 

In FCS, the Brownian motion of particles entering and leaving the confocal volume 
generates signal fluctuations that are further analyzed mathematically. To better 
distinguish these fluctuations, it is best to perform experiments in FCS with samples at 
nanomolar concentrations or even lower to obtain accurate information. When 
mathematically treating signal fluctuations, we are looking at the average time of motion 
of any molecule that enters the confocal volume. 
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Since the emitted fluorescence intensity will vary due to these molecules randomly 
entering and leaving the confocal volume, the observed fluorescence intensity can be 
considered a time-dependent signal. The readout intensity 𝐼(𝑡) will fluctuate in the same 
way as the number of particles 𝑁(𝑡). These fluctuations can be described by the 
autocorrelation function (ACF), which quantifies the correlation between the intensity 
fluctuations at one time point and the fluctuations at subsequent time points. 

𝐺(𝜏) =
〈𝐼(𝑡)𝐼(𝑡 + 𝜏)〉

〈𝐼(𝑡)〉2
 

(3-1) 

ACF can also be defined as the self-similarity after a given delay time 𝜏. The brackets ⟨⟩ 
denote the time average. 𝐼(𝑡) is the fluorescence intensity at time 𝑡, 〈𝐼(𝑡)〉 is the average 
intensity. When 𝜏 is 0, the value of the ACF is at its maximum value.   

𝐺(0) = 1 (3-2) 

When 𝜏 is 0, we are comparing the signal to itself at the same moment, the intensity is 
perfectly correlated with itself. And when 𝜏 increases, 𝐺(𝜏) decreases accordingly, and 
the decay rate of 𝐺(𝜏) can provide insight into the dynamics of the molecules or NPs, 
including the rate of diffusion. When 𝜏 is very large, the fluorescence intensity at time 
𝑡 and 𝑡 + 𝜏 are no longer correlated. 

lim
𝜏→∞

𝐺(𝜏) = 0 (3-3) 

The ACF typically exhibits an exponential decay for diffusing molecules or NPs. 

𝐺(𝜏) =
1

1 +
𝜏

𝜏𝐷

 
(3-4) 

𝜏𝐷 is the characteristic time associated with the diffusion of the particles, related to 
how quickly the molecules or NPs move in and out of the observation volume. 

When we use one photon excitation system, the diffusion time of fluorescent NPs 
governed by the following equation. 

𝜏𝐷 =
𝜔02

4𝐷
 

(3-5) 

The τD indicates the diffusion time, ω0 is the lateral radius of the observation volume, 

D is the diffusion coefficient. We can use this system for the calibration in FCS setup. 

Since the diffusion coefficient D is related to the radius 𝑟ℎ of the molecules or NPs, 
according to Stocks-Einstein equation, we can calculate 𝑟ℎ of NPs 
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𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑟𝐻
 

(3-6) 

 

𝑟ℎ =
𝑘𝐵𝑇

6𝜋𝜂𝐷
 

(3-7) 

Where the 𝑘𝐵  is the Boltzmann constant (1.38*10-23 J/K), and T is the absolute 
temperature in Kelvin, 𝜂  is the viscosity of the solvent.  Therefore, by obtaining the 
diffusion coefficient and other parameters, we can calculate the hydrodynamic radius of 
the fluorescence NPs.  

In our case, after protein corona formation, as the NPs diffused, some NPs will be 
stayed in the observation volume while others have moved out. If a particular type of 
protein corona has a high residence time, its fluorescence intensities will show stronger 
positive correlations over brief time intervals. Conversely, protein corona with lower 
residence times will show weaker correlations because their presence in the volume is 
more transient. 

In the study of protein coronas, FCS experiments can be conducted at nanomolar 
concentrations of nanoparticles. under this condition, the nanoparticles move freely 
through a confocal volume on the order of 1 femtoliter (fL). By analyzing the fluctuations 
in fluorescence emission using the ACF, we can determine the diffusion time of the 
nanoparticles. This diffusion time will gradually increase as a protein corona forms around 
the nanoparticles. Utilizing the Stokes-Einstein equation, the hydrodynamic radius of the 
nanoparticles can be calculated. Consequently, this information allows for estimating the 
thickness of the protein corona enveloping the nanoparticles. 

3.3 Information of proteins studied in this thesis 

In the field of biomolecular research, understanding the interactions between 
nanoparticles and their surrounding environment is crucial. While some researchers have 
traditionally utilized whole blood samples to measure the protein corona, our research 
focuses on studying the adsorption behavior using single proteins. In our study, we have 
selected five representative proteins based on their varying isoelectric points and specific 
affinity to particular molecule. This approach allows us to delve deeper into the individual 
characteristics of these proteins and their interactions, providing valuable insights into 
their binding capabilities and behavior within a given environment. 

 In this section, I will introduce the physicochemical properties of these five proteins 
to better explain their subsequent adsorption behavior on nanoparticles modified with 
different surface chemistry. 

3.2.1 Bovine serum albumin (BSA) 
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Bovine serum albumin (BSA) is a protein that is widely used in biochemical and 
molecular biology research. BSA is easily extracted, and its structure and molecular 
weight have been extensively studied, making it well suited for a variety of biological 
applications, such as using as protein standard in gel electrophoresis and enzyme 
immunoassays, and as stabilizer in various biochemical reactions. [63, 64] BSA is a single-
chain polypeptide consisting of 583 amino acids with a molecular weight of approximately 
66.4 kilodalton (kDa). The isoelectric point (pI) of BSA is from pH 5.1 to 5.5, which means 
that at this pH level, the protein carries no net electrical charge.[65] 

In terms of its three-dimensional structure, BSA is a relatively compact protein with a 
globular structure. The molecular size of BSA can be determined by fluorescence 
anisotropy, which is approximately 163 nm3.[66] 

3.2.2 Transferrin 

Transferrin is a glycoprotein that binds iron in the blood and delivers it to cells that 
require iron for various biological processes, playing a vital role in the transport of iron in 
the body and maintaining the balance of iron in the body. Transferrin is a relatively large 
protein with a molecular weight between 76 and 81 kDa.[67, 68] 

The pl of transferrin is typically between 5.6 and 6.2. This is the pH at which the protein 
has no net charge and is least soluble. Changes in transferrin surface charge at different 
pH values can affect its interactions with other molecules and its overall function.[69] 

Transferrin is a bilobed protein with a unique three-dimensional structure and a large 
surface area that facilitates its ability to bind and transport iron. The protein consists of 
two symmetrical lobes, each capable of binding an iron ion. Transferrin was determined 

Figure 3-4. Crystal Structure of Bovine Serum Albumin (BSA). Source: Protein Data Bank. 
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by small-angle neutron scattering to be an oblate spheroid with a molecular volume of 
(144 ± 45) x 103 Å3, approximately 144 nm3.[70] 

 

Figure 3-5. Crystal structure of Human Transferrin. Source: protein data bank. 

 

3.2.3 Pepsin 

Pepsin is an enzyme secreted in the mucosa of the stomach that plays a key role in the 
digestive system, breaking down proteins into smaller peptides and is one of the main 
proteolytic enzymes responsible for the initial digestion of dietary proteins.[71] 

With a molecular weight of approximately 34 kDa and an isoelectric point (pl) of 
approximately 1.5 to 2.0, pepsin is an acidic protein. At this pH, pepsin has no net charge 
and has minimal solubility. The low isoelectric point of pepsin indicates that it is most 
active in the acidic environment of the stomach.[72] 

Pepsin is a globular enzyme, the average pepsin dimensions under hybrid fabrication 
conditions amount to approximately 45×50×66 Å3 calculated by molecular dynamic 
simulations, which is approximately 148.5 nm3.[73] With a compact three-dimensional 
structure that is critical to its catalytic activity. This compact size of pepsin enables pepsin 
to effectively bind and cleave peptide bonds within proteins during digestion.[74] 
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Figure 3-6. Crystal structure of pepsin. Source: protein data bank. 

3.2.4 Lysozyme 

Lysozyme is a bacteriolytic enzyme that is commonly found in body fluids such as tears, 
saliva, and mucus. It helps prevent bacterial infections by breaking down bacterial cell 
walls and plays a vital role in the innate immune system.[75, 76] 

The pI of lysozyme is usually around 11.0 to 11.4. The high pI of lysozyme reflects its 
alkaline protein nature. Lysozyme's interactions with other molecules and its stability 
change dramatically under acidic conditions.[77] 

Lysozyme is a relatively small protein with a molecular weight of approximately 14.3 
kDa. The molecular size of Lysozyme can be determined by fluorescence anisotropy, 
which is approximately 37 nm3.[66] 

Figure3-7. Crystal structure of Lysozyme. Source: protein data bank.  



 

22 
 

3.2.5 Avidin 

Avidin is a glycosylated protein known for its extremely high affinity for biotin, a 
vitamin essential for various metabolic processes. The binding strength between avidin 
and biotin is one of the strongest non-covalent interactions in nature, with a dissociation 
constant (Kd) of approximately 10-15 M. This tight binding affinity can be used in a variety 
of biotechnologies such as immunoassays and targeted drug delivery.[78, 79] 

Avidin has a relatively high pI, ranging from 9.3 to 10.8, and therefore carries a positive 
charge in physiological environments.[78] 

Avidin is a tetrameric protein composed of four identical subunits with a total 
molecular weight of approximately 65-68 kDa. The dimensions of a functional avidin 
tetramer are approximately 56×50×40 Å3, equivalent to 112nm3.[80] 

 Figure 3-8. Crystal structure of Avidin. Source: protein data bank. 

Proteins in living organisms are made up of only 20 amino acids, but these can be 
combined in countless ways to form a huge variety of proteins. The human body alone 
contains more than 50,000 different proteins. Studying the interaction between 
individual proteins and NPs is a big challenge. To address this, we selected a series of 
representative proteins, each with specific physical and chemical properties. This allows 
us to analyze the interaction between proteins with specific characteristics and NPs. 
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4. Chemical reagents and Instruments 

4.1 Chemical reagents 

List of chemicals Purity Company 

Cadmium oxide 99 % Sigma-Aldrich  

Selenium  Sigma-Aldrich  

1-octadecene 90 % Sigma-Aldrich  

Oleic acid 90 % Sigma-Aldrich 

Sulfur 99.998 % Sigma-Aldrich 

Sodium chloride ≥ 99.8 % Sigma-Aldrich 

Sodium hydroxide ≥ 99 % Sigma-Aldrich 

Myristic acid ≥ 99 % Sigma-Aldrich 

Oleylamine ≥ 98 % Sigma-Aldrich 

Tributylphosphine 97 % Sigma-Aldrich 

3-(Dimethylamino)-1-
Propylamin 

≥ 99 % Sigma-Aldrich 

poly (isobutylene-alt-
maleic anhydride) 

85 % Sigma-Aldrich 

Dodecylamin ≥ 98 % Sigma-Aldrich 

Chloroform ≥ 99 % Carl Roth 

Tetrahydrofuran ≥ 99 % Carl Roth 

EDC ≥ 98 % Sigma-Aldrich 

 NHS 98 % Sigma-Aldrich 

BSA ≥ 96 % Sigma-Aldrich 

Transferrin ≥ 90 % Sigma-Aldrich 

Lysozyme  Roche 

pepsin  Roche 

Avidin  Thermo Fisher Scientific 

NaCl ≥ 99.9 % Carl Roth 



 

24 
 

KOH ≥ 85 % Sigma-Aldrich 

NaOH ≥ 99 % Carl Roth 

HCl 30 % Sigma-Aldrich 

Nitric acid 65 % Carl Roth 

Methanol ≥ 99 % Carl Roth 

MUA 95 % Sigma-Aldrich 

NH2-PEG-SH  Rapp polymere GmbH 

NH2-PEG-biotin  Rapp polymere GmbH 

Rhodamine 6G 99 % Sigma-Aldrich 

   

 

4.2 Instruments 

List of instruments Model Company 

Zetasizer NANO ZS 
Malvern 

Panalytical 

UV-visible Spectroscopy Agilent 8453 Agilent 

Fourier-transform infrared 
spectroscopy 

Cary 630 FTIR Agilent 

Fluorescence Spectrometer Cary Eclipse Agilent 

Simultanthermo analysator SDT 650 Waters 

Spectral Confocal Microscopy LSM 880 Carl-Zeiss 

Transmission electron 
microscopy 

JEM‐1400PLUS JEOL 

Rotary evaporator Helzbad Hel-VAP Heidolph 

Drop Shape Analyzer DSA30 Krüss 

Ultracentrifuge Optima XPN Beckman Coulter 
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5. Fabrication of autofluorescent nanoparticles 

5.1 Synthesis of CdSe-CdS quantum dots 

CdSe-CdS core-shell quantum dots (QDs) were synthesized according to a modified 
synthesis protocol based on the one described by Peng et al.[81, 82] The hydrophobic 
QDs produced in this section can be subsequently modified on the surface to acquire 
various physicochemical properties. 

5.1.1 Synthetic method of CdSe-CdS quantum dots 

Synthesis of CdSe core QDs 

Two Se-ODE precursor solutions were prepared. Se-ODE solution A (50 mM) was 
prepared by dissolving selenium powder (0.012 g, 0.15 mmol) in 3 mL ODE. Se-ODE 
solution B (100 mM) was prepared by dissolving selenium powder (0.024 g, 0.3 mmol) in 
2 mL ODE and 1 mL oleic acid. CdO (0.0256 g, 0.200 mmol) and myristic acid (0.1026 g, 
0.45 mmol) were added to 4 mL ODE in a 25 mL three-neck flask. The mixture was purged 
with nitrogen for 30 minutes and then heated to 290 °C. After a few minutes, the solution 
turned colorless, the temperature was reduced to 250 ℃. 1 mL of Se-ODE precursor 

solution A was injected swiftly into this hot solution, and it was stirred for 5 minutes. Then 
0.1 mL of Se-ODE solution B was added at a speed of 0.9 mL/h to the reaction solution, 
and reacted for 5 minutes. This reaction cycle was continued until the CdSe cores were 
grown to ~ 4.2 nm. When the desired CdSe core size was reached, the heating mantle was 
removed to let the solution cool down rapidly. Then a mixture of chloroform, methanol 
and acetone (volume ratio 1:1:1) was added to the reaction solution to precipitate the 
CdSe QDs. After centrifugation (4000 rpm, 5 min), the supernatant containing smaller QDs 
was removed and 5 mL chloroform were added to disperse the QDs in the pellet. After 
threefold purification, CdSe core QDs were finally dispersed in ODE. 

Synthesis of CdSe-CdS QDs  

For the CdS shell growth process, S-ODE solution (100 mM) was firstly prepared by 
dispersing sulfur powder (0.016 g, 0.5 mmol) in 5 mL ODE. Then disperse CdO (0.064 g, 
0.5 mmol) and myristic acid (0.251 g, 1.1 mmol) in 3.5 mL of ODE in a three-neck flask. 
This solution was stirring under nitrogen flow for 30 minutes and then heat up to 290 ℃ 

under nitrogen flow. After the solution turned colorless and transparent, the temperature 
was reduced to 150 ℃, and the purified CdSe core QDs which dissolved in 0.3 mL ODE 

was injected quickly into this solution, then the temperature was increased to 250 ℃ 

again. After the temperature reached 250 ℃, 0.1 mL of S-ODE solution was injected at 

the speed of 0.9 mL/h to the reaction solution, and reacted for 2 minutes. After that, 0.13 
mL oleic acid was injected at the speed of 0.9 mL/h to the solution and reacted for 2 
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minutes. In the second cycle, the reaction time after both 0.1 mL S-ODE and 0.13 mL oleic 
acid injections was increased to 5 minutes. From the third cycle, the volume of oleic acid 
was decreased to 0.07 mL. This reaction cycle was continued until desired sizes of CdSe-
CdS QDs were obtained. Then the heating mantle was removed to stop the reaction. After 
the solution had cooled down to room temperature, an equal volume of acetonitrile was 
added to the solution, then chloroform was added dropwise until the QDs precipitated. 
The QDs were completely precipitated by centrifugation at 4000 rpm for 5 minutes, then 
the supernatant was removed. This purification process was repeated 3 times. 

Ligand exchange and shape conversion 

In order to obtain spherical QDs instead of hexagonal ones, the QDs were further 
modified by ligand exchange and morphology transformation. A mixture of 1 mL ODE and 
2 mL oleylamine were loaded into a 50 mL three-neck flask, and the mixture was heated 
up to 200 ℃ under nitrogen flow. Then, 0.1 mL tributylphosphine (TBP) was injected into 

the mixture followed by injecting purified CdSe-CdS QDs dissolved in ODE. The reaction 
solution was stirring at 200 ℃ for 10 minutes to achieve totally ligand exchange. Then the 

nitrogen flow was stopped, the solution heated directly to 220 ℃  and stirred for 5 

minutes under air flow to convert the QDs from hexahedral to spherical. After shape 
conversion, the QDs were precipitated in a solvent mixture composed of methanol, 
acetone and chloroform (volume ratio=1:1:1). After centrifugation (4000 rpm, 5 minutes), 
the supernatant was removed. This purification procedure was repeated 3 times. The final 
CdSe-CdS QDs were dispersed in 5 mL chloroform, the concentration of QDs was around 
100 µM. 

5.1.2 UV-vis spectra of CdSe-CdS quantum dots  
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UltraViolet-Visible Spectroscopy (UV-vis) of CdSe-CdS core shell quantum dots was 
measured in chloroform, and the absorbance curve was recorded from 200 nm to 800 
nm.  

From the UV-vis spectrum, the size of the as-synthesized CdSe cores was calculated as 
described by Peng et al [3]: 

𝑑(𝑛𝑚) = 1.6122 × 10−9𝜆4 − 2.6575 × 10−6𝜆3 + 1.6242 ×
10−3𝜆2 − 0.4277𝜆 + 41.57  

(5-1) 

In the above function, d(nm) is the size of nanocrystal CdSe core, and λ  is the 

wavelength of the first excitonic absorbance peak. The resulting diameter of the CdSe 
cores is d = 4.4 nm. 

5.1.3 Photoluminescence spectroscopy of CdSe-CdS quantum dots 

Photoluminescence spectroscopy (PL) of CdSe-CdS core shell quantum dots was 
measured in chloroform, the excitation wavelength was 480 nm, and the emission range 
of QDs was from 600 nm to 650 nm. 

Figure 5-1. UV-vis absorbance spectrum A(λ) of CdSe-CdS QDs. CdSe-CdS QDs were 
dispersed in anhydrous chloroform, the first excitonic absorbance peak is at 593 nm. 
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Figure 5-2. Fluorescence emission intensity I(λ) of CdSe-CdS QDs in chloroform. The 
excitation wavelength was 480 nm. 

The CdSe-CdS QDs synthesized above exhibit narrow and symmetrical emission peaks 
at 620 nm, emitting orange-red light. 

5.1.4 Qauntum yield calculation of CdSe-CdS QDs 

To determine the quantum yield (QY) Φ of CdSe-CdS QDs, their UV-vis absorption 
spectra were collected and the absorbance values at λ = 480 nm were recorded for 
different concentrations of QDs. Then, the emission spectra of corresponding QDs were 
recorded with corresponding excitation at λEx = 480 nm and the intensities were 
integrated from 500-700 nm and the resultant integrated intensity (II) was plotted with 
respect to the absorbance values. A similar procedure was followed for the standard dye 
Rhodamine 6G.[83] The gradient ΔII/A480 of each plot has been used in the following 
equation to calculate the QY value.[84] 

ф
𝑋

= ф
𝑠𝑡

(
(𝛥 𝐼𝐼 𝛥𝐴480⁄ )𝑋

(𝛥 𝐼𝐼 𝛥𝐴480⁄ )𝑠𝑡
) (

𝜂𝑥

𝜂𝑠𝑡
)

2

 

 

(5-2) 
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Where Φx is the fluorescence quantum yield of the QDs samples, Φst is the 
fluorescence quantum yield of the standard Rhodamine 6G in ethanol, Φst = 0.94), 
(∆II)/A480)x and (∆II)/∆A480)st are the gradients from the plot of integrated fluorescence 
intensity vs absorbance of the test samples and the standard at the same excitation 
wavelength of 480 nm, respectively. ηx and ηst are the refractive indices of the solvents of 
test samples (ηchloroform = 1.442)[85] and the solvent of standard (ηethanol = 1.361)[86], 

respectively. UV-vis absorption spectra, PL spectra, and integrated intensity vs. 
absorbance curves of the QDs are shown below. 

 

Figure 5-3. a) UV-vis adsorption and b) PL spectra of different concentrations of QDs, the 
excitation wavelength is the same as the wavelength of the absorbance used in the 
gradient plot, i.e. 480 nm). C) Linear plot of integrated PL intensity (taken in the entire 
wavelength range as shown in the corresponding plot) vs. absorbance A480 at 480 nm with 
different concentrations of QDs. 
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Figure 5-4. a) UV-vis adsorption and b) PL spectra of different concentrations of 
Rhodamine 6G, the excitation wavelength is the same as the wavelength of the 
absorbance used in the gradient plot, i.e. 480 nm). C) Linear plot of integrated PL intensity 
(taken in the entire wavelength range as shown in the corresponding plot) vs. absorbance 
A480 at 480 nm with different concentrations of Rhodamine 6G. 

The quantum yield of the synthesized QDs was 39.13% compared to the standard 
Rhodamine 6G. This value represents that approximately 39.13% of the absorbed photons 
are re-emitted as luminescent photons. It is noteworthy that the quantum yield achieved 
here is consistent with the values previously reported for similar materials, confirming 
the applicability of our synthesis method.[87-89] 

Our results show that the synthesized quantum dots have excellent luminescence 
properties. These results pave the way for further exploration of the formation of protein 
coronas on the surface of quantum dot nanoparticles using fluorescence correlation 
spectroscopy.  

5.1.5 TEM images and size distribution of CdSe-CdS quantum dots 
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The CdSe-CdS QDs stock solution was diluted, 10 µL sample was dropped onto a 400-
mesh TEM copper grid covered with carbon film. After 1 min, carefully remove the excess 
liquid and the TEM grid was dry completely before TEM test. The TEM image (Figure 5-3 
(a)) shows spherical and evenly distributed quantum dots, this image was further 
analyzed by image J software to plot the histogram of QDs’ diameters distribution, the 
mean diameter of QDs is 5.2 nm. 

 

 

Figure 5-5. TEM image and size distribution of CdSe-CdS QDs. (a) TEM images of spherical 
QDs, scale bar is 50 nm. (b) Histogram of the QDs’ diameters determined from the TEM 
image; the mean diameter is 5.2 ± 0.2 nm (N = 500 NPs). 

The synthesized quantum dots have a hydrophobic surface and are dispersed in 
chloroform solution. They will be further surface-chemically modified for protein corona 
adsorption studies. 

5.2 Synthesis of polymers 

In order to apply hydrophobic QDs in biological research, we need to facilitate their 
phase transfer and dissolve them in aqueous solutions. One method to achieve this is to 
use amphiphilic polymers to coat the surface of the QDs. Several potential amphiphilic 
polymers have been developed for the polymer coating of NPs. In our study, we have 
chosen poly (isobutylene-alt-maleic anhydride) (PMA) as the hydrophilic backbone, as the 
maleic anhydride rings on the backbone can react with dodecylamine (DDA) or 3-
(Dimethylamino)-1-Propylamine (DMAPA) for further functionalization, obtaining 
hydrophobic side chains which attach to the surface of QDs. The unreacted anhydride 
rings can form negatively charged carboxyl groups when the NPs are dispersed in aqueous 
solutions, thereby maintaining stability through electrostatic repulsion in the solution. 

5.2.1 Synthetic method of polymaleimide based polymer 
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Figure 5-6. Chemical structure of a) poly (isobutylene-alt-maleic anhydride), b) 
Dodecylamin, c) 3-Diethylamino-1-propylamine, d) PMA-DDA0.75-DMAPA0, and e) PMA-
DDA-DMAPA. 

Table 5-1. List of chemical amounts use to synthesis polymer with different DMAPA ratio  

Polymer 
PMA 

(monomer 
concentration) 

DDA DMAPA 

PMA-DDA0.75 
3.084 g (20 
mmol) 

2.780 g (15 
mmol) 

0 

PMA-DDA0.5-
DMAPA0.25 

3.084 g (20 
mmol) 

1.854 g (10 
mmol) 

0.511 g (5 
mmol) 

PMA-DDA0.5-
DMAPA0.5 

3.084 g (20 
mmol) 

1.854 g (10 
mmol) 

1.022 g (10 
mmol) 

PMA-DDA0.25-
DMAPA0.75 

3.084 g (20 
mmol) 

0.927 g (5 
mmol) 

1.533 g (15 
mmol) 
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Synthesis of PMA-DDA0.75-DMAPA0 

The synthesis of PMA-DDA0.75-DMAPA0 was based on previous work. 3.1 g (0.5 mmol) 
PMA were prepared in a round-neck flask and 2.70 g (15 mmol) DDA were dissolved in 
100 mL anhydrous THF. The DDA solution was added to the PMA under stirring, then the 
mixture was heated to 55-60 ℃. The mixture was turbid in the first 30 minutes and turned 

transparent gradually afterwards. After that, the mixture was concentrated to 30-40 mL 
under reduced pressure by rotary evaporation. The remaining 30-40 mL of the mixture 
were heated to 60 ℃ again and stirred under reflux overnight. Then the solution was 

completely evaporated under reduced pressure at 40 ℃. The dried polymer powder was 

then dissolved in 40 mL anhydrous chloroform, yielding a polymer solution with a 
monomer concentration of 0.5 M. The structure of chemicals is showed in Figure 5-6. 

Synthesis of PMA-DDA0.5-DMAPA0.25, PMA-DDA0.5-DMAPA0.5 and PMA-DDA0.25-
DMAPA0.75 

The synthesis of PMA-DDA0.5-DMAPA0.25, PMA-DDA0.5-DMAPA0.5 and PMA-DDA0.25-
DMAPA0.75 followed the same protocol as for PMA-DDA0.75-DMAPA0, with variations of 
the molar ratio of DDA and DMAPA introduced (see in Table 5-1). 3.1 g PMA (0.5 mmol) 
were dissolved in 50 mL of THF, then DMAPA were added to the turbid mixture under 
stirring. The mixture was sonicated for 3-5 minutes and DDA were added. Then, the 
solution was heated to 60 ℃ and stirred under reflux overnight. The next day, THF was 

completely removed by rotary evaporation. The polymer formed a uniform film that was 
dissolved in 40 mL anhydrous chloroform. The nominal final monomer concentration of 
polymer is 0.5 M. The structure of chemicals is showed in Figure 5-6. 

5.2.2 Fourier Transform Infrared Spectroscopy (FTIR) analysis 

The fourier transform infrared spectroscopy (FTIR) was measured by Agilent cary 630 
FTIR spectrometer, all the samples are test for powder. 

The results from the FTIR cannot be used for quantitative analysis of the polymer 
components. However, the characteristic peaks of polymaleamide are evident in the 
spectra of all polymers, indicating that the polymers share a similar hydrophilic backbone. 
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Figure 5-7. FITR of a) PMA-DDA0.75-DMAPA0, b) PMA-DDA0.5-DMAPA0.25, c) PMA-DDA0.5-
DMAPA0.5, and d) PMA-DDA0.25-DMAPA0.75. 

5.2.3 Thermogravimetric analysis (TGA) 

The thermogravimetric analysis was conducted by simultanthermo analysator, the 
samples were tested as powder, and for each polymer, the measurements were repeated 
for 3 times. 

While the thermogravimetric data cannot provide a quantitative analysis of the 
polymer proportions, the consistent temperature at which the weight of each polymer 
decreases indicates that all polymers exhibit similar thermal decomposition temperatures. 
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Figure 5-8. TGA of a) PMA-DDA0.75-DMAPA0, b) PMA-DDA0.5-DMAPA0.25, c) PMA-DDA0.5-
DMAPA0.5, and d) PMA-DDA0.25-DMAPA0.75. 

5.3 Fabrication of polymer coated CdSe-CdS quantum dots 

This section describes the fabrication of nanoparticles overcoated with the synthesized 
polymer. These polymers have an amphiphilic structure, featuring a hydrophilic side 
(carboxylic group, secondary amine group, or PEG) and a hydrophobic side (alkane). The 
hydrophobic quantum dots strongly interact with the self-assembled alkane monolayer 
on their surface, while the hydrophilic nature of the polymers facilitates the efficient 
transfer of nanoparticles from an organic solvent to an aqueous phase. 

Hydrophobic quantum dots are generally insoluble in aqueous environments, limiting 
their use in biological systems. Coating them with amphiphilic polymers facilitates their 
dispersion in water or other polar solvents, thereby improving solubility and stability, 
making the coated quantum dots suitable for biological applications such as imaging, drug 
delivery, and biosensing. The surface of polymer-coated nanoparticles can also provide 
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functional groups for further binding to biomolecules, thereby achieving targeted delivery 
or specific interactions with biological targets. 

Coated quantum dots are used in fluorescence imaging technology due to their 
superior optical properties, including high brightness and photostability, and they can be 
used for in vivo imaging to track biological processes. Phase-transferred quantum dots 
can also serve as carriers for drug delivery, allowing real-time monitoring of drug 
distribution in vivo and achieving controlled drug release. Surface-functionalized 
quantum dots can be used as components in biosensors to help improve the sensitivity 
and selectivity of detection of various biomolecules. 

5.3.1 Polymer coating process 

The phase transfer of CdSe-CdS QDs (polymer coating process) was done according to 
previous work with some modifications. CdSe-CdS QDs stock solution was mixed with 
PMA-DDA0.75-DMAPA0, PMA-DDA0.5-DMAPA0.25, PMA-DDA0.5-DMAPA0.5 or PMA-DDA0.25-
DMAPA0.75 stock solution in chloroform. The volume of polymer was calculated according 
to the equations below. First, we need to calculate the effective surface area Aeff of QDs 
use equation (5-3). 

𝐴𝑒𝑓𝑓 = 4𝜋 × (
𝑑𝑒𝑓𝑓

2
)

2

 (5-3) 

 

Then we can calculate the number of monomer units that needs to be added. The 
parameter Rp/Area is the amount of polymer added per effective NP surface, we chose 100 
nm–2 refer to previous research. 

𝑁𝑝 = 𝑅𝑝/𝐴𝑟𝑒𝑎 × 𝐴𝑒𝑓𝑓  (5-4) 

𝑉𝑝 =
𝑅𝑝/𝐴𝑟𝑒𝑎 × 𝐴𝑒𝑓𝑓 × 𝑐𝑁𝑃 × 𝑉𝑁𝑃

𝑐𝑝
 (5-5) 

 

In these equations above, the Vp is the volume of polymer we need to add in coating 
process, and cNP is the concentration of QDs, VNP is the volume of QDs solution we add, cp 
is the concentration of polymer solution. 

The mixture was sonicated for 30 seconds to mix it thoroughly, then the chloroform 
was evaporated in a rotary evaporator at 40 °C. Upon removal of the solvent, the polymer 
wraps around the QDs and forms a thin film on the inner walls of the flask. Anhydrous 
chloroform was added to the flask to re-dissolve the polymer coated QDs. The mixture 
was sonicated again for 30 seconds, and the chloroform removed by rotary evaporation 
afterwards. These steps were carried out 3 times to obtain a homogeneous polymer 
coating on the QDs. Finally, the NPs were dispersed in aqueous solution. The maleic acid 
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anhydrides in the PMA backbone are readily hydrolyzed in water thus generating 
carboxylic acid groups that improve the solubility of the NPs in water. PMA-DDA0.75-
DMAPA0 coated NPs were dissolved in alkaline sodium hydroxide buffer (10 mM, pH 12) 
to deprotonate the carboxylic acid groups for additional electrostatic stabilization. In 
contrast, PMA-DDA0.5-DMAPA0.25, PMA-DDA0.5-DMAPA0.5 and PMA-DDA0.25-DMAPA0.75 

coated NPs were dispersed in acidic solution (0.1 M NaCl at pH 3.3, adjusted by HCl) and 
stirred for 4 hours to protonate the amino groups that were introduced via DMAPA. All 
the NPs were further purified by ultracentrifugation (40000 rpm, 30 minutes) after the 
polymer coating process to remove excess polymer in the supernatant. 

5.3.2 pH dependent zeta potential of nanoparticles 

Understanding the surface chemistry and charge properties of nanoparticles is 
essential to predict their stability, dispersion, and interactions in biological and 
environmental systems. One of the key parameters to evaluate is the zeta potential, 
which represents the electrostatic potential of the sliding plane of dispersed particles and 
provides  

in an increase in the overall positive charge of the polymer, while at higher pH values, 
deprotonation will happen, resulting in a predominantly negative surface charge. insight 
into the stability of colloidal systems. In this experiment, we investigated the pH-
dependent zeta potential of nanoparticles coated with amphiphilic polymers. 

As pH changes, the protonation and deprotonation of carboxyl and dimethylamino 
groups in the polymers synthesized above will directly affect the surface charge of the 
nanoparticles. Specifically, at lower pH values, the dimethylamino groups on the polymers 
can be protonated, resulting 

By systematically varying the pH and measuring and analyzing the changes in zeta 
potential over a range of pH values, this experiment aims to elucidate how the surface 
charge of nanoparticles coated with amphiphilic polymers responds to changes in the 
ionic environment, thereby affecting the formation of their surface protein corona. This 
understanding is essential for the rational design of nanomaterials for specific 
applications in a variety of scientific and industrial fields. 

The nanoparticles were diffused in 1×PBS buffer under different pH value, the zeta 

potential was measured by Malvern zetasizer. 

After encapsulation of the QDs with PMA-DDA0.75-DMAPA0, the carboxyl groups on 
their surface become deprotonated, resulting in a significant negative charge that 
remains relatively consistent across the pH range of 5 to 9. This suggests that the polymer 
surface modification promotes a uniform distribution of negative charge on the QDs, 
which enhances the stability of the nanoparticles in solution due to the increased surface 
charge density.  
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Following the introduction of DMAPA into the polymer, its protonation under acidic 
conditions resulted in the nanoparticles carrying both positive and negative charges, 
rendering QDs@PMA-DDA0.5-DMAPA0.25 electrically neutral in solutions at pH 5 and pH 6. 
However, as the pH increased, the protonation ability of DMAPA diminished, leading to a 
slight negative charge on the surface of the NPs (-12.7 mV).  

As the proportion of DMAPA in the polymer increased, the positive charge on the 
surface of the NPs increased accordingly. Both QDs@PMA-DDA0.5-DMAPA0.5 and 
QDs@PMA-DDA0.25-DMAPA0.75 exhibit positive charges within the pH range of 5 to 9, 
however, this positive charge weakens under alkaline conditions at pH 8 and pH 9. 

In summary, the zeta potential of QDs@PMA-DDA0.75-DMAPA0 remains largely 
unaffected by changes in solution pH and exhibits a strong negative charge. In contrast, 
QDs@PMA-DDA0.5-DMAPA0.25 is essentially electrically neutral. The positive surface 
charge of QDs@PMA-DDA0.5-DMAPA0.5 and QDs@PMA-DDA0.25-DMAPA0.75 decreases as 
the pH increases. Understanding the surface charges of these NPs provides valuable 
insights for future research on the formation of protein corona. 
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Figure 5-9. pH dependent zeta potential of QDs@PMA-DDA0.75-DMAPA0, QDs@PMA-
DDA0.5-DMAPA0.25, QDs@PMA-DDA0.5-DMAPA0.5, and QDs@PMA-DDA0.25-DMAPA0.75. 

Table 5-2. pH dependent zeta potential (ζ) of QDs@PMA-DDA0.75-DMAPA0, QDs@PMA-

DDA0.5-DMAPA0.25, QDs@PMA-DDA0.5-DMAPA0.5, and QDs@PMA-DDA0.25-DMAPA0.75. 

Zeta potential (ζ, mV) pH 5 pH 6 pH 7 pH 8 pH 9 

QDs@PMA-DDA0.75-
DMAPA0 

-67.9 ± 8.0 -70.2 ± 7.4 -75.4 ± 8.2 -64.7 ± 8.6 -76.5 ± 7.1 

QDs@PMA-DDA0.5-
DMAPA0.25 

-0.1 ± 0.1 -0.4 ± 0.1 -7.4 ± 0.8 -11.2 ± 1.3 -12.7 ± 0.8 

QDs@PMA-DDA0.5-
DMAPA0.5 

17.8 ± 1.2 14.0 ± 1.8 11.9 ± 1.7 5.8 ± 1.4 3.1 ± 0.3 

QDs@PMA-DDA0.25-
DMAPA0.75 

22.9 ± 1.7 16.1 ± 1.0 12.3 ± 0.8 9.8 ± 0.6 9.1 ± 1.2 

 

5.3.3 pH dependent hydrodynamic size of nanoparticles 

The hydrodynamic size of a NPs, defined as the effective diameter of the particle as it 
moves through a fluid, is a key parameter that reflects its stability and behavior in solution. 
Our measurement technique, dynamic light scattering (DLS), is used to assess the 
hydrodynamic size of NPs under different pH conditions. As the pH increases or decreases, 
the ionization state of the surface groups leads to changes in the net charge of the NPs, 
which affects their colloidal stability and aggregation tendency. In the case of a high net 
surface charge, the repulsive forces between particles increase and the tendency to 
aggregate decreases, while in the case of a decreased net surface charge, the repulsive 
forces between particles decrease and the likelihood of aggregation increases, resulting 
in larger nanoparticles. 

Understanding the relationship between pH and hydrodynamic size is critical to 
optimizing NPs design for specific applications, ensuring stable properties are maintained 
under physiological conditions or in the target environment. 
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Figure 5-10. pH dependent hydrodynamic size of QDs@PMA-DDA0.75-DMAPA0, 
QDs@PMA-DDA0.5-DMAPA0.25, QDs@PMA-DDA0.5-DMAPA0.5, QDs@PMA-DDA0.25-
DMAPA0.75. 

Table 5-3. Hydrodynamic diameters of QD-polymer conjugates in PBS buffer from pH 5 to 
pH 9, the results are presented as number weighted distributions, and measurements 
were recorded in triplicates.  

pH [1× PBS] 
QDs@PMA-

DDA0.75-DMAPA0 

[nm] 

QDs@PMA-
DDA0.5-
DMAPA0.25 [nm] 

QDs@PMA-
DDA0.5-DMAPA0.5 

[nm] 

QDs@PMA-
DDA0.25-
DMAPA0.75 [nm] 

5 10.5 ± 1.2 9.0 ± 1.8 13.5 ± 1.0 14.4 ± 0.3 

6 9.3 ± 0.2 13.0 ± 2.7 15.5 ± 1.8 12.5 ± 0.2 

7 11.4 ± 0.2 11.0 ± 2.2 11.5 ± 0.5 14.5 ± 0.5 
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8 9.3 ± 0.7 10.9 ± 2.1 13.8 ± 1.2 13.2 ± 1.2 

9 10.1 ± 0.3 12.2 ± 2.4 14.2 ± 1.1 15.0 ± 1.0 

 

Based on the results presented in Figure 5-x and Table 5-X, the particle sizes of the four 
NPs exhibit minimal variation among pH 5 to pH 9, indicating that the NPs are quite stable 
within this pH range. Notably, QDs@PMA-DDA0.5-DMAPA0.5 and QDs@PMA-DDA0.25-
DMAPA0.75 display slightly larger particle sizes. This increase may be attributed to their 
lower surface electrostatic charge, which compromises their stability in solution 
compared to QDs@PMA-DDA0.75-DMAPA0. In contrast, QDs@PMA-DDA0.5-DMAPA0.25 has 
a smaller particle size than the two previously mentioned nanoparticles. Despite its 
surface being nearly neutral, its strong hydrophilicity contributes to its stability in 
aqueous solution, as it carries both positive and negative charges on its surface. 

This result also demonstrated that the NPs above exhibited excellent colloidal stability 
within the pH range of 5 to 9, thereby establishing a solid foundation for future research 
on protein corona formation under varying pH conditions. 

5.3.4 NaCl concentration dependent hydrodynamic size of nanoparticles 

The ionic strength of the solution plays an important role in regulating the electrostatic 
interactions between nanoparticles and their surroundings, thus affecting their 
hydrodynamic size. 

When sodium chloride is introduced into the nanoparticle suspension, the ions can 
shield the surface charges on the nanoparticles. As the sodium chloride concentration 
increases, this shielding effect leads to a decrease in the electrostatic repulsion between 
the charged nanoparticles, which may lead to increased aggregation. At higher sodium 
chloride concentrations, the nanoparticles may aggregate together, resulting in a larger 
hydrodynamic size measured by dynamic light scattering (DLS). In contrast, at lower 
sodium chloride concentrations, the electrostatic repulsion between the nanoparticles is 
stronger, which favors their stability and leads to a smaller measured size. 

After dispersing the nanoparticles in sodium chloride solutions of different 
concentrations and measuring their hydrodynamic size after 0 and 24 hours, we can 
analyze and compare the stability of nanoparticles encapsulated by different polymers in 
sodium chloride solutions and preliminarily infer their stability in physiological 
environments. 
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Figure 5-11. Hydrodynamic diameter of NPs in 0-0.5 M NaCl solution. The results are 
presented as number weighted distributions and measurements were recorded in 
triplicates.  

Table 5-4. Hydrodynamic diameter of NPs in 0-0.5 M NaCl solution. Measurement of each 
NPs were conducted for 3 times.  

NaCl 
concentration [M] 

PMA-
DDA0.75-
DMAPA0 [nm] 

PMA-DDA0.5-
DMAPA0.25 [nm] 

PMA-DDA0.5-
DMAPA0.5 [nm] 

PMA-DDA0.25-
DMAPA0.75 [nm] 

0 9.8 ± 0.5 10.9 ± 0.3 17.0 ± 2.1 11.1 ± 1.4 

0.1 12.6 ± 1.7 12.0 ± 1.9 14.7 ± 2.8 11.9 ± 1.6 

0.2 9.9 ± 0.4 12.6 ± 0.7 14.2 ± 2.6 14.8 ± 2.4 

0.3 9.7 ± 0.3 10.2 ± 1.8 13.9 ±2.7 13.7 ± 3.0 
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0.4 9.1 ± 0.4 12.2 ± 1.6 13.0 ± 0.5 16.3 ± 0.1 

0.5 12.3 ± 0.5 13.5 ± 0.7 13.0 ± 3.5 17.5 ± 0.6 

 

5.3.5 Interfacial tension of nanoparticles 

The chemical modification of the QDs surface plays a critical in determining the 
wettability of NPs surfaces. When NPs are functionalized with hydrophilic groups, they 
exhibit a greater affinity for the aqueous phase, which can lead to increased interfacial 
tension (IFT) with organic solvents. Conversely, hydrophobic modifications result in 
reduced IFT. A NP's hydrophilicity is a key factor influencing its interactions with 
biomolecules and ultimately with cells. Studies have shown that hydrophobic NPs are 
more prone to adsorb biomolecules, potentially triggering immune responses in vivo, 
while hydrophilic NPs demonstrate lower protein adsorption, contributing to a prolonged 
circulation time in the bloodstream. 

Thus, a thorough understanding of the physicochemical properties of NPs is essential 
for predicting their behavior at the nano-bio interface. In this study, we evaluated the IFT 
of the nanoparticle system described in this thesis. 

The IFT measurements of QDs-polymer conjugates were recorded by the drop shape 
analyzer. We used the pendant drop method for the measurement, where we produced 
30 µL drop of each nanoparticle solution in a transparent glass cup filled with toluene. 
The shape of the drop depends on the relationship between the interfacial tension and 
gravity. In this method, the interfacial tension can be calculated from the projection of 
the hanging drop recording by a high frame rate camera implemented with the drop 
shape analyzer. The QDs-polymer NPs were loaded into a syringe which was then 
equipped with a stainless-steel needle (diameter: 1.28 mm) to produce a 30 µL drop of 
NP dispersion (for QDs@PMA-DDA0.25-DMAPA0.75 was 15 µL) in toluene. The photographs 
of the pendant drop were recorded for 10 hours. The IFT was calculated using the 
principal radius of curvature of the drop, and further calculated according to Young-
Laplace fitting as shown in the following function.[90] 

𝛶 =
𝛥𝜌𝑔𝑑𝑒

𝐻
 

 
(5-6) 

Δ𝜌 represents the difference in density between the liquid drop and the surrounding 
medium (toluene). The term 𝑔 denotes the acceleration due to gravity. The symbol 𝑑𝑒 
indicates the largest horizontal diameter of the drop. Additionally, 𝐻 is a function of the 
ratio 𝑆𝑛 (which is defined as 𝑑𝑛/𝑑𝑒), where 𝑑𝑛 refers to the horizontal diameter measured 
at a point located at a distance of 𝑑𝑒 multiplied by (𝑛/10) from the bottom of the drop. 
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The captured drop profile for each NPs was further fitted by the equation below.[91] 

𝛶𝑡 = 𝛶𝑚 +
𝛶0 + 𝛶𝑚

1 + (
𝑡

𝑡ℎ
)

𝑛 

 

(5-7) 

Here, Υt represents the interfacial tension at any given time t, while Υ0 denotes the 
interfacial tension of the pure solvent (water-toluene) as shown in Figure 5-X. The term 
Υm indicates the interfacial tension at meso-equilibrium, 𝑛 is a dimensionless exponent, 
which is a constant related to the hydrophobicity of the nanoparticles, usually higher 𝑛 
indicates stronger hydrophobicity. And 𝑡ℎ refers to the half-life required to achieve the 
meso-equilibrium state.  

Figure 5-12. Interfacial tension of MilliQ water-toluene. The mean surface tension is 29.71 
± 1.35 mN/m. 

 Through the above fitting analysis, we can preliminarily evaluate the differences in 
hydrophobicity and hydrophilicity between the studied nanoparticles. Further, we can 
explore a more comprehensive understanding of the behavior of NPs by calculating the 
maximum decay rate of the IFT (ν𝑚𝑎𝑥). 

𝜈𝑚𝑎𝑥 =
𝑛 (𝛶0 − 𝛶𝑚)

4 𝑡ℎ
 (5-8) 
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By examining the dynamic changes in surface tension of NPs in toluene over time, we 
can gain deeper insights into their properties and elucidate the subsequent protein 
corona adsorption experiments. 

The changes recording in IFT and the fitting for each NPs sample in toluene are 
illustrated in Figure 5-X and Table 5-X. The results demonstrate that the behavior of IFT 
for NPs dispersed in aqueous solution significantly depends on the polymer composition.  

We can evaluate the hydrophilicity of the NPs using the fitted parameters. Specifically, 
a higher value of 𝛾𝑚 indicates greater hydrophilicity, while n represents the degree of 
hydrophobicity; thus, a higher value of n corresponds to stronger hydrophobicity. 
However, evaluating the hydrophilicity of the NPs based solely on these two values is 
inadequate. A comprehensive analysis requires consideration of additional fitting 
parameters to fully characterize the properties of the nanoparticles. 

Droplets of QDs@PMA-DDA0.75-DMAPA0 NPs were stable in toluene for 10 hours. 
During this observation period, their IFT gradually decreased from 30 mN/m in the 
beginning, reaching a final value of 22.5 mN/m. This slow change suggests that the initial 
repulsive force stemming from the strong negative charge on the NP surface hindered 
rapid adsorption at the interface, highlighting their significant hydrophilicity. However, 
the gradual decrease in interfacial tension over the 10 hours indicates that, despite the 
hydrophilic nature of the NPs, their ability to effectively reduce the interfacial tension at 
the water-toluene interface is limited. This limitation can be attributed to the strong 
electrostatic repulsion between the negatively charged NPs and the water-toluene 
interface, which restricts their ability to migrate and stabilize quickly at the interface. 

After introducing DMAPA into the polymer, QDs@PMA-DDA0.5-DMAPA0.25 and 
QDs@PMA-DDA0.5-DMAPA0.5 exhibited similar 𝛾𝑚 values of 10.71 and 10.68, respectively, 
indicating that their hydrophilicity is significantly lower than that of QDs@PMA-DDA0.75-
DMAPA0. Among them, QDs@PMA-DDA0.5-DMAPA0.5 demonstrated stronger 
hydrophobicity and a slower IFT decay rate. Although the electrostatic charge of 
QDs@PMA-DDA0.5-DMAPA0.25 is lower than that of QDs@PMA-DDA0.5-DMAPA0.5, the 
zwitterionic nature of this NPs facilitated the formation of a hydration layer around the 
NPs, thereby enhancing their hydrophilic properties. 

When we introduced QDs@PMA-DDA0.25-DMAPA0.75 into toluene, the NPs could not 
remain stable in the solvent, and the droplets quickly fell apart. This instability can be 
attributed to the increased positive charge of the NPs, which results in poor compatibility 
with the solvent and inadequate stability. Additionally, the uneven distribution of positive 
charges on the NPs surface further diminishes droplet stability, causing them to rapidly 
settle in the solution. 

DMAPA is a hydrophobic amine that can increase the overall hydrophobicity of the 
polymer structure. While DMAPA contains amine functional groups capable of forming 
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hydrogen bonds with water, the aliphatic chains of DMAPA create a more hydrophobic 
environment when incorporated into NPs. This effect can mask their hydrophilicity, 
leading to a net decrease in hydrophilic properties. Although amines can be protonated 
in aqueous solutions to generate positive charges, an excessive amount of DMAPA may 
result in a predominance of positive surface charges, also encourages the formation of 
hydrophobic domains within the NPs structure, reducing the interaction of the NPs with 
water molecules and lowering their affinity for water. 

The IFT results indicate that the introduction of DMAPA groups decreases both the 
stability and hydrophilicity of NPs at the water-organic interface. Notably, irrespective of 
the surface charge, an increase in the proportion of DMAPA correlates with a decline in 
stability and an enhancement of hydrophobicity. 

Figure 5-13. Interfacial tension (IFT) of a) QDs@PMA-DDA0.75-DMAPA0, b) QDs@PMA-
DDA0.5-DMAPA0.25, c) QDs@PMA-DDA0.5-DMAPA0.5, d) QDs@PMA-DDA0.25-DMAPA0.75, 
the IFT was recorded for 10 hours. The red line represents the fitting by Hua and Rosen 
equation. 

Table 5-5. Dynamic analysis of interfacial tension. Where 𝛾𝑚 is the meso-equilibrium 
interfacial tension, 𝑡ℎ is the half-life time to reach this value, 𝑛 is a constant related to the 
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hydrophobicity, 𝜈𝑚𝑎𝑥 is the decay rate of the interfacial tension, and 𝛾mean is the mean 
surface tension during measurements. 

NPs Υm [mN/m] th [s] n νmax [mN/ms] 

QDs@PMA-
DDA0.75-DMAPA0 

--- --- --- --- 

QDs@PMA-DDA0.5-
DMAPA0.25 

10.71 ± 0.52 50.88 ± 15.30 0.16 ± 0.009 0.015 

QDs@PMA-DDA0.5-
DMAPA0.5 

10.68 ± 0.15 
523.15 ± 

18.47 
0.36 ± 0.007 0.003 

QDs@PMA-
DDA0.25-DMAPA0.75 

--- --- --- --- 

 

5.4 Biotinylating and PEGylating of polymer coated CdSe-CdS quantum dots 

In the field of nanoscience, biotinylation is a powerful tool that facilitates the 
functionalization of nanoparticles and nanomaterials with biotin or Polyethylene glycol 
(PEG). 

Biotin is a water-soluble B vitamin that plays a vital role in various metabolic processes, 
including the metabolism of fats, carbohydrates, and proteins. It acts as a coenzyme for 
several carboxylases and is important for fatty acid synthesis and gluconeogenesis.  

Using the strong binding interaction between biotin and avidin (or streptavidin), 
biotinylated nanoparticles can be used in biosensors for the detection of biomolecules. 
For example, a surface coated with avidin can capture biotinylated DNA or proteins, 
allowing for sensitive detection in a variety of diagnostic applications. By conjugating 
biotin to drug-loaded nanoparticles, researchers can target cells with high levels of avidin 
or streptavidin receptors, which can significantly improve the efficacy of treatments and 
minimize the side effects of damage to healthy tissues. Biotinylated nanoparticles can 
also be used for imaging studies (e.g., fluorescence microscopy or MRI) by combining 
them with imaging agents.[92, 93] 

Polyethylene glycol (PEG) is a biocompatible hydrophilic polymer of varying molecular 
weights. PEG enhances the properties and performance of biomolecules and 
nanomaterials. Its applications in drug delivery, imaging, and immunotherapy illustrate 
its importance in advancing biomedical research and developing innovative therapeutic 
strategies.  
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The large size of the PEG chain sterically hinders access of other biomolecules (such as 
serum proteins or immune cells) to the PEGylated surface, thereby reducing opsonization 
(the process of marking particles for clearance). PEGylation also increases the 
hydrophilicity of NPs, improving their solubility in biological fluids and minimizing the 
aggregation behavior of nanoparticles. By modifying the surface with PGE, the recognition 
and clearance of nanoparticles by the immune system can be reduced, thereby extending 
the circulation time of nanodrugs in the blood.[94, 95] 

In this thesis, biotinylating or pegylating was introduced into the surface of QDs NPs 
by chemical modification. In subsequent experiments, the formation of protein corona 
was measured by incubation with different proteins. We were able to study the formation 
behavior of protein corona on the surface of biotinylated or PEGylated NPs. 

5.4.1 Biotinylating of polymer coated CdSe-CdS quantum dots 

The surface biotinylation was performed on QDs coated with polymers. Two specific 
NPs were selected for the experiment: QDs@PMA-DDA0.75-DMAPA0 and QDs@PMA-
DDA0.5-DMAPA0.25. The biotinylation process utilized the EDC/NHS coupling method 
(Figure 5-15) to enable the reaction between NH2-PEG5000-biotin and the carboxyl groups 
present on the polymer surface. 

 

 

Figure 5-14. Mechanism of EDC/NHS coupling. Thermo Fisher website. 

50 µL 0.02 M (EDC/NHS) fresh water solution was mixed to 1 mL of 50 µM QDs@PMA-
DDA0.75-DMAPA0 or QDs@PMA-DDA0.5-DMAPA0.5, stirring at room temperature for 30 
minutes. After 30 minutes, use ultrafiltration tube to remove unreacted EDC and NHS in 
the mixture solution (3500 rpm, 5 mins). The solution was re-dissolved in PBS buffer (pH 
7), and add 1 mL 0.2 µM NH2-PEG5000-biotin to the mixture solution, reacted for 4 hours 
at room temperature. After 4 hours, use ultrafiltration tube to remove unreacted NH2-
PEG5000-biotin. 
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5.4.2 PEGylating of polymer coated CdSe-CdS quantum dots 

Synthesis of PMA-DDA0.5-PEG0.25 

The synthesis of PMA-DDA0.5-PEG0.25 followed the same protocol as the polymers 
above, with introduction of PMA (3.084 g, 20 mmol) were dissolved in 50 mL of THF, then 
α-Methoxy-ω-Amino PEG (10 g, 5 mmol) were added to the turbid mixture under stirring. 

The mixture was sonicated for 3-5 minutes and DDA were added. Then, the solution was 
heated to 60 ℃ and stirred under reflux overnight. The next day, THF was completely 

removed by rotary evaporation. The polymer formed a uniform film that was dissolved in 
40 mL anhydrous chloroform. The nominal final monomer concentration of polymer is 0.5 
M. The structure of chemicals is showed in Figure 5-7, and it is named PMA-DDA0.75-
PEG0.25. 

Figure 5-15. Chemical structure of a) poly (isobutylene-alt-maleic anhydride), b) 
Dodecylamin, c) α-Methoxy-ω-Amino PEG, and d) PMA-DDA0.75-PEG0.25. 

Table 5-6. List of chemical amounts use to synthesis polymer grafted with PEG.  

Polymer 
PMA (monomer 
concentration) 

DDA CH3O-PEG-NH2 

PMA-DDA0.75-PEG0.25 
3.084 g (20 

mmol)  
2.780 g (15 mmol) 10 g (5 mmol) 
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The process of pegylating on QDs was same as polymer coating process above. The 
mixture of PMA-DDA0.75-PEG0.25 stock solution was sonicated for 30 seconds to mix it 
thoroughly, then the chloroform was evaporated in a rotary evaporator at 40 °C. Upon 
removal of the solvent, the polymer wraps around the QDs and forms a thin film on the 
inner walls of the flask. Anhydrous chloroform was added to the flask to re-dissolve the 
polymer coated QDs. The mixture was sonicated again for 30 seconds, and the chloroform 
removed by rotary evaporation afterwards. These steps were carried out 3 times to 
obtain a homogeneous polymer coating on the QDs. Finally, the NPs were dispersed in in 
alkaline sodium hydroxide buffer (10 mM, pH 12) to deprotonate the carboxylic acid 
groups for additional electrostatic stabilization. The NPs were further purified by 
ultracentrifugation (40000 rpm, 30 minutes) after the polymer coating process to remove 
excess polymer in the supernatant, and named as QDs@PMA-DDA0.75-PEG0.25. 

5.4.3 pH dependent zeta potential of nanoparticles 

The nanoparticles were diffused in 1×PBS buffer under different pH value, the zeta 
potential was measured by Malvern zetasizer. 

After grafting PEG-biotin onto the surface of QDs@PMA-DDA0.75-DMAPA0 NPs, a 
significant increase in the NPs' zeta potential was observed in Figure 5-X, reaching -13.7 
mV at pH 5, which is approximately 50 mV higher than before. This enhancement may 
result from the reaction between the amino groups on NH2-PEG-biotin and the negatively 
charged carboxyl groups on the NPs surface, leading to partial neutralization of the 
negative charge and a decrease in the surface static charge. Moreover, the PEG portion 
of PEG-biotin contributes to increased hydrophilicity of the NPs. Although PEG itself is 
nearly neutral, its steric hindrance and hydrophilicity can still influence the interaction 
between ions in the solution and the NPs surface. This effect may stabilize the particles, 
potentially leading to increased electrostatic repulsion and may lead to a more uniform 
distribution of charges, thus impacting the zeta potential readings.  

For the biotinylating on the surface on QDs@PMA-DDA0.5-DMAPA0.25-biotin, we also 
observed slightly zeta potential increase, but much lower than we see on the surface of 
QDs@PMA-DDA0.75-DMAPA0. This is likely because PMA-DDA0.5-DMAPA0.25 is a 
zwitterionic polymer that contains both positively and negatively charged groups within 
its structure, allowing it to maintain a neutral overall charge in solution. When biotin is 
grafted onto these polymers, the net charge contribution is less pronounced compared 
to nanoparticles (NPs) with predominantly anionic surfaces. As a result, while 
biotinylation does lead to some increase in zeta potential, the impact may be limited due 
to the zwitterionic nature of the polymer, which mitigates the overall charge change. 
Additionally, zwitterionic polymers can foster a more favorable hydration layer around 
the particles, providing stability and potentially reducing electrostatic repulsion. 
Consequently, this may lead to a smaller increase in zeta potential upon biotinylation in 
comparison to other NP systems. 
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Lastly, we have studied the zeta potential change of pegylated NPs under different pH 
conditions. Unlike the first two NPs, we directly grafted PEG onto the polymer before 
coating it onto the QDs to achieve phase transfer. PEG is a neutral polymer, and its 
grafting onto a polymer containing carboxyl groups increases the mass and surface area 
without significantly altering the overall surface charge after coating the nanoparticles. 
As a result, the inherent negative charge from the carboxyl groups continues to dominate 
as we see in Figure 5-16 and Table 5-7.  

The zeta potential of these three NPs shows minimal variation with pH. Understanding 
the surface charges will enhance our ability to further study the protein corona formation. 

Figure 5-16. pH dependent zeta potential ( ζ ) of QDs@PMA-DDA0.75-DMAPA0-biotin, 

QDs@PMA-DDA0.5-DMAP0.25-biotin and QDs@PMA-DDA0.75-PEG0.25. 

Table 5-7. pH dependent zeta potential ( ζ ) of QDs@PMA-DDA0.75-DMAPA0-biotin, 

QDs@PMA-DDA0.5-DMAP0.25-biotin and QDs@PMA-DDA0.75-PEG0.25. 

Zeta potential (ζ, mV) pH 5 pH 6 pH 7 pH 8 pH 9 
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QDs@PMA-DDA0.75-
PEG-biotin 

-13.7 ± 2.0 -18.3 ±2.4 -22.0 ± 1.4 -22.5 ± 1.5 -24.7 ± 1.8 

QDs@PMA-DDA0.5-
DMAPA0.25-PEG-

biotin 

7.3 ± 1.9 7.3 ± 2.0 4.9 ± 1.2 3.4 ± 0.7 3.3 ± 1.3 

QDs@PMA-DDA0.75-
PEG0.25 

-51.6 ± 3.8 -54.3 ± 5.6 -52.9 ± 2.6 -51.3 ± 2.4 -51.2 ± 2.5 

 

5.4.4 pH dependent hydrodynamic size of nanoparticles 

The hydrodynamic size of NPs was recorded under different pH conditions by zeta sizer, 
size distribution is shown in Figure 5-17. 
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Figure 5-17. pH dependent hydrodynamic size of QDs@PMA-DDA0.75-DMAPA0-biotin, 
QDs@PMA-DDA0.5-DMAPA0.25-biotin and QDs@PMA-DDA0.75-PEG0.25. 

The results indicate that these three NPs exhibit good colloidal stability, with particle 
size remaining relatively constant across different pH conditions. This stability provides a 
strong foundation for our subsequent investigations into protein corona formation under 
varying pH environments.  

5.4.5 NaCl concentration dependent hydrodynamic size of nanoparticles 

The hydrodynamic size of NPs was recorded under different NaCl concentration by zeta 
sizer, size distribution is shown in Figure 5-18. 
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Figure 5-18. Hydrodynamic diameter of NPs in 0-0.5 M NaCl solution. The results are 
presented as number weighted distributions and measurements were recorded in 
triplicates.  

The results indicate that these three nanoparticles exhibit good colloidal stability, with 
particle size remaining relatively constant across different NaCl concentrations. This 
stability provides a strong foundation for our subsequent investigations into protein 
corona formation in PBS buffer.  

5.4.6 Interfacial tension of nanoparticles 
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The IFT measurements of QDs-polymer conjugates were recorded by the drop shape 
analyzer. We used the pendant drop method for the measurement, where we produced 
30 µL drop of each NPs solution in a transparent glass cup filled with toluene. The shape 
of the drop depends on the relationship between the interfacial tension and gravity. In 
this method, the IFT can be calculated from the projection of the hanging drop recording 
by a high frame rate camera implemented with the drop shape analyzer. The QDs-
polymer NPs were loaded into a syringe which was then equipped with a stainless-steel 
needle (diameter: 1.28 mm) to produce a 30 µL drop of NPs solution. The photographs of 
the pendant drop were recorded for 10 hours. The IFT was calculated using the principal 
radius of curvature of the drop, and further calculated according to Young-Laplace fitting 
as shown in Figure 5-19. and the change of IFT was further fitted by Hua and Rosen 
equation, the parameters are shown in Table 5-8. 

After grafting PEG-biotin onto the surface, the interfacial tension of QDs@PMA-
DDA0.75-DMAPA0-biotin significantly decreased compared to QDs@PMA-DDA0.75-DMAPA0, 
with a calculated 𝛾𝑚 of 10.54 mN/m and n of 1.33, suggesting an increase in 
hydrophobicity. While the incorporation of PEG-biotin would theoretically enhance the 
hydrophilicity of the NPs, the observed IFT results contradict this expectation. This 
discrepancy may arise from the substantial reduction in the surface charge of the NPs 
following PEG-biotin modification, which could lead to insufficient electrostatic repulsion, 
thereby decreasing stability. Although PEG's long chains and flexible structure provide 
steric hindrance that contributes to NPs stabilization, the reduction in surface negative 
charge may also alter the adsorption equilibrium between the aqueous and organic 
phases. 

The QDs@PMA-DDA0.5-DMAPA0.25-biotin NPs droplets were unable to maintain 
stability in the toluene solution. After approximately 30 mins, the suspended droplet 
began to fall down. This instability may be attributed to the introduction of PEG-biotin, 
which increased the positive surface charge of the zwitterionic polymer-coated NPs. 
While zwitterionic polymers typically provide colloidal stability, the addition of PEG-biotin 
alters both the surface charge and hydrophilicity of the NPs. This change decreases the 
NPs' compatibility with toluene, promoting the formation of aggregates and resulting in 
their rapid sedimentation. The attachment of PEG-biotin may also facilitate interactions 
between NPs, leading to flocculation or aggregation. If the biotin groups encourage 
proximity between adjacent NPs, they could effectively overcome the expected steric 
repulsion from the zwitterionic layer, thereby accelerating NPs aggregation and settling 
at the bottom of the solution. 

The IFT of QDs@PMA-DDA0.75-PEG0.25 has a sharp downward trend and quickly reaches 
equilibrium. The final interfacial tension is about 10 mN/m. After PEG-CH3O is grafted into 
the polymer, the surface charge of the NPs also reduced, but the presence of PEG can 
increase the hydrophilicity and stability of the NPs. The presence of grafted PEG may 
enhance the wettability of the nanoparticles at the interface, leading to improved overall 
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distribution and contributing to a reduction in IFT. Additionally, PEG may alter the 
interaction dynamics of the NPs with the liquid phase at the interface, its absorption at 
the interface can create a "soft layer" that lowers the energy barrier for interfacial 
formation, further facilitating IFT reduction. Furthermore, the grafting of PEG may render 
the NPs surface less accessible to ions, potentially influencing surface charge 
measurements and the kinetics of interactions at the interface. 

Surface modification by biotinylating or PEGylating, the hydrophilicity and stability of 
NPs at the interface have changed, potentially impacting their behavior regarding surface 
protein adsorption. 

Figure 5-19. Interfacial tension (IFT) of a) QDs@PMA-DDA0.75-DMAPA0-biotin, b) 
QDs@PMA-DDA0.5-DMAPA0.25-biotin, c) QDs@PMA-DDA0.75-PEG0.25, the IFT was recorded 
for 10 hours. The red line represents the fitting by Hua and Rosen equation. 

Table 5-8. Dynamic analysis of IFT. Where 𝛾𝑚 is the meso-equilibrium interfacial tension, 
𝑡ℎ is the half-life time to reach this value, 𝑛 is a constant related to the hydrophobicity, 
𝜈𝑚𝑎𝑥 is the decay rate of the interfacial tension. 
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NPs Υm [mN/m] t* [s] n νmax [mN/m s] 

QDs@PMA-DDA0.75-
DMAPA0-biotin 

10.54 ± 0.69 
8130.25 ± 

548.08 
1.33 ± 0.10 0.0008 

QDs@PMA-DDA0.5-
DMAPA0.25-biotin 

--- --- --- --- 

QDs@PMA-DDA0.75-
PEG0.25 

--- --- --- --- 

 

5.5 Fabrication of cap-exchanged CdSe-CdS quantum dots 

The above polymer encapsulation of quantum dots can produce stable and uniform 
nanoparticles, but the polymer shell may influence the fluorescence properties and also 
the behavior of protein adsorption. To better compare the protein corona formation with 
and without the presence of polymer, in this section, we also directly attach water-soluble 
ligands to the surface of quantum dots, creating biocompatible QDs NPs.  

Due to the high affinity of thiol groups for cadmium, we selected thiol-terminated 
ligands for cap exchange. This process removes the original oleylamine and TBP from the 
surface of the quantum dots, replacing them with hydrophilic ligands. In our study, we 
chose Mercaptocarbonic acid (MUA) and α-Butyric Acid-ω-Mercaptopropanamido PEG 

(α-Carboxy-ω-Thiol PEG). Compared to short-chain thiols, MUA provides greater steric 

hindrance, resulting in a more uniform distribution of ligands on the surface of quantum 
dots. This helps prevent quantum dots aggregation and fluorescence quenching that can 
occur with excessive cap exchange. Thiol-terminated PEG was used for comparison with 
PEG-modified polymer. Both cap-exchanged ligands have a carboxyl group at the other 
end, providing excellent water solubility. 

5.5.1 Fabrication of CdSe-CdS@MUA 

Mercaptocarbonic acid (MUA, 5 mg) was dissolved in 1 mL of methanol, and potassium 
hydroxide (KOH, 5 mg) was added to create a stock solution. Then, 1 mL of CdSe-CdS 
quantum dots stock solution (50 µM) in chloroform was mixed with 1 mL of the MUA 
stock solution. After vigorous shaking for 5 minutes, the solution turned cloudy. 
Subsequently, 5 mL of chloroform was added to this mixture. After centrifugation at 8000 
rpm for 5 minutes, the MUA-capped nanoparticles precipitated. The methanol and 
chloroform in supernatant were discarded, and the nanoparticles were re-dissolved in 
PBS at different pH values, the nanoparticles are named as CdSe-CdS@MUA. 

5.5.2 Fabrication of CdSe-CdS@PEG-COOH 
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α-Butyric Acid-ω -Mercaptopropanamido PEG (α-Carboxy-ω -Thiol PEG, 5 mg) was 

dissolved in 1 mL methanol, and potassium hydroxide (KOH, 5 mg) was added afterwards 
to make a stock solution. 1 mL CdSe-CdS quantum dots stock solution (50 uM) in 
chloroform was mix with 0.5 mL of the α-Carboxy-ω-Thiol PEG stock solution. After 

vigorous shaking for 5 minutes, 5 mL of hexane was added to this mixture. After 
centrifugation at 8000 rpm for 5 minutes, the α-Carboxy- ω -Thiol PEG capped 

nanoparticles precipitated. The methanol, chloroform and hexane in supernatant were 
removed, and the nanoparticles were re-dissolved in PBS at different pH values, these 
nanoparticles are named as CdSe-CdS@PEG-COOH.  

5.5.3 pH dependent zeta potential of nanoparticles  

The NPs were diffused in 1×PBS buffer under different pH value, the zeta potential was 
measured by Malvern zetasizer. 

After cap exchange with MUA, the surface of the QDs becomes functionalized with a 
long hydrocarbon chain that terminates in a carboxylic acid group. At pH 5, these 
carboxylic acid groups are predominantly protonated, resulting in a less negatively 
charged surface, which is reflected in a zeta potential of -21.9 mV. As the pH increases, 
the carboxylic acid groups progressively deprotonate to form carboxylate anions, 
introducing additional negative charges to the QDs surface. 

In contrast, another NPs system, QDs@PMA-DDA0.75-DMAPA0, which also possesses 
carboxyl groups, exhibits a significantly higher negative charge in the pH range of 5 to 9 
when compared to QDs@MUA. This heightened negative charge may be attributed to the 
conformational behavior of the polymer, which enhances the electrostatic effects at the 
surface of the nanoparticles. The extended conformation of the polymer chains increases 
the effective surface area occupied by negative charges, leading to strengthened 
electrostatic repulsion between the NPs. 

Conversely, the surface charge of QDs@PEG-COOH fluctuates within a narrower range 
of -9 mV to -14 mV. Compared to QDs capped with MUA, this indicates a less negative 
surface charge for the PEG-capped QDs. Although α-Carboxy-ω-Thiol PEG contains 
carboxyl groups, its contribution to the overall negative charge is relatively low. This can 
be attributed to steric hindrance and the hydrophilic nature of the polymer, which may 
impede effective stacking or interaction of the carboxylic acid groups, limiting the net 
negative charge imparted to the nanoparticles. 

The lower surface charge observed for QDs@PEG-COOH suggests reduced 
electrostatic repulsion between the nanoparticles, which may adversely affect their 
stability in solution. Therefore, we further investigated the stability of QDs@MUA and 
QDs@PEG-COOH under varying pH conditions and different ionic strengths in subsequent 
experiments. 



 

59 
 

Figure 5-20. Zeta potential (ζ) in function of pH value of QDs@MUA and QDs@PEG-COOH. 

Table 5-9. Zeta potential (ζ) in function of pH value of QDs@MUA and QDs@PEG-COOH. 

Zeta potential (ζ) pH 5 pH 6 pH 7 pH 8 pH 9 

QDs@MUA -21.9 ± 3.0 -24.1 ± 9.0 -28.6 ± 4.3 -32.0 ± 4.0 -33.2 ± 1.8 

QDs@PEG-COOH -9.2 ± 0.8 -9.8 ± 1.3 -12.5 ± 1.5 -14.3 ± 1.2 -9.9 ± 0.9 

 

5.5.4 pH dependent hydrodynamic size of nanoparticles  

The hydrodynamic size of NPs was recorded under different pH conditions by zeta sizer, 
size distribution is shown in Figure 5-21. 
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Figure 5-21. pH dependent hydrodynamic size of QDs@MUA and QDs@PEG-COOH. 

The results indicate that these NPs above exhibit good colloidal stability, with particle 
size remaining relatively constant across different pH conditions. This stability provides a 
strong foundation for our subsequent investigations into protein corona formation under 
varying pH environments.  

 

5.5.5 NaCl concentration dependent hydrodynamic size of nanoparticles 
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The hydrodynamic size of NPs was recorded under different NaCl concentration by zeta 
sizer, size distribution is shown in Figure 5-22. 

Figure 5-22. Hydrodynamic diameter of NPs in 0-0.5 M NaCl solution. The results are 
presented as number weighted distributions and measurements were recorded in 
triplicates. 
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The results indicate that these NPs above exhibit good colloidal stability, with particle 
size remaining relatively constant across different NaCl concentrations. This stability 
provides a strong foundation for our subsequent investigations into protein corona 
formation in PBS buffer.  

 

5.5.6 Interfacial tension of nanoparticles 

The IFT measurements of QDs-polymer conjugates were recorded by the drop shape 
analyzer. We used the pendant drop method for the measurement, where we produced 
30 µL drop of each nanoparticle solution in a transparent glass cup filled with toluene. 
The shape of the drop depends on the relationship between the interfacial tension and 
gravity. In this method, the IFT can be calculated from the projection of the hanging drop 
recording by a high frame rate camera implemented with the drop shape analyzer. The 
QDs-polymer NPs were loaded into a syringe which was then equipped with a stainless-
steel needle (diameter: 1.28 mm) to produce a 30 µL drop of NPs solution. The 
photographs of the pendant drop were recorded for 10 hours. The IFT was calculated 
using the principal radius of curvature of the drop, and further calculated according to 
Young-Laplace fitting as shown in Figure 5-23. and the change of IFT was further fitted by 
Hua and Rosen equation, the parameters are shown in Table 5-10. 

Compared to QDs@PMA-DDA0.75-DMAPA0, which also features free carboxyl groups 
on the surface, QDs@MUA—synthesized from direct ligand exchange which exhibit lower 
IFT and took longer time to reach equilibrium than the polymer-coated NPs. This behavior 
suggests that the hydrocarbon chains in the MUA structure interact favorably with 
toluene, thereby enhancing adsorption and stabilization at the interface and significantly 
reducing IFT compared to the polymer-coated NPs. In contrast to the more spatially 
constrained environment created by the polymer layer on QDs@PMA-DDA0.75-DMAPA0, 
the ligands on QDs@MUA provide greater flexibility and dynamic rearrangement 
potential at the interface. This flexibility allows MUA-capped QDs to adapt quickly and 
align favorably at the water-toluene interface, facilitating the formation of a stable 
interface and further lowering IFT. Regarding the impact of surface charge on IFT, 
although both of QDs@PMA-DDA0.75-DMAPA0 and QDs@MUA possess carboxyl groups 
that contribute to stability, the direct ligand exchange process in QDs@MUA may result 
in a distinct charge distribution and interaction dynamics at the interface. This could 
influence the electrostatic repulsion and adsorption efficiency at the water-toluene 
boundary. 

The IFT of QDs@PEG-COOH is comparable to that of QDs@PMA-DDA0.75-PEG0.25 but 
exhibits a two-stage decrease, characterized by a slower decline in the first stage followed 
by a more rapid decline in the second stage. The final IFT reaches approximately 11 mN/m, 
which can be attributed to several factors related to the interactions at the water-toluene 
interface and the surface modification properties of the QDs. In the initial stage, the 
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slower rate of decrease in IFT is likely due to the initial adsorption of QDs@PEG-COOH at 
the water-toluene interface. During this phase, the NPs began to orient themselves at the 
interface, facilitating interactions between the PEG-COOH functional groups and the 
aqueous phase. This stage is characterized by the gradual alignment of the hydrophilic 
PEG segments toward the aqueous phase, while hydrophobic interactions started to 
dominate at the interface. As IFT decreases, the ligands on the QDs may undergo 
rearrangement. In this initial phase, the surface ligands might not be fully optimized for 
interface positioning, leading to a moderate reduction in tension. The system is in an 
adaptation phase, with some PEG chains still interacting with water and gradually 
optimizing the surface configuration. After this initial adsorption phase, the surfactant 
behavior of PEG-COOH became more pronounced. In the second stage, the primary 
interactions at the interface might shift towards greater hydrophobic contributions 
relative to PEG, as the hydrophilic groups became fully engaged with the water phase. 
This effectively accelerated the reduction in IFT, while the hydrophobic regions interacted 
more effectively with the toluene phase. Additionally, the surface charge of QDs@PEG-
COOH is higher than that of QDs@PMA-DDA0.75-PEG0.25. This difference in charge 
distribution may also influence the rate of IFT decrease. 

In comparison to polymer-coated NPs, we observed that direct ligand exchange to 
facilitate the phase transformation of QDs alters the hydrophilic and hydrophobic 
properties of the NPs, as well as their capacity to achieve equilibrium at the aqueous-
organic interface. 

 

 

Figure 5-23. Interfacial tension (IFT) of a) QDs@MUA, b) QDs@PEG-COOH, the IFT was 
recorded for 10 hours. The red line represents the fitting by Hua and Rosen equation. 
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Table 5-10. Dynamic analysis of IFT. Where 𝛾𝑚 is the meso-equilibrium interfacial tension, 
𝑡ℎ is the half-life time to reach this value, 𝑛 is a constant related to the hydrophobicity, 
𝜈𝑚𝑎𝑥 is the decay rate of the interfacial tension. 

NPs Υm [mN/m] t* [s] n νmax [mN/m s] 

QDs@MUA 19.22 ± 0.18 14899.32 ± 
720.69 

0.72 ± 0.01 0.00013 

QDs@PEG-COOH --- --- --- --- 
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6. Evaluation of protein corona 

6.1 FCS measurements of protein corona 

The FCS measurements in this section were conducted under different pH conditions, 
ranging from pH 5 to pH 9, aim to investigate how variations in the acidity or alkalinity of 
the environment can influence the formation of the protein corona.  

pH has a significant impact on protein structure, stability, and conformational changes. 
By studying protein corona formation at different pH levels, researchers can explore the 
impact on protein structural integrity, which may lead to changes in proteins-NPs binding 
affinity and the overall structure of protein corona. 

pH changes also affect the nature and strength of interactions between proteins and 
NPs, including electrostatic forces, hydrophobic interactions, and hydrogen bonds. By 
studying protein corona formation over a wide pH range, we can demonstrate how pH 
affects the binding kinetics, specificity, and diversity of proteins in the corona. 
Understanding how pH affects the protein corona can provide insights into the fate, 
behavior, and potential impact of NPs in different bioenvironments. 

6.1.1 Sample preparation for FCS measurements 

Protein sample solution preparation 

The proteins (BSA, Transferrin, Lysozyme and pepsin) were weight and dissolved in 
1×PBS buffer with different Ph to make 1000 µM stock solution. Then the stock solutions 
were diluted into 500 µM, 200 µM, 100 µM, 50 µM, 20 µM, 10 µM, 5 µM, 2 µM, 1 µM, 
0.2 µM, 0.02 µM, 0.002 µM and 0.0002 µM. 

Because Avidin molecules have extremely strong affinity for biotin, we chose a lower 
concentration range for our study. The concentrations of Avidin solutions were 2 µM, 1.5 
µM, 1 µM, 0.5 µM, 0.2 µM, 0.1 µM, 0.05 µM, 0.02 µM, 0.01 µM, 0.005 µM, 0.002 µM, 
0.0002 µM and 0.00002 µM. 

 Proteins-NPs mixture preparation 

The protein solutions prepared above were further mix with NPs with different surface 
chemistry The above protein solution will be further mixed with nanoparticles with 
different surface modifications in a 1:1 volume ratio. Finally, the concentration of 
nanoparticles in the solution is about 50 nM and the protein concentration is 500 µM, 
250 µM, 100 µM, 50 µM, 25 µM, 10 µM, 5 µM, 2.5 µM, 1 µM, 0.5 µM, 0.1 µM, 0.01 µM, 
0.001 µM, 0.0001 µM for BSA, Transferrin, pepsin and Lysozyme. And for Avidin, the 
concentration changes to 1 µM, 0.75 µM, 0.5 µM, 0.25 µM, 0.1 µM, 0.05 µM, 0.025 µM, 
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0.01 µM, 0.005 µM, 0.0025 µM, 0.001 µM, 0.0001 µM, 0.00001 µM. The mixture was 
incubated in room temperature for 30 minutes before measurement. 

6.2 Analysis and Fitting of FCS Data  

From the diffusion coefficient we obtained during the measurements, we can calculate 
the hydrodynamic radius of NPs after protein adsorption. With the increasing of protein 
adsorption, we could also observe the diffusion time of NPs shifted toward longer time, 
which indicates the increasing of NPs’ size (Figure 6-1). To obtain more quantitative 
results about the adsorption process, we chose the Hill model, one of the thermodynamic 
models, to fit the change in hydrodynamic radius, thus briefly describing the relationship 
between the adsorption of protein corona on NPs and concentration. The Hill model was 
first proposed in 1910 to describe the binding of ligands to macromolecules, especially in 
the context of enzyme kinetics and receptor-ligand interactions. It provides insights into 
how the concentration of ligand affects its binding to the target, allowing the 
characterization of cooperative behaviors between multiple binding sites.[96-98] 

Figure 6-1. Autocorrelation curve of QDs@PMA-DDA0.75-DMAPA0 NPs after incubate with 
BSA at concentration of 0 µM to 500 µM.  
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According to the law of conservation of mass, if a NP interacts with n proteins P to 
form a protein-NPs complex, the proportion of saturated NPs is equal to the proportion 
of protein-occupied sites on the NP surface. 

𝑁𝑃 + 𝑛 ∙ 𝑃 ↔ 𝑃𝑛𝑁𝑃 (6-1) 

The dissociation coefficient of this dynamic equilibrium is, 

𝐾𝑑 =
[𝑁][𝑃]𝑛

[𝑃𝑛𝑁𝑃]
 (6-2) 

After NPs mix with proteins, the initial concentration of the NPs equals to the sum of 
free NPs in solution [NP] and the NPs that already formed complex [𝑃𝑛𝑁𝑃]. Therefore, 
the ratio of saturated NPs is, 

𝑁

𝑁𝑚𝑎𝑥
=

[𝑃𝑛𝑁𝑃]

[𝑁𝑃] + [𝑃𝑛𝑁𝑃]
 (6-3) 

Rather than using the dissociation coefficient, we propose utilizing the concentration 
that results in half-saturation, which is 𝑘𝑑 . Here 𝑘𝑑 = (𝐾𝐷)𝑛 , allowing the number of 
occupied sites to be described as follows,  

𝑁 =
𝑁𝑚𝑎𝑥

1 + (
𝐾𝐷

[𝑃]
)

𝑛 
(6-4) 

The Hill coefficient serves as an empirical parameter that quantifies the steepness of 
the adsorption profile and provides insight into the cooperativity of protein adsorption. 
when n>1, which means a positive cooperative binding, once the proteins are adsorbed, 

it will increase the likelihood for other proteins adsorption. And when n<1, it means a 

negative cooperative binding, once the proteins are adsorbed on the surface of NPs, it 
will decrease the likelihood for other proteins adsorption. And when n=1, it means a non-

cooperative binding, each of protein’s adsorption behavior is independent from others. 

With the knowledge of the number of proteins adsorbed on the surface of the NPs, we 
can determine the change in their hydrodynamic size. If N proteins, each with a volume 
Vp, are adsorbed onto the NPs, the relationship governing the total volume of the 
adsorbed proteins can be described as follows: 

𝑉(𝑁) = 𝑉0 + 𝑁 ∙ 𝑉𝑝 (6-5) 

In this case, if we define the ratio of the volume of protein to the volume of the NPs 

prior to any protein adsorption as  𝑐 =
𝑉𝑃

𝑉0
 , referring back to equation above, we can 
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describe the hydrodynamic radius of the NPs as a function of the number of absorbed 
proteins as equation 6-6. 

𝑅ℎ(𝑁) = 𝑅ℎ(0)(1 + 𝑐 ∙ 𝑁)
1
3 (6-6) 

By using this equation to fit the change of the hydrodynamic radius obtained by FCS, 
we can derive different quantitative parameters to be used to describe and compare 
different protein adsorption profiles, as will be discussed in the following sections. 

6.3 Data analysis of FCS measurement  

6.3.1 FCS measurements of pH-dependent BSA adsorption on different 

nanoparticles 

Table 6-1 shows the predicted change in the overall charge of BSA from pH 5 to pH 9. 
At pH 5 and pH 6, protonation of the amino groups on the basic amino acids results in a 
positive charge on BSA due to being below its pKa value. Moving to pH 7, BSA approaches 
a neutral charge because some basic amino acids undergo partial deprotonation, resulting 
in a balance between positive and negative charges. As the pH increases to 8 and 9, 
deprotonation of the basic amino groups results in an overall negative charge on the 
protein. Understanding the change in surface charge of BSA can better explain its 
adsorption behavior on the surface of NPs. 

Table 6-1. Predicted charge of BSA under pH 5 to pH 9. 

Predicted 
charge (+/-) 

pH 5 pH 6 pH 7 pH 8 pH 9 

BSA + +/- - - - 

 

The QDs@PMA-DDA0.75-DMAPA0 NPs exhibit a negative charge (approximately -70 mV) 
within the pH range of 5 to 9, and electrostatic interactions play a significant in the 
adsorption of BSA. At pH 5, BSA is near its pl, resulting in a moderate positive charge that 
leads to some electrostatic attraction. However, this is insufficient to promote significant 
binding. This is reflected in the high Kd value of 1151.34 µM, indicating weak binding 
affinity and potential dominance of electrostatic repulsion. As the pH increases, BSA 
transitions to a slightly negative charge, leading to a significant decrease in Kd values 
(204.59 µM at pH 6 and 40.22 µM at pH 7), indicating stronger binding of the protein to 
the NPs. At pH 6, 7, and 8, the Hill coefficient n approaches 1, suggesting that the binding 
of one BSA molecule may facilitate the binding of additional molecules, which also 
indicating slight cooperativity in the adsorption system. In contrast, at pH 5 and 7, n values 
fall below 1, indicating negative cooperativity, where the binding of one BSA molecule 
decreases the likelihood of further binding due to steric hindrance or saturation of binding 
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sites. A higher n value at pH 9 (n = 1.89) indicates strong positive cooperativity, suggesting 
that binding becomes very favorable and that interactions among BSA molecules 
significantly enhance adhesion to the NPs surface. Interestingly, at pH 5, the maximum 
binding capacity (Nmax) is higher (120.53), indicating that, despite the lower affinity 
between BSA and the NPs, there are more available binding sites before significant 
saturation occurs at lower concentrations It is noteworthy that with increasing pH, both 
BSA and NPs become more negatively charged, but the adsorption of BSA on the NPs 
surface increases, indicating that protein adsorption is not driven solely by electrostatic 
effects. Adsorption can induce conformational changes in BSA that enhance adhesive 
interactions with NPs, and the ability of BSA to orient relative to the NPs surface may 
increase with the increased presence of more negatively charged proteins, which can 
enhance cooperative binding. 

For the QDs@PMA-DDA0.5-DMAPA0.25 NPs, no adsorption of BSA was observed during 
the measurements. This may be attributed to the zwitterionic nature of the NPs, which 
possess both positive and negative charges, rendering them electrically neutral in the pH 
range of 5 to 9. This neutrality minimizes potential electrostatic attraction with oppositely 
charged proteins. Furthermore, the hydration layer formed on the surface of the 
zwitterionic NPs creates a barrier that reduces direct contact between proteins and the 
NPs surface. Additionally, the dense zwitterionic groups on the surface produce steric 
hindrance, physically interfering with proteins attempting to approach and bind to the 
NPs. This steric repulsion further inhibits protein adsorption. 

The QDs@PMA-DDA0.5-DMAPA0.5 NPs exhibited a positive charge in the pH range of 5 
to 9 but did not demonstrate any adsorption of BSA. This lack of adsorption may be 
attributed to the relatively low surface charge of the NPs. The positive charge from 
DMAPA, combined with the negative charge from the carboxyl groups on the PMA 
backbone, created a zwitterionic environment that hindered further adsorption of BSA. 

QDs@PMA-DDA0.25-DMAPA0.75 NPs also carry a positive charge in the pH range of 5 to 
9, which facilitates electrostatic attraction to BSA. The lowest Kd value is observed at pH 
5, indicating that the acidic environment enhances the binding affinity between BSA and 
the positively charged NPs. The highest Kd value occurs at pH 6, likely due to some 
neutralization of charge interactions. Following this, the Kd values decrease at pH levels 
7 to 9, but remain higher than at pH 5. This suggests that BSA may undergo 
conformational changes during adsorption at these pH levels, and its binding is not only 
driven by electrostatic interactions. The Hill coefficient showed strong positive 
cooperativity at pH 5, 7, 8, and 9, however, at pH 6, the n value of 1.05 indicated that the 
system exhibited non-cooperative binding under this condition, and the Nmax value was 
higher at 53.63, indicating that more BSA could be adsorbed to the NPs surface at this pH 
despite the lower binding affinity. This suggests that the interaction kinetics allow for 
more access to the surface for BSA, possibly leading to less tightly bound proteins and the 
formation of multilayer adsorption. At pH 5, although the binding affinity was the highest, 



 

70 
 

the number of available binding sites appeared to be limited relative to the adsorption 
capacity, indicating tighter monolayer binding at this time. 

Figure 6-2. Radius(rh)-Concentration(cp) curve of a) QDs@PMA-DDA0.75-DMAPA0, b) 
QDs@PMA-DDA0.5-DMAPA0.25, c) QDs@PMA-DDA0.5-DMAPA0.5 and d) QDs@PMA-
DDA0.25-DMAPA0.75 of BSA adsorption. The lines present the fitting by Hill function.  

Table 6-2. Analyzing of FCS data of BSA adsorption on QDs@PMA-DDA0.75-DMAPA0, 
QDs@PMA-DDA0.5-DMAPA0.25, QDs@PMA-DDA0.5-DMAPA0.5 and QDs@PMA-DDA0.25-
DMAPA0.75. R0 stands for the original radius of the NPs, kd indicates the protein 
concentration at half saturation stage, n is the Hill coefficient, Nmax represents the 
maximum number of proteins that can adsorb onto a single NP, and ΔRh is the difference 
between the radius at maximum adsorption and the NP's original radius. 

NPs pH R0 [nm] Kd [µM] n Nmax ΔRh [nm] 

QDs@PMA-
DDA0.75-DMAPA0 

5 6.75 1151.34 0.68 120.53 5.75 

6 6.63 204.59 1.07 72.69 6.25 
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7 6.65 45.22 0.97 48.52 5.95 

8 6.46 64.99 1.08 58.39 6.68 

9 6.84 47.51 1.89 45.25 5.60 

QDs@PMA-
DDA0.5-

DMAPA0.25 

5 8.69 --- --- --- --- 

6 8.48 --- --- --- --- 

7 8.46 --- --- --- --- 

8 8.35 --- --- --- --- 

9 7.98 --- --- --- --- 

QDs@PMA-
DDA0.5-DMAPA0.5 

5 8.83 --- --- --- --- 

6 8.56 --- --- --- --- 

7 8.76 --- --- --- --- 

8 8.40 --- --- --- --- 

9 8.77 --- --- --- --- 

QDs@PMA-
DDA0.25-

DMAPA0.75 

5 8.60 79.05 3.21 21.07 3.38 

6 8.41 386.45 1.05 53.63 3.78 

7 8.46 89.99 3.27 27.88 3.49 

8 8.42 135.93 2.96 24.48 3.30 

9 8.57 155.27 3.33 20.57 2.71 

 

We subsequently performed BSA adsorption experiments on NPs modified with either 
biotin or PEG on their surfaces.  

After modifying the surface with biotin, the surface charge of QDs@PMA-DDA0.75-
DMAPA0-biotin slightly decreased, however, it remained negatively charged within the 
pH range of 5 to 9. The adsorption behavior of BSA was largely consistent with that of the 
QDs@PMA-DDA0.75-DMAPA0  NPs. The affinity of the NPs for BSA was lowest at pH 5, with 
the Kd of 725.83 µM. As the pH increases, the Kd value decreases, indicating that the 
affinity of BSA to NPs continues to increase and is significantly higher than the affinity at 
pH 5. From the fitted n value, it can be seen that at pH 5, pH 6 and pH 8, the n value is 
less than 1, indicating that BSA is non-cooperatively adsorbed; at pH 7, the n value 
exceeds 1, indicating that BSA is cooperatively adsorbed; at pH 9, the n value is close to 
1, indicating that the adsorption of BSA is independent and does not interfere with each 
other. There are obvious differences in the maximum adsorption amount of BSA under 
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different pH conditions. At pH 5, although BSA has the weakest affinity for NPs, Nmax is 
the largest, indicating that a relatively loose multilayer structure has been formed. As the 
pH increases, Nmax gradually decreases, and the values are similar at pH 8 and pH 9, 
indicating that BSA is likely to form a tight monolayer protein corona on the surface of 
NPs. 

After biotin surface modification, zwitterionic polymer-coated QDs@PMA-DDA0.5-
DMAPA0.25-biotin NPs showed no BSA adsorption between pH 5 and pH 7. However, 
adsorption was observed at pH 8 and pH 9. Biotin-modified zwitterionic NPs increased 
the zeta potential, thereby reducing the electrostatic repulsion, making it easier for BSA 
to adsorb onto the NPs surface. In addition, the hydration layer around the zwitterionic 
NPs hinders protein adsorption. However, at higher pH values, the stability of this 
hydration layer may be reduced, thereby promoting increased protein adsorption. The Kd 
values indicate stronger binding affinity at higher pH values, with Kd of 206.84 µM at pH 
8 and 123.16 µM at pH 9. The n values further indicate strong cooperative binding at high 
pH, with readings of 5.26 at pH 8 and 16.43 at pH 9. This suggests that when BSA 
molecules bind to NPs, they promote further binding through conformational changes or 
aggregation effects. In addition, the Nmax value also increases with pH, indicating that 
BSA forms a more compact and efficient monolayer structure at higher pH values. Biotin-
modified zwitterionic NPs exhibit complex biochemical interactions that increasingly 
favor BSA adsorption as pH increases. 

Following the partial grafting of PEG-CH3O into the polymer, the surface charge of the 
QDs@PMA-DMAPA0.75-PEG0.25 NPs became reduced and negatively charged. As a result, 
there was no observable BSA adsorption within the pH range of 5 to 9. This phenomenon 
can be attributed partly to electrostatic repulsion, as well as the increased steric 
hindrance caused by the flexible PEG chains, which hinder the approach of BSA molecules. 
Additionally, the hydration layer formed by PEG on the NPs’ surface further inhibits 
protein adsorption. 
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Figure 6-3. Radius(rh)-Concentration(cp) curve of a) QDs@PMA-DDA0.75-DMAPA0-biotin, b) 
QDs@PMA-DDA0.5-DMAPA0.25-biotin, c) QDs@PMA-DDA0.75-PEG0.25 of BSA adsorption. 
The lines present the fitting by Hill function. 

Table 6-3. Analyzing of FCS data of BSA adsorption on QDs@PMA-DDA0.75-DMAPA0-biotin, 
QDs@PMA-DDA0.5-DMAPA0.25-biotin and QDs@PMA-DDA0.75-PEG0.25. R0 stands for the 
original radius of the NPs, kd indicates the protein concentration at half saturation stage, 
n is the Hill coefficient, Nmax represents the maximum number of proteins that can adsorb 
onto a single NP, and ΔRh is the difference between the radius at maximum adsorption 
and the NP's original radius. 

NPs pH R0 [nm] Kd [µM] n Nmax ΔRh [nm] 

QDs@PMA-
DDA0.75-

DMAPA0-biotin 

5 8.80 725.83 0.65 117.36 4.80 

6 8.67 69.31 0.82 47.67 4.14 

7 8.88 79.67 1.33 38.96 3.40 



 

74 
 

8 8.85 40.12 0.87 28.29 3.31 

9 8.74 33.68 1.20 28.47 3.31 

QDs@PMA-
DDA0.5-

DMAPA0.25-
biotin 

5 8.53 --- --- --- --- 

6 8.48 --- --- --- --- 

7 8.42 --- --- --- --- 

8 8.59 206.84 5.26 24.74 3.09 

9 8.60 123.16 16.43 30.45 2.96 

QDs@PMA-
DDA0.75-PEG0.25 

5 8.71 --- --- --- --- 

6 8.54 --- --- --- --- 

7 8.43 --- --- --- --- 

8 8.34 --- --- --- --- 

9 8.27 --- --- --- --- 

 

Lastly, we examined the adsorption behavior of BSA on cap exchanged QDs@MUA NPs 
and QDs@PEG-COOH NPs. The changes in NPs radius in relation to protein concentration 
are recorded in Figure 6-4, with the results of the data fitting presented in Table 6-4. 

The adsorption patterns of BSA on QDs@MUA varied significantly across different pH 
conditions. The binding affinity, represented by the dissociation constant (Kd), was lower 
under acidic conditions (pH 5 and pH 6), indicating a decrease in affinity with increasing 
pH. The Kd value under pH 7 (723.64 µM) was higher than other pH conditions, suggesting 
that the interaction between BSA and the NPs was weakest under this pH. This 
phenomenon may be due to diminished electrostatic interactions at physiological pH (7.4), 
where the charged surfaces of BSA and the NPs likely repel one another. From pH 7 to pH 
9, we observed a decrease in the Kd value, indicating a gradual increase in binding affinity. 
This enhancement may arise from an increased surface charge on the NPs or 
conformational changes in BSA that promote adsorption.  

The adsorption pattern of BSA on QDs@MUA showed significant differences under 
different pH conditions. The binding affinity Kd showed lower binding under acidic 
conditions (pH 5 and pH 6), while the Kd value at pH 7 (723.66 µM) was the highest, 
indicating that the interaction between BSA and NPs was the weakest at this pH. This 
phenomenon may be due to the weakened electrostatic interaction at physiological pH 
(7.4), when the charged surfaces of BSA and NPs may repel each other. From pH 7 to pH 
9, we observed a decrease in the Kd value, indicating that the binding affinity gradually 
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increased again. This enhancement may be due to the increase in surface charge on NPs 
or conformational changes in BSA that promote adsorption. 

Nmax was lower under acidic conditions but peaked at pH 7 and subsequently 
decreased but remained above the binding capacity under acidic conditions. This suggests 
that despite the lower binding affinity under acidic conditions, BSA forms a stable protein 
corona around QDs@MUA NPs, thereby reaching the saturation phase faster. The results 
show that pH significantly affects the adsorption behavior of BSA on QDs@MUA NPs. 
Lower pH values enhance binding due to favorable electrostatic interactions, while 
neutral and alkaline pH levels modulate these interactions, affecting the extent of 
adsorption and the nature of binding cooperativity. 

The QDs@PEG-COOH NPs exhibit only a weak negative charge across the pH range of 
5 to 9. The presence of grafted PEG chains imparts them with the ability to resist protein 
adsorption. In the FCS test, no increase in NPs size was observed, indicating that there 
was no adsorption of BSA on the surface of the NPs. 

Figure 6-4. Radius(rh)-Concentration(cp) curve of a) QDs@MUA and b) QDs@PEG-COOH 
of BSA adsorption. The lines present the fitting by Hill function. 

Table 6-4. Analyzing of FCS data of BSA adsorption on QDs@MUA and QDs@PEG-COOH. 
R0 stands for the original radius of the NPs, kd indicates the protein concentration at half 
saturation stage, n is the Hill coefficient, Nmax represents the maximum number of 
proteins that can adsorb onto a single NP, and ΔRh is the difference between the radius 
at maximum adsorption and the NP's original radius. 

NPs pH R0 [nm] Kd [µM] n Nmax ΔRh [nm] 

QDs@MUA 5 6.42 103.32  0.84 37.85 5.18 
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6 6.76 133.30 1.16 33.25 4.31 

7 6.37 723.66 0.69 73.40 5.09 

8 6.80 290.26 0.74 50.14 4.55 

9 6.51 443.14 0.84 66.22 5.07 

QDs@PEG-
COOH 

5 9.48 --- --- --- --- 

6 9.31 --- --- --- --- 

7 9.35 --- --- --- --- 

8 9.59 --- --- --- --- 

9 9.47 --- --- --- --- 

 

6.3.2 FCS measurements of pH-dependent Transferrin adsorption on different 

nanoparticles 

Table 6-5 illustrates the expected change in the total charge of transferrin over the pH 
range from 5 to 9. It is known that the isoelectric point of transferrin is about 6.2, and 
transferrin is positively charged at pH 5 and pH 6. At pH 7, transferrin is electrically neutral 
and exists as a zwitterion, the positive and negative charges keep balanced. The negative 
charge increases at higher pH values ( pH 8 and pH 9). 

Table 6-5. Predicted charge of Transferrin under pH 5 to pH 9. 

Predicted 
charge (+/-) 

pH 5 pH 6 pH 7 pH 8 pH 9 

Transferrin + + +/- - - 

 

We first studied the Transferrin adsorption on NPs with different surface charge. The 
FCS result is recorded as radius change in Figure 6-5, and the data is further analyzed by 
Hill function in Table 6-6. 

The Transferrin adsorption on QDs@PMA-DDA0.75-DMAPA0 varied from different pH 
conditions. The Kd values for transferrin were relatively low at pH 5, indicating strong 
adsorption affinity at these levels, and increased at pH 6, reaching a maximum value 
(53.27 µM) at pH 7, indicating a continued decrease in adsorption affinity, which may be 
due to weak charge interactions at this pH. At pH 8 and pH 9, the Kd values increased 
slightly but remained higher than the Kd values observed at pH 5, indicating that while 
some adsorption occurred at these pH levels, it was not as stable as at lower pH. The n 
values at pH 5 to 7 were less than 1, indicating that the adsorption process may be limited 
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by the availability of binding sites. In contrast, at pH 8 and pH 9, especially at pH 8 (n = 
2.24), the n values exceeded 1, indicating cooperative adsorption behavior. This suggests 
that the binding of one transferrin may promote the binding of other molecules, possibly 
due to structural changes in transferrin that expose more binding sites. At pH 5 and pH 6, 
high binding affinity and maximum adsorption capacity reflect favorable interactions, 
which may be due to electrostatic interactions and van der Waals attractions. In contrast, 
at pH 7, protein adsorption decreased, probably because transferrin carries more 
negative charges, resulting in repulsion between transferrin and negatively charged NPs. 
As pH increases to 8 and 9, the adsorption capacity recovers slightly but is still lower than 
that under acidic conditions, and the synergy index suggests that conformational changes 
in transferrin may allow more binding to NPs despite unfavorable charge interactions. 

QDs@PMA-DDA0.5-DMAPA0.25 showed no adsorption of Transferrin from pH 5 to pH 9, 
the zwitterionic polymer coated NPs exhibited excellent anti-adsorption ability. 

Despite the positive charge of QDs@PMA-DDA0.5-DMAPA0.5 and QDs@PMA-DDA0.25-
DMAPA0.75 in the pH range of 5 to 9, no significant adsorption of Transferrin was observed. 
This lack of adsorption may be due to insufficient electrostatic attraction to effectively 
engage the negatively charged regions of Transferrin. Additionally, the complex structure 
of Transferrin may limit the availability of suitable binding sites on the surfaces of these 
NPs. 
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Figure 6-5. Radius(rh)-Concentration(cp) curve of a) QDs@PMA-DDA0.75-DMAPA0, b) 
QDs@PMA-DDA0.5-DMAPA0.25, c) QDs@PMA-DDA0.5-DMAPA0.5 and d) QDs@PMA-
DDA0.25-DMAPA0.75 of Transferrin adsorption. The lines present the fitting by Hill function. 

Table 6-6. Analyzing of FCS data of BSA adsorption on QDs@PMA-DDA0.75-DMAPA0, 
QDs@PMA-DDA0.5-DMAPA0.25, QDs@PMA-DDA0.5-DMAPA0.5 and QDs@PMA-DDA0.25-
DMAPA0.75. R0 stands for the original radius of the NPs, kd indicates the protein 
concentration at half saturation stage, n is the Hill coefficient, Nmax represents the 
maximum number of proteins that can adsorb onto a single NP, and ΔRh is the difference 
between the radius at maximum adsorption and the NP's original radius. 

NPs pH R0 [nm] Kd [µM] n Nmax ΔRh [nm] 

QDs@PMA-
DDA0.75-DMAPA0 

5 6.93 5.36 0.73 45.16 5.34 

6 6.55 25.41 0.39 59.84 5.65 

7 6.82 53.27 0.91 51.44 5.74 

8 6.52 43.30 2.24 47.84 5.85 
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9 7.07 34.46 1.75 47.50 5.28 

QDs@PMA-
DDA0.5-

DMAPA0.25 

5 6.97 --- --- --- --- 

6 7.14 --- --- --- --- 

7 6.97 --- --- --- --- 

8 7.87 --- --- --- --- 

9 7.51 --- --- --- --- 

QDs@PMA-
DDA0.5-DMAPA0.5 

5 8.53 --- --- --- --- 

6 8.74 --- --- --- --- 

7 6.89 --- --- --- --- 

8 6.95 --- --- --- --- 

9 6.70 --- --- --- --- 

QDs@PMA-
DDA0.25-

DMAPA0.75 

5 7.08 --- --- --- --- 

6 7.67 --- --- --- --- 

7 7.37 --- --- --- --- 

8 6.63 --- --- --- --- 

9 6.85 --- --- --- --- 

 

The Transferrin adsorption study on biotin and PEG modified NPs by FCS are recorded 
in Figure 6-6, and the data is further analyzed by Hill function, the calculated parameters 
are in Table 6-7.  

After surface modification with biotin, QDs@PMA-DDA0.75-DMAPA0-biotin NPs 
showed different adsorption behaviors toward transferrin from QDs@PMA-DDA0.75-
DMAPA0 NPs. The Kd values indicated that the nanoparticles had a moderate affinity for 
transferrin at all pH levels. The slightly lower Kd values at pH 5 and pH 6 indicated that 
the binding of NPs to transferrin was slightly stronger under acidic conditions and the 
binding remained relatively stable with increasing pH. At pH 5 and pH 6, the n values were 
less than 1, indicating that the adsorption process may proceed in a non-cooperative 
manner, possibly limited by the availability of binding sites. However, the n values at pH 
7 (3.02) and pH 8 (4.61) increased significantly, indicating that the adsorption of 
transferrin shifted to a cooperative adsorption behavior under these pH conditions. This 
shift may be attributed to the conformational change or increased flexibility of transferrin. 
The n value at pH 9 decreased to 1.42, still reflecting some synergistic effects, although 
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weaker than those at pH 7 and 8. The stability of Nmax values from pH 5 to pH 9 indicates 
that the NPs maintain stable binding capacity for transferrin at slightly acidic to slightly 
alkaline pH. Surface modification with biotin significantly affects the adsorption behavior 
of transferrin. The presence of biotin increases the binding affinity and maximum 
adsorption capacity of transferrin, especially at lower pH. The observed shift in 
cooperative binding behavior between neutral and slightly alkaline conditions suggests 
that biotinylation promotes a more efficient interaction between transferrin and the NP 
surface. The stable adsorption of transferrin on QDs@PMA-DDA0.75-DMAPA0-biotin NPs 
may be due to the fact that biotin modification changes the effective surface charge of 
NPs, which can promote more favorable electrostatic interactions with transferrin. In 
addition, biotin modification may generate additional binding sites on the surface of NPs, 
thereby forming a spatial arrangement that enhances the attachment and interaction 
with multiple transferrin molecules, thereby promoting cooperative binding. 

In contrast to QDs@PMA-DDA0.75-DMAPA0-biotin, the adsorption behavior of 
QDs@PMA-DDA0.5-DMAPA0.25-biotin NPs on Transferrin remained consistent with that of 
NPs without biotin modification. Additionally, no increase in particle size was observed 
across the pH range of 5 to 9. This indicates that the NPs retain their ability to resist 
Transferrin adsorption even with biotin modification on the surface. 

QDs@PMA-DDA0.75-PEG0.25 exhibits effective anti-fouling properties, as no adsorption 
of Transferrin was observed under the experimental conditions. 
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Figure 6-6. Radius(rh)-Concentration(cp) curve of a) QDs@PMA-DDA0.75-DMAPA0-biotin, b) 
QDs@PMA-DDA0.5-DMAPA0.25-biotin, and c) QDs@PMA-DDA0.75-PEG0.25 of Transferrin 
adsorption. The lines present the fitting by Hill function. 

Table 6-7. Analyzing of FCS data of BSA adsorption on QDs@PMA-DDA0.75-DMAPA0-biotin, 
QDs@PMA-DDA0.5-DMAPA0.25-biotin and QDs@PMA-DDA0.75-PEG0.25. R0 stands for the 
original radius of the NPs, kd indicates the protein concentration at half saturation stage, 
n is the Hill coefficient, Nmax represents the maximum number of proteins that can adsorb 
onto a single NP, and ΔRh is the difference between the radius at maximum adsorption 
and the NP's original radius. 

NPs pH R0 [nm] Kd [µM] n Nmax ΔRh [nm] 

QDs@PMA-
DDA0.75-

DMAPA0-biotin 

5 8.42 15.67 0.90 24.92 3.75 

6 8.64 21.77 0.91 31.63 3.32 

7 8.84 44.46 3.02 31.61 3.32 

8 8.10 48.48 4.61 30.62 4.00 
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9 8.55 21.29 1.42 29.01 3.76 

QDs@PMA-
DDA0.5-

DMAPA0.25-
biotin 

5 7.34 --- --- --- --- 

6 7.99 --- --- --- --- 

7 7.83 --- --- --- --- 

8 7.71 --- --- --- --- 

9 7.39 --- --- --- --- 

QDs@PMA-
DDA0.75-PEG0.25 

5 9.06 --- --- --- --- 

6 8.88 --- --- --- --- 

7 8.69 --- --- --- --- 

8 8.58 --- --- --- --- 

9 8.23 --- --- --- --- 

 

Following the cap exchange on the surface, we studied Transferrin adsorption on 
QDs@MUA and QDs@PEG-COOH, the calculated radius of NPs is recorded in Figure 6-7, 
and the data was further fitted by Hill function, the parameters are shown in Table 6-8. 

QDs@MUA is negatively charged at pH 5 to pH 9, and the adsorption behavior of 
transferrin is different under different pH conditions. The Kd value reflects the binding 
affinity of transferrin to QDs@MUA NPs at different pH. At pH 5, Kd is 1.09 µM, indicating 
a strong binding affinity between the negatively charged NPs and the positively charged 
regions of transferrin. As the pH increases to 6, Kd rises to 7.55 µM, indicating a decrease 
in binding strength, but still with strong affinity binding ability. At pH 7, Kd increases 
sharply to 221.32 µM, indicating a significant decrease in binding. This may be attributed 
to the neutralization of electrostatic interactions after the charges between the protein 
and NPs are balanced. At pH 9, Kd further increases to 4198.50 µM, reflecting a significant 
decrease in binding affinity. At these higher pH levels, conformational changes in the 
protein may also affect its stability and binding ability. The Hill coefficient n value reveals 
the mode of binding. At pH 5, the n value was 0.63, indicating non-cooperative binding, 
where the attachment of one transferrin molecule may reduce the possibility of binding 
of other molecules. At pH 6, the n value increased to 1.40, indicating a certain degree of 
cooperative binding, in which case, once one molecule binds, subsequent molecules will 
be more likely to bind, which may be due to conformational adjustments of the protein 
or NPs surface. However, at pH 7 and above, the n value decreased to 0.97 (pH 7), 0.93 
(pH 8), and 0.43 (pH 9), indicating a decrease in cooperativity when protein molecules are 
adsorbed. The Nmax value showed fluctuations under different pH conditions. 
Interestingly, at pH 9, Nmax increased to 118.3, indicating a large binding potential 
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despite the high Kd value. This may mean that in an alkaline environment, more available 
binding sites are generated on the nanoparticle surface, allowing adsorption even with 
weak affinity to transferrin. FCS data showed that the adsorption of transferrin on 
QDs@MUA NPs was significantly affected by pH. The optimal binding occurred at lower 
pH levels, where strong electrostatic interactions existed between the negatively charged 
NPs and the positively charged transferrin regions. The binding affinity gradually 
decreased with increasing pH, which may be due to changes in charge balance and 
transferrin conformational stability. 

During the Transferrin adsorption experiment on QDs@PEG-COOH, we observed no 
significant increase in particle size, indicating that QDs@PEG-COOH exhibits strong 
resistance to Transferrin adsorption.  

Figure 6-7. Radius(rh)-Concentration(cp) curve of a) QDs@MUA and b) QDs@PEG-COOH 
of Transferrin adsorption. The lines present the fitting by Hill function. 

Table 6-8. Analyzing of FCS data of Transferrin adsorption on QDs@MUA and QDs@PEG-
COOH. R0 stands for the original radius of the NPs, kd indicates the protein concentration 
at half saturation stage, n is the Hill coefficient, Nmax represents the maximum number of 
proteins that can adsorb onto a single NP, and ΔRh is the difference between the radius 
at maximum adsorption and the NP's original radius. 

NPs pH R0 [nm] Kd [µM] n Nmax ΔRh [nm] 

QDs@MUA 

5 6.71 1.09 0.63 38.70 5.74 

6 6.63 7.55 1.40 31.67 5.26 

7 6.71 221.32 0.97 49.90 4.67 

8 6.61 34.39 0.93 34.39 4.63 
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9 6.52 4198.50 0.43 118.30 5.38 

QDs@PEG-
COOH 

5 9.80 --- --- --- --- 

6 9.55 --- --- --- --- 

7 9.37 --- --- --- --- 

8 9.49 --- --- --- --- 

9 9.47 --- --- --- --- 

 

6.3.3 FCS measurements of pH-dependent pepsin adsorption on different 

nanoparticles 

Pepsin is an acidic protein with a relatively low pI (pH 1.5 to 2). Table 6-7 shows the 
predicted change in total charge under experimental pH conditions. At pH 5, pepsin may 
still be active under acidic conditions and may have a slight positive charge because more 
of its ionizable groups remain protonated in the acidic environment. Starting at pH 6, 
pepsin may begin to shift toward a negative charge. At pH 8 and pH 9, pepsin becomes 
increasingly negatively charged because more of its acidic groups are deprotonated. 

Table 6-9. Predicted charge of pepsin 

Predicted 
charge (+/-) 

pH 5 pH 6 pH 7 pH 8 pH 9 

pepsin + - - - - 

 

The result of FCS measurements of pepsin adsorption on NPs with different surface 
charge is shown in Figure 6-8, and the data is further analyzed by Hill function in Table 6-
10. 

The adsorption of pepsin on the QDs@PMA-DDA0.75-DMAPA0 surface differs at 
different pH values. Although both pepsin and QDs@PMA-DDA0.75-DMAPA0 NPs are 
negatively charged and will form electrostatic repulsion, the surface of pepsin contains 
hydrophobic regions, which can bind well to the hydrophobic components of the polymer 
coating on the NPs. At pH 5 and 6, the kd values are low, indicating that NPs have a strong 
binding affinity for pepsin. However, with the increase of pH, the kd value rises sharply, 
reflecting that the binding affinity gradually weakens, and the affinity is the weakest at 
pH 9, which is 312.79 µM. At pH 5 and 9, the n values are low, indicating that the 
synergistic effect of binding is weak at this time, and relatively few pepsin molecules can 
be effectively bound. In contrast, at pH 6, 7, and 8, the n values increase significantly, 
indicating that there are more effective binding interactions and stronger synergistic 
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effects. The Nmax value stay stable under different pH conditions, but is the highest at 
pH 9, which indicates that although the binding affinity is weak at this condition, the 
probability of pepsin binding to the NPs molecules is higher, and pepsin may change to a 
conformation that enhances adsorption under these conditions, and the protein 
adsorption at this condition may not only by electrostatic interaction. The conformation 
of pepsin is sensitive to the change of pH conditions, at pH 7 or 8, pepsin may present 
another conformation that can assist the adsorption of free proteins after protein corona 
formation. 

QDs@PMA-DDA0.5-DMAPA0.25 demonstrated strong anti-adsorption properties as 
zwitterionic NPs, with no significant pepsin adsorption observed during the experiment. 

Although QDs@PMA-DDA0.5-DMAPA0.5 NPs and QDs@PMA-DDA0.25-DMAPA0.75 NPs 
are positively charged among the pH range of 5 to 9, there was no pepsin adsorption on 
the NPs detected. This may be due to the presence of a hydration layer surrounding the 
positively charged NPs, which creates a physical barrier that prevents pepsin molecules 
from accessing the surface. Additionally, the conformation of pepsin can influence its 
interaction with the NPs. While electrostatic interactions are important, the 
conformational stability of pepsin at different pH levels may result in its remaining in a 
non-adsorptive state when encountering positively charged surfaces. When negatively 
charged, pepsin may adopt a conformation that lowers its binding potential to the 
positively charged NPs, further contributing to the lack of adsorption. 



 

86 
 

Figure 6-8. Radius(rh)-Concentration(cp) curve of a) QDs@PMA-DDA0.75-DMAPA0, b) 
QDs@PMA-DDA0.5-DMAPA0.25, c) QDs@PMA-DDA0.5-DMAPA0.5 and d) QDs@PMA-
DDA0.25-DMAPA0.75 of pepsin adsorption. The lines present the fitting by Hill function. 

Table 6-10. Analyzing of FCS data of BSA adsorption on QDs@PMA-DDA0.75-DMAPA0, 
QDs@PMA-DDA0.5-DMAPA0.25, QDs@PMA-DDA0.5-DMAPA0.5 and QDs@PMA-DDA0.25-
DMAPA0.75. R0 stands for the original radius of the NPs, kd indicates the protein 
concentration at half saturation stage, n is the Hill coefficient, Nmax represents the 
maximum number of proteins that can adsorb onto a single NP, and ΔRh is the difference 
between the radius at maximum adsorption and the NP's original radius. 

NPs pH R0 [nm] Kd [µM] n Nmax ΔRh [nm] 

QDs@PMA-
DDA0.75-DMAPA0 

5 8.19 18.53 1.25 49.84 5.09 

6 8.32 16.96 2.21 39.05 4.78 

7 8.14 107.36 4.04 48.44 5.15 

8 8.63 152.80 3.41 40.32 3.75 
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9 7.96 312.79 1.50 62.53 4.80 

QDs@PMA-
DDA0.5-

DMAPA0.25 

5 7.33 --- --- --- --- 

6 7.07 --- --- --- --- 

7 6.94 --- --- --- --- 

8 7.02 --- --- --- --- 

9 6.86 --- --- --- --- 

QDs@PMA-
DDA0.5-DMAPA0.5 

5 9.40 --- --- --- --- 

6 10.06 --- --- --- --- 

7 10.45 --- --- --- --- 

8 9.98 --- --- --- --- 

9 10.23 --- --- --- --- 

QDs@PMA-
DDA0.25-

DMAPA0.75 

5 9.50 --- --- --- --- 

6 10.19 --- --- --- --- 

7 10.37 --- --- --- --- 

8 9.93 --- --- --- --- 

9 9.77 --- --- --- --- 

 

We further conducted FCS measurements of pepsin adsorption on biotin or PEG 
modified NPs, the radius change is shown in Figure 6-9, and the data is further analyzed 
by Hill function in Table 6-11. 

In the measurement of QDs@PMA-DDA0.75-DMAPA0-biotin, from the collected data we 
observed that the affinity for pepsin was the highest at pH 5, indicating that the 
adsorption conditions in an acidic environment are the most favorable. At lower pH levels, 
pepsin may exhibit positive surface charge characteristics, and the reduction of negative 
charges is conducive to favorable electrostatic interactions. The Kd value increased 
significantly from pH 5 onwards, indicating that the adsorption affinity gradually 
decreased, followed by a slight recovery at pH 9. It is worth noting that the highest n value 
was recorded at pH 9, indicating that despite the decrease in binding affinity, pepsin was 
more efficiently adsorbed at this pH condition. The large increase in Nmax from pH 5 to 
pH 8 may be due to the fact that the binding of pepsin destroys the stability of NPs, making 
it difficult to reach the state of adsorption saturation, but forming a loose multilayer 
adsorption structure. However, when the pH value is 9, there is a sharp decrease in Nmax, 
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which may be due to the denaturation of pepsin caused by the alkaline environment, and 
the change in conformation makes it unable to effectively bind to the surface of the NPs. 
The affinity of QDs@PMA-DDA0.75-DMAPA0-biotin NPs to pepsin is lower than that of 
QDs@PMA-DDA0.75-DMAPA0, which may be because the surface biotin modification 
increases the steric hindrance, thereby reducing its adsorption to pepsin. 

QDs@PMA-DDA0.5-DMAPA0.25-biotin demonstrated strong anti-adsorption properties 
as zwitterionic NPs, with no significant pepsin adsorption observed during the experiment. 
Similarly, QDs@PMA-DDA0.75-PEG0.25 also exhibited resistance to pepsin adsorption, and 
there was no notable change in particle size under the experimental conditions. 

 

Figure 6-9. Radius(rh)-Concentration(cp) curve of a) QDs@PMA-DDA0.75-DMAPA0-biotin, b) 
QDs@PMA-DDA0.5-DMAPA0.25-biotin, and c) QDs@PMA-DDA0.75-PEG0.25 of pepsin 
adsorption. The lines present the fitting by Hill function. 

Table 6-11. Analyzing of FCS data of pepsin adsorption on QDs@PMA-DDA0.75-DMAPA0-
biotin, QDs@PMA-DDA0.5-DMAPA0.25-biotin and QDs@PMA-DDA0.75-PEG0.25. R0 stands for 
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the original radius of the NPs, kd indicates the protein concentration at half saturation 
stage, n is the Hill coefficient, Nmax represents the maximum number of proteins that can 
adsorb onto a single NP, and ΔRh is the difference between the radius at maximum 
adsorption and the NP's original radius. 

NPs pH R0 [nm] Kd [µM] n Nmax ΔRh [nm] 

QDs@PMA-
DDA0.75-

DMAPA0-biotin 

5 7.51 222.50 0.95 81.14 5.63 

6 7.48 7210.82 0.69 307.80 5.06 

7 7.65 629.77 1.53 112.78 5.33 

8 7.33 251005.74 1.17 42225.92 4.16 

9 7.53 309.87 2.27 12.21 1.56 

QDs@PMA-
DDA0.5-

DMAPA0.25-
biotin 

5 7.02 --- --- --- --- 

6 7.30 --- --- --- --- 

7 7.05 --- --- --- --- 

8 7.16 --- --- --- --- 

9 7.12 --- --- --- --- 

QDs@PMA-
DDA0.75-PEG0.25 

5 9.59 --- --- --- --- 

6 9.40 --- --- --- --- 

7 9.50 --- --- --- --- 

8 9.17 --- --- --- --- 

9 9.59 --- --- --- --- 

 

The FCS measurements of pepsin adsorption on cap exchanged NPs are shown in 
Figure 6-10, and the data is further analyzed by Hill function in Table 6-12. 

QDs@MUA NPs exhibited varying degrees of pepsin adsorption across the pH range of 
5 to 9. The dissociation constant Kd increased with rising pH, indicating that the NPs 
demonstrated higher affinity for pepsin under acidic conditions (pH 5 and pH 6). As the 
pH increased, the negative charge on the pepsin surface also increased, leading to 
dominant electrostatic repulsion, which gradually reduced the binding interaction 
between the nanoparticles and pepsin. At pH levels 5, 6, 7, and 9, the binding of 
QDs@MUA NPs to pepsin was essentially in a non-synergistic state, while a weakly 
synergistic state was observed at pH 8, where the pepsin adsorbed onto the NPs surface 
facilitated further adsorption of additional pepsin from the solution. Notably, the 



 

90 
 

maximum amount of pepsin adsorbed onto the surface of QDs@MUA NPs increased with 
rising pH, despite the diminished binding strength. This observation suggests that pepsin 
is not tightly bound to the surface of QDs@MUA NPs, instead, it forms a loose protein 
corona, which facilitates the continued adsorption of additional pepsin. 

The QDs@PEG-COOH did not exhibit significant particle size growth during the 
experiment, suggesting that pepsin did not adsorb onto the nanoparticles within the pH 
range of 5 to 9. 

Figure 6-10. Radius(rh)-Concentration(cp) curve of a) QDs@MUA and b) QDs@PEG-COOH 
of pepsin adsorption. The lines present the fitting by Hill function. 

Table 6-12. Analyzing of FCS data of pepsin adsorption on QDs@MUA and QDs@PEG-
COOH. R0 stands for the original radius of the NPs, kd indicates the protein concentration 
at half saturation stage, n is the Hill coefficient, Nmax represents the maximum number of 
proteins that can adsorb onto a single NP, and ΔRh is the difference between the radius 
at maximum adsorption and the NP's original radius. 

NPs pH R0 [nm] Kd [µM] n Nmax ΔRh [nm] 

QDs@MUA 

5 6.78 7.03 0.91 40.33 5.61 

6 6.50 8.04 1.20 40.66 5.53 

7 6.85 48.06 0.95 50.31 5.51 

8 6.52 148.12 1.55 46.92 5.23 

9 6.82 68.25 2.50 43.75 5.69 

5 9.16 --- --- --- --- 
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QDs@PEG-
COOH 

6 9.51 --- --- --- --- 

7 9.74 --- --- --- --- 

8 9.83 --- --- --- --- 

9 9.44 --- --- --- --- 

 

 

 

6.3.4 FCS measurements of pH-dependent Lysozyme adsorption on different 

nanoparticles 

Lysozyme is an alkaline protein with a high pI (pH 11). Table 6-8 shows the predicted total 
charge change under the experimental pH conditions. Under our experimental conditions 
(pH 5-pH 9), the pH value is always lower than the pI of lysozyme, so its acidic amino acid 
residues are deprotonated in solution and become negatively charged. 

Table 6-13. Predicted charge of Lysozyme 

Predicted 
charge (+/-) 

pH 5 pH 6 pH 7 pH 8 pH 9 

Lysozyme + + + + + 

 

The Lysozyme adsorption on QDs@PMA-DDA0.75-DMAPA0, QDs@PMA-DDA0.5-
DMAPA0.25, QDs@PMA-DDA0.5-DMAPA0.5 and QDs@PMA-DDA0.25-DMAPA0.75 are shown 
in Figure 6-11. As a negatively charged NPs, Lysozyme exhibited strong adsorption onto 
the surface of QDs@PMA-DDA0.75-DMAPA0. When the concentration of Lysozyme 
reached 1 μM, significant fluctuations in the FCS reading were observed, making it 
impossible to calculate the size from diffusion coefficient, and also the solution turned 
opalescence and turbidity. This phenomenon suggests that Lysozyme adsorption 
compromised the stability of the NPs, leading to their aggregation. The adsorption of 
Lysozyme reduced the negative charge on the surface of QDs@PMA-DDA0.75-DMAPA0, 
thereby decreasing the repulsive forces between the NPs and further contributing to their 
aggregation. 

QDs@PMA-DDA0.5-DMAPA0.25 demonstrates excellent anti-adsorption properties in 
the presence of Lysozyme. Over a concentration range of 0.0001 μM to 500 μM, only 
fluctuations in NPs radius were observed, with no significant protein adsorption detected. 
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Despite both QDs@PMA-DDA0.5-DMAPA0.5 and QDs@PMA-DDA0.25-DMAPA0.75 being 
positively charged nanoparticles, they exhibit distinct differences in their adsorption 
behavior with Lysozyme. The surface electrostatic charge of QDs@PMA-DDA0.5-DMAPA0.5 

is relatively low. Although Lysozyme is also positively charged and should theoretically 
repel the NPs, FCS measurements showed significant fluctuations in NPs size. This does 
not indicate protein adsorption on the NPs surface, but suggests that Lysozyme disrupts 
the stability of the NPs. 

QDs@PMA-DDA0.25-DMAPA0.75 retains a positive surface charge within the pH range of 
5 to 9, effectively resisting the adsorption of Lysozyme on its surface. Consequently, no 
increase in NPs size was observed. 

The adsorption behavior of Lysozyme varies significantly across NPs with different 
surface charges. The interaction with negatively charged QDs@PMA-DDA0.75-DMAPA0 is 
particularly strong, resulting in NPs aggregation. In contrast, no adsorption occurs on the 
surfaces of zwitterionic polymers or positively charged NPs. 
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Figure 6-11. Radius(rh)-Concentration(cp) curve of a) QDs@PMA-DDA0.75-DMAPA0, b) 
QDs@PMA-DDA0.5-DMAPA0.25, c) QDs@PMA-DDA0.5-DMAPA0.5, d) QDs@PMA-DDA0.25-
DMAPA0.75 of Lysozyme adsorption. 

The Lysozyme adsorption on QDs@PMA-DDA0.75-DMAPA0-biotin, QDs@PMA-DDA0.5-
DMAPA0.25-biotin and QDs@PMA-DDA0.75-PEG0.25 are shown in Figure 6-12. After the 
surface modification with biotin, the QDs@PMA-DDA0.75-DMAPA0-biotin NPs maintain a 
strong negative charge. However, the adsorption behavior of lysozyme onto these NPs 
differs significantly from that of QDs@PMA-DDA0.75-DMAPA0. At low lysozyme 
concentrations, a gradual increase in the NPs' radius is observed, indicating lysozyme 
adsorption. When the lysozyme concentration exceeds 100 µM, a marked increase in the 
NPs' radius occurs, particularly at pH 9. For instance, at 500 µM lysozyme concentration, 
the radius of the NPs can reach as high as 900 nm. This suggests that the adsorption of 
lysozyme onto QDs@PMA-DDA0.75-DMAPA0-biotin is weaker compared to QDs@PMA-
DDA0.75-DMAPA0, indicating that the biotin modification partially neutralizes the negative 
charge. In medium to low lysozyme concentration solutions, a protein corona forms on 
the surface of the QDs@PMA-DDA0.75-DMAPA0-biotin NPs without causing NPs 
aggregation. 
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Despite the grafting of biotin onto the surface of QDs@PMA-DDA0.5-DMAPA0.25-biotin 
NPs, they retained the excellent anti-protein adsorption properties characteristic of 
zwitterionic NPs, with no lysozyme adsorption observed under pH 5 to pH 9. 

For QDs@PMA-DDA0.75-PEG0.25 NPs, the theoretical expectation is that PEG 
modification would confer resistance to lysozyme adsorption. Although we did not 
observe any increase in NPs size during the experiments, the FCS readings showed 
considerable fluctuations. This may be attributed to the fact that, despite PEG grafting, 
QDs@PMA-DDA0.75-PEG0.25 remains negatively charged. Consequently, the positively 
charged lysozyme is attracted to the NPs due to electrostatic interactions. However, steric 
hindrance and the presence of a hydration layer from PEG prevent lysozyme from 
adsorbing onto the NPs surface, ultimately decreased NPs stability which turned into 
observed size fluctuations. 

 

Figure 6-12. Radius(rh)-Concentration(cp) curve of a) QDs@PMA-DDA0.75-DMAPA0-biotin, 
b) QDs@PMA-DDA0.5-DMAPA0.25-biotin, c) QDs@PMA-DDA0.75-PEG0.25 of Lysozyme 
adsorption. 
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In the last NPs system, we studied the adsorption of lysozyme onto cap exchanged QDs 
NPs, the results are shown in Figure 6-13. After mixing the QDs@MUA NPs with lysozyme, 
starting at a concentration of 1 µM, we observed a significant increase in particle size. 
Subsequent measurements of the diffusion coefficient exceeded the normal reading 
range, complicating the calculation of the NPs radius and indicating particle aggregation. 
The negatively charged QDs@MUA NPs exhibited strong interactions with lysozyme 
under varying pH conditions. Notably, although the surface electrostatic charge of 
QDs@MUA is lower compared to QDs@PMA-DDA0.75-DMAPA0, aggregation occurred at a 
lower lysozyme concentration. This phenomenon may be attributed to the smaller steric 
hindrance on the surface of QDs@MUA NPs, which facilitates easier adsorption of 
proteins. This enhanced adsorption likely leads to increased protein accumulation and, 
ultimately, NPs aggregation. 

For the QDs@PEG-COOH NPs, consistent with previous studies, no adsorption of 
lysozyme was observed across various concentrations and pH conditions. Additionally, 
the particle size remained relatively stable, indicating that these NPs possess good 
colloidal stability. 

 

Figure 6-13. Radius(rh)-Concentration(cp) curve of a) QDs@MUA, b) QDs@PEG-COOH of 
Lysozyme adsorption. 

By examining the adsorption behavior of lysozyme on NPs with various surface 
modifications, we found that NPs with a more negative surface charge strongly interact 
with lysozyme, leading to NPs aggregation upon adsorption. Among them, polymer-
coated NPs exhibit significant steric hindrance, resulting in aggregation only at high 
lysozyme concentrations.  
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For NPs with a positive surface charge, electrostatic repulsion prevents lysozyme 
adsorption. However, lysozyme may compromise the colloidal stability of these NPs in 
solution.  

Notably, PEG-modified and zwitterionic polymer NPs demonstrate excellent resistance 
to protein adsorption, as lysozyme does not adsorb to their surfaces. 

6.3.5 FCS measurements of Avidin adsorption on different nanoparticles at pH 7 

In the study of Avidin adsorption, we only focused on its specific adsorption 
performance, so we only studied it under pH 7. Avidin is similar to Lysozyme, with a high 
pl (pH 11). Avidin would exhibit a positive charge at pH 7. 

The avidin-biotin interaction is one of the strongest known non-covalent interactions, 
with a dissociation constant (Kd) in the picomolar range (approximately 10^-15 M). This 
high affinity makes the complex extremely stable. Therefore, we chose a very low Avidin 
concentration (0.1 nM to 1000 nM) for protein adsorption experiments, as in previous 
experiments, protein adsorption was usually not observed in this concentration range.  

We initially performed an adsorption experiment of Avidin on nanoparticles with 
varying surface charge properties. The radius(rh)-concentration(cp) curve of Avidin 
adsorption is shown in Figure 6-14, and the corresponding Hill fitting results are shown in 
the Table 6-14.  

Since the concentration of Avidin was in a relatively lower range, when we incubate 
Avidin with QDs@PMA-DDA0.5-DMAPA0.25, QDs@PMA-DDA0.5-DMAPA0.5, QDs@PMA-
DDA0.25-DMAPA0.75, there is no adsorption happened, as the radius of NPs only has slight 
fluctuations, but not significant increase, this may also due to the surface charge of 
QDs@PMA-DDA0.5-DMAPA0.25 remain neutral, QDs@PMA-DDA0.5-DMAPA0.5 and 
QDs@PMA-DDA0.25-DMAPA0.75 are positively charged, in this case, positively charged 
Avidin has a repulsive force towards those NPs. However, the negatively charged 
QDs@PMA-DDA0.75-DMAPA0 showed increased adsorption with the increasing Avidin 
concentration, even in the concentration lower than 1 µM, we can assume that this 
adsorption behavior is mainly driven by electrostatic interaction. From the parameters 
we got from Hill-fitting, the hill index n is 1.48, indicates a collaborative adsorption, and 
the radius increase is 1.87 nm, means the adsorption of Avidin only formed a single layer, 
at maximum there will be about 15 Avidin adsorbed on the surface of QDs@PMA-DDA0.75-
DMAPA0.  
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Figure 6-14. Radius(rh)-Concentration(cp) curve of a) QDs@PMA-DDA0.75-DMAPA0, b) 
QDs@PMA-DDA0.5-DMAPA0.25, c) QDs@PMA-DDA0.5-DMAPA0.5, d) QDs@PMA-DDA0.25-
DMAPA0.75 of Avidin adsorption. The red line presents the fitting by Hill function. 

Table 6-14. Analyzing of FCS data of Avidin adsorption on QDs@PMA-DDA0.75-DMAPA0, 
QDs@PMA-DDA0.5-DMAPA0.25, QDs@PMA-DDA0.5-DMAPA0.5, and QDs@PMA-DDA0.25-
DMAPA0.75. R0 stands for the original radius of the NPs, kd indicates the protein 
concentration at half saturation stage, n is the Hill coefficient, Nmax represents the 
maximum number of proteins that can adsorb onto a single NP, and ΔRh is the difference 
between the radius at maximum adsorption and the NP's original radius. 

NPs pH R0 [nm] kd [µM] n Nmax ΔRh [nm] 

QDs@PMA-
DDA0.75-DMAPA0 

7 6.92  0.09 1.48 15.19 1.87 

QDs@PMA-
DDA0.5-DMAPA0.25 

7 7.86 --- --- --- --- 
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QDs@PMA-
DDA0.5-DMAPA0.5 

7 8.56 --- --- --- --- 

QDs@PMA-
DDA0.25-DMAPA0.75 

7 8.60 --- --- --- --- 

 

The results indicate that the strong negative charge on the surface of QDs@PMA-
DDA0.75-DMAPA0 NPs leads to non-specific adsorption of Avidin. This suggests that in a 
physiological environment, these strongly negatively charged nanoparticles are likely to 
bind with positively charged proteins, which may adversely affect their functionality. To 
mitigate this issue, we can consider using zwitterionic nanoparticles, whose neutral 
surfaces can reduce protein adsorption. Alternatively, we could employ positively 
charged nanoparticles that would generate electrostatic repulsion with similarly charged 
proteins, thereby minimizing surface adsorption. 

Next, we carried out the Avidin adsorption experiment on the NPs modified with biotin 
or PEG on their surfaces. The radius(rh)-concentration(cp) curve of Avidin adsorption is 
shown in Figure 6-15, and the corresponding Hill fitting results are shown in the Table 6-
15.  

After biotinylating, the adsorption of Avidin became faster and stronger on 
QDs@PMA-DDA0.75-DMAPA0-biotin, as the kd decreased to 0.01 µM, and a maximum of 
64 Avidin can be adsorbed on the surface of the NPs, also the Hill coefficient n increased 
to 4.44, means a more collaborative adsorption, the adsorbed Avidin will increase the 
likelihood for further adsorption. And also, the change of radius is 2.27 nm, indicated a 
single layer adsorption. The same is single layer adsorption, but the size change is slightly 
different, which may be due to the different orientation and distribution of protein 
adsorption. 

The QDs@PMA-DDA0.5-DMAPA0.25-biotin NPs also exhibited a strong affinity for Avidin, 
even though their surface charge remained nearly neutral, demonstrating an anti-
adsorption ability. After modification with biotin—known for its strong adsorption 
capacity for Avidin, their ability to bind Avidin was restored, although the adsorption rate 
was lower than that of QDs@PMA-DDA0.75-DMAPA0-biotin. This was evidenced by a kd 
value of 0.47 µM and an n value of 1.30, indicating collaborative adsorption for Avidin. 
The Nmax value suggests that a maximum of 52 Avidin can be adsorbed onto one single NP, 
and the observed increase in NP size of 2.98 implies the potential for multi-layer 
adsorption. 

The QDs@PMA-DDA0.75-PEG0.25 still maintained good anti-protein adsorption ability, 
especially at low Avidin concentration. PEG exhibits significant steric hindrance due to its 
flexible and elongated structure. When grafted onto the surface of the NPs, PEG forms a 
physical barrier that can hinder the access of Avidin molecules. This barrier effectively 
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prevents Avidin from reaching the NPs surface, thereby significantly reducing or 
completely eliminating adsorption. Furthermore, the hydrophilic nature of PEG may 
contribute to the reduction in Avidin adsorption. Although Avidin possesses hydrophobic 
regions that typically facilitate surface interactions, the PEG layer can create a hydrated 
shell around the NPs. This increased hydrophilicity may lead Avidin to preferentially 
remain in the aqueous phase rather than adsorbing onto the PEG-modified surface. 
Additionally, the modification of the surface with PEG may result in a decrease in negative 
charge. Since Avidin is a positively charged protein, this reduction in surface charge could 
diminish the electrostatic attraction between the protein and the NPs. 

 

Figure 6-15. Radius(rh)-Concentration(cp) curve of a) QDs@PMA-DDA0.75-DMAPA0-biotin, 
b) QDs@PMA-DDA0.5-DMAPA0.25-biotin, c) QDs@PMA-DDA0.75-PEG0.25 of Avidin 
adsorption. The red line presents the fitting by Hill function. 

Table 6-15. Analyzing of FCS data of Avidin adsorption on QDs@PMA-DDA0.75-DMAPA0-
biotin, QDs@PMA-DDA0.5-DMAPA0.25-biotin and QDs@PMA-DDA0.75-PEG0.25. R0 stands for 
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the original radius of the NPs, kd indicates the protein concentration at half saturation 
stage, n is the Hill coefficient, Nmax represents the maximum number of proteins that can 
adsorb onto a single NP, and ΔRh is the difference between the radius at maximum 
adsorption and the NP's original radius. 

NPs pH R0 [nm] kd [µM] n Nmax ΔRh [nm] 

QDs@PMA-
DDA0.75-DMAPA0-

biotin 
7 9.10 0.01 4.44 23.66 2.27 

QDs@PMA-
DDA0.5-DMAPA0.25-

biotin 
7 8.46 0.47 1.30 52.15 2.98 

QDs@PMA-
DDA0.75-PEG0.25 

7 8.50 --- --- --- --- 

 

Through the study of NPs modified with biotin or PEG on their surfaces, we have 
observed that modifying negatively charged QDs@PMA-DDA0.75-DMAPA0 NPs with 
positively charged proteins that possess specific adsorption capabilities leads to faster 
and more intense protein adsorption. Additionally, NPs coated with zwitterionic polymers, 
such as QDs@PMA-DDA0.5-DMAPA0.25, regain their protein adsorption capacity after 
being modified with specifically adsorptive proteins. In contrast,  NPs coated with PEG-
grafted polymers can effectively maintain their anti-adsorption properties under any 
conditions. 

Finally, we have studied the Avidin adsorption on the NPs after cap exchange. The 
radius(rh)-concentration(cp) curve of Avidin adsorption is shown in Figure 6-16, and the 
corresponding Hill fitting results are shown in the Table 6-16.  

The amount of Avidin adsorbed on the surface of QDs@MUA increased significantly 
starting at a concentration of 0.1 µM, resulting in a rapid rise in the hydration radius of 
the NPs as the concentration increased. At an Avidin concentration of 1 µM, the hydration 
radius of the NPs reached approximately 60 nm. Analysis of the data using the Hill model 
revealed key parameters pertaining to the Avidin adsorption process. The low kd value for 
QDs@MUA (0.26 µM) indicates that a substantial amount of Avidin can bind to the NPs 
even at relatively low concentrations. This strong binding is likely attributed to the 
significant negative charge present on the surface of QDs@MUA. At pH 7, Avidin remains 
positively charged, leading to strong electrostatic adsorption. 

On a single QDs@MUA nanoparticle, up to approximately 6971 Avidin can bind to the 
surface, resulting in multilayer adsorption. However, its kd is lower than that of 
QDs@PMA-DDA0.75-DMAPA0 due to a slightly reduced surface negative charge. The Hill 
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coefficient value of 5.14 suggests that multiple binding sites on the NPs surface can 
influence each other, resulting in a strong collective binding effect that promotes the 
synergistic binding of multiple Avidin molecules. The considerable size increase of 
QDs@MUA may also be attributed to its lower stability compared to polymer-coated NPs, 
and when Avidin’s concentration increased, the nanoparticles began to aggregate. The 
polymer coatings can effectively prevent excessive protein adsorption due to significant 
steric hindrance. 

In contrast, QDs@PEG-COOH NPs did not exhibit noticeable changes in particle size as 
the concentration of Avidin increased, thereby maintaining robust anti-adsorption 
properties. 

Figure 6-16. Radius(rh)-Concentration(cp) curve of a) QDs@MUA, b) QDs@PEG-COOH of 
Avidin adsorption. The red line presents the fitting by Hill function. 

Table 6-16. Analyzing of FCS data of Avidin adsorption on QDs@MUA and QDs@PEG-
COOH. R0 stands for the original radius of the NPs, kd indicates the protein concentration 
at half saturation stage, n is the Hill coefficient, Nmax represents the maximum number of 
proteins that can adsorb onto a single NP, and ΔRh is the difference between the radius 
at maximum adsorption and the NP's original radius. 

NPs pH R0 [nm] KD [µM] n Nmax ΔRh [nm] 

QDs@MUA 7 6.50 0.26 5.14 6971.69 55.40 

QDs@PEG-COOH 7 9.50 --- --- --- --- 

Through our study of Avidin adsorption on these two NPs with direct cap exchange, 
we found that QDs@MUA NPs possess a substantial number of binding sites available for 
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Avidin occupancy. This characteristic is highly advantageous for applications requiring 
high capacity or strong affinity. In contrast, QDs@PEG-COOH NPs demonstrate inherent 
stability and exhibit excellent anti-adsorption properties. 
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7. Summary and Future Perspective 

7.1 Summary 

Conducting protein corona studies under varying pH conditions offers valuable insights 
into the pH-dependent aspects of protein-NPs interactions. By exploring how pH 
modulates protein adsorption, conformation, and interactions, researchers can enhance 
their understanding of NPs behavior and applications in biomedicine, nanotoxicology, and 
environmental science. 

In our research, we conducted various surface modifications on QDs NPs, including 
encapsulation with polymers of varying surface charges, surface biotinylation, PEGylation, 
and direct cap exchange. We characterized the properties of the fabricated NPs systems 
and performed detailed protein adsorption experiments with individual proteins. This 
allowed us to comprehensively elucidate the mechanisms and factors influencing the 
formation of the protein corona. 

In our first system, we synthesized amphiphilic polymers containing various 
proportions of DMAPA, which can be protonated in solution to impart a positive charge. 
When these amphiphilic polymers are applied to the surface of QDs, they facilitate a 
phase transition that enables the QDs to disperse in aqueous solutions. The varying 
proportions of DMAPA within the polymer alter the surface charge of the NPs. Notably, 
QDs@PMA-DDA0.75-DMAPA0 exhibits a significant negative surface charge across pH 5 to 
9, with minimal variation in charge as pH changes. This characteristic leads to strong 
adsorption of biomolecules such as BSA, Transferrin, and pepsin, with consistent behavior 
observed across different pH conditions. In the case of Avidin, despite lacking specific 
adsorption sites on QDs@PMA-DDA0.75-DMAPA0, the pronounced negative charge 
facilitates the adsorption of a substantial amount of positively charged Avidin. Similarly, 
for positively charged Lysozyme, QDs@PMA-DDA0.75-DMAPA0 demonstrates strong 
adsorption affinity, which can even result in NPs aggregation at higher concentrations. 

After the polymer grafted with DMAPA, the surface of the QDs@PMA-DDA0.5-
DMAPA0.25 NPs exhibited both positive and negative charges. As a result, these 
zwitterionic NPs were predominantly electrically neutral, with a slight reduction in surface 
potential observed as the pH gradually increased. The hydration layer that forms on the 
surface of these zwitterionic NPs effectively resists the adsorption of proteins. 

As the proportion of DMAPA in the polymer increases, the QDs@PMA-DDA0.5-
DMAPA0.5 and QDs@PMA-DDA0.25-DMAPA0.75 NPs are positively charged in the pH range 
of 5 to 9, although the positive charge gradually weakens as the pH continues to increase. 
At the same time, as the proportion of DMAPA increases, the hydrophilicity of the NPs 
also decreases. Changes in surface positive charge and hydrophilicity will have a series of 
effects on subsequent protein adsorption. Contrary to expectations, QDs@PMA-DDA0.5-
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DMAPA0.5 exhibited no adsorption capacity for proteins in this experiment. This may be 
attributed to insufficient surface charge on the NPs. The negative charge from the 
carboxyl groups on the PMA backbone, coupled with the positive charge of DMAPA when 
protonated, can create a hydration layer that hinders further protein adsorption. 

Similarly, QDs@PMA-DDA0.25-DMAPA0.75 does not align with theoretical predictions. 
While it shows no affinity for negatively charged pepsin, it demonstrates a higher binding 
affinity for BSA. This observation indicates that during the formation of a protein corona, 
electrostatic effects are not necessarily dominant, instead, the structure and 
hydrophilicity of the protein also play a crucial role. 

In our second NPs system, we modified the NPs surfaces through biotinylation and 
PEGylation. Surface biotinylation enhances the specific binding affinity of the NPs for 
Avidin, whereas PEGylation has been previously demonstrated to effectively reduce 
protein adsorption. 

The negative charge of QDs@PMA-DDA0.75-DMAPA0-biotin and QDs@PMA-DDA0.5-
DMAPA0.25-biotin NPs is partially neutralized compared to NPs without biotin. The 
adsorption behavior of QDs@PMA-DDA0.75-DMAPA0-biotin closely resembles that of 
QDs@PMA-DDA0.75-DMAPA0. However, the introduction of the biotin group enhances the 
affinity for certain proteins. This improvement is attributed to biotin's influence on the 
surface charge distribution and hydrophilicity of the NPs. QDs@PMA-DDA0.5-DMAPA0.25-
biotin retains the anti-adsorption properties characteristic of zwitterionic NPs while still 
demonstrating a strong specific adsorption capacity for avidin. These findings offer 
valuable insights for the future design of specific adsorption nanomaterials, enabling the 
reduction of unwanted protein adsorption while preserving affinity for target proteins. 

After grafting PEG into the polymer, the negative charge of QDs@PMA-DDA0.75-PEG0.25 

was slightly reduced. However, the NPs continued to exhibit a negative charge within the 
pH range of 5 to 9. In subsequent experiments, we observed no adsorption of BSA, 
Transferrin, pepsin, or Avidin onto the NPs surfaces. This lack of adsorption can be 
attributed to the steric hindrance and hydration layer created by the PEG chains, which 
effectively prevents protein binding. Interestingly, when the NPs were mixed with 
Lysozyme, we detected a significant fluctuation in particle size. Nonetheless, this change 
in size did not suggest protein adsorption, likely due to the strong positive charge of 
Lysozyme disrupting the stability of the QDs@PMA-DDA0.75-PEG0.25 NPs. 

In our last research system, we conducted a direct ligand exchange on the surface of 
QDs by replacing the oleylamine ligands with short-chain MUA and long-chain PEG-COOH. 
This modification enhanced the dispersion of the QDs in aqueous solutions. Unlike the 
polymer encapsulation method, ligand exchange allows for a faster and more efficient 
phase transition of hydrophobic QDs. QDs@MUA and QDs@PMA-DDA0.75-DMAPA0 
exhibit similar adsorption properties, however, they generally demonstrate a higher 
affinity for proteins compared to polymer-coated NPs. This enhanced affinity may be 
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attributed to the surface ligands, which reduce steric hindrance and facilitate protein 
adsorption. When QDs@MUA NPs are mixed with lysozyme, which carries a strong 
positive charge, the NPs tend to aggregate at low concentrations. This behavior indicates 
that the stability of QDs@MUA is weaker than that of the polymer-coated NPs. 

After the ligand exchange, QDs@PEG-COOH displayed a slight negative charge in 
solution, as the carboxyl groups at the end of the ligands exhibited minimal variation in 
surface potential within the pH range of 5 to 9. QDs@PEG-COOH demonstrated good 
hydrophilicity and maintained excellent colloidal stability across different pH conditions. 
The nearly neutral surface, combined with the anti-protein adsorption properties 
conferred by the PEG chains, resulted in no observed protein adsorption by QDs@PEG-
COOH NPs in our study. 

The experiments indicate that protein adsorption is not solely a result of electrostatic 
interactions. We should also take the pH environment, the hydrophilic and hydrophobic 
characteristics of the NPs, and their surface functional groups into account. Consequently, 
when designing NPs, it is essential to consider their intended applications 
comprehensively to either minimize the formation of a protein corona or to maximize the 
effective adsorption of the target protein. 

 

7.2 Future Perspective 

Utilizing fluorescence correlation spectroscopy (FCS) to analyze individual proteins 
adsorption and investigate protein corona formation on NPs with varying surface 
chemistries at different pH levels offers a comprehensive and multidimensional approach 
to understanding NPs-protein interactions. 

By examining protein corona formation on NPs with diverse surface properties, we can 
gain insights into how factors such as surface charge, hydrophobicity, and functional 
groups influence protein adsorption and corona structure. Understanding these 
interactions is essential for designing NPs with tailored application. 

Evaluating protein corona formation under varying pH conditions sheds light on the 
pH-dependent behavior of both proteins and NPs. FCS enables us to monitor changes in 
protein binding kinetics and affinity at different pH levels, enhancing our understanding 
of how pH affects corona assembly. 

The findings from this study will offer valuable insights into how surface chemistry, pH, 
and protein composition impact protein corona formation and stability. These factors are 
crucial for predicting the biological response, cellular uptake, and potential toxicity of NPs 
in biomedical and environmental applications. 
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Our study employing FCS to explore the behavior of individual proteins in the protein 
corona provides a holistic view of NPs-protein interactions across various conditions. This 
multidimensional approach paves the way for a deeper understanding of protein corona 
dynamics and its implications for nanobiology and nanomedicine.  
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List of Hazardous Substances 

List of Chemicals and GHS Classifications. 

Substance  Signal 
word 

GHS-
symbols 

Hazard 
statements 

Precautionary 
statements 

Chloroform Danger 

 

H302 - 
H315 - 
H319 - 
H331 - 
H336 - 
H351 - 
H361d - 
H372 

P202 - P301 + 
P312 - P302 + 
P352 - P304 + 
P340 + P311 - 
P305 + P351 + 
P338 - P308 + 
P313 

Cadmium oxide Danger 

 

H330 - 
H341 - 
H350 - 
H361fd - 
H372 - 
H410 

P202 - P260 - 
P264 - P270 - 
P273 - P304 + 
P340 + P310 

Trioctylphosphine 
oxide 

Danger 
 

H315 - 
H318 - 
H412  

P264 - P273 - 
P280 - P302 + 
P352 - P305 + 
P351 + P338 - 
P332 + P313 

Trioctylphosphine Danger 
 

H314  

Selenium Danger 

 

H301 + 
H331 - 
H373 - 
H413 

P260 - P264 - 
P273 - P301 + 
P310 - P304 + 
P340 + P311 - 
P314 

1-octadecene Danger 
 

H304 P301 + P310 - 
P331 - P405 - 
P501 

Hydrochloric acid Danger 

 

H290 - 
H314 - 
H335 

P234 - P261 - 
P271 - P280 - 
P303 + P361 + 
P353 - P305 + 
P351 + P338 
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Nitric acid Danger 

 

H272 - 
H290 - 
H314 - 
H331 

P210 - P220 - 
P280 - P303 + 
P361 + P353 - 
P304 + P340 + 
P310 - P305 + 
P351 + P338 

Ethanol Danger 

 

H225 - 
H319 

P210 - P233 - 
P240 - P241 - 
P242 - P305 + 
P351 + P338 

N,N-
Dimethyldodecylamine 

Danger 

 

H302 - 
H314 - 
H410 

P270 - P273 - 
P280 - P301 + 
P312 - P303 + 
P361 + P353 - 
P305 + P351 + 
P338 

Cyclohexane Danger 

 

H225 - 
H304 - 
H315 - 
H336 - 
H410 

P210 - P233 - 
P273 - P301 + 
P310 - P303 + 
P361 + P353 - 
P331 

Ammonium chloride Warning 
 

H302 - 
H319 

P264 - P270 - 
P280 - P301 + 
P312 - P305 + 
P351 + P338 - 
P337 + P313 

Sodium hydroxide Danger 
 

H290 - 
H314 

P234 - P260 - 
P280 - P303 + 
P361 + P353 - 
P304 + P340 + 
P310 - P305 + 
P351 + P338 

Methanol Danger 

 

H225 - 
H301 + 
H311 + 
H331 - 
H370 

P210 - P233 - 
P280 - P301 + 
P310 - P303 + 
P361 + P353 - 
P304 + P340 + 
P311 
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Tetrahydrofuran Danger 

 

H225 - 
H302 - 
H319 - 
H335 - 
H336 - 
H351 

P202 - P210 - 
P233 - P301 + 
P312 - P305 + 
P351 + P338 - 
P308 + P313 

Toluene Danger 

 

H225 - 
H304 - 
H315 - 
H336 - 
H361d - 
H373 - 
H412 

P202 - P210 - 
P273 - P301 + 
P310 - P303 + 
P361 + P353 - 
P331 

 


