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ABSTRACT 

Mucus linings and immune system protein coronas limit entry, targeting, and 

bioavailability of therapeutics. A common strategy to circumvent these barriers is to 

sterically stabilize therapeutics. This approach is based on fundamental work in colloid 

science but is often neglected in terms of mechanisms and interactions with biological 

macromolecules such as mucus and immune system proteins. A challenge is to understand 

polymer interactions and architectures in face of mucus and blood proteins to assess their 

stability to design colloidal therapeutics with enhanced bioavailability, safety, and 

targeting. In this dissertation, total internal reflection microscopy is used to directly, 

sensitively, and nonintrusively measure adsorbed PEG and zwitterionic (ZI) layer 

interactions against specific ions, proteins, and mucus. The use of TIRM offers kT-scale 

and nanometer resolution to offer unique insights needed for stabilizing colloidal 

therapeutics.  

For the first goal, we report direct measurements of solution behaviour of adsorbed 

PEG and ZI triblock copolymers as a function of specific ions. Our findings indicate 

qualitatively different and unique behavior for each polymer, where: PEO layers are [NaCl] 

independent but collapse with increasing [MgSO4]; PMAPS layers extend with increasing 

[NaCl] but becomes less repulsive with increasing [MgSO4], and PMPC layers are 

completely insensitive to both salts. A competition between solvated molecular 

interactions and structures explains the unique response of each polymer to non-specific 

and specific ion effects. 

For the second goal, we show how serum albumin and immunoglobin G, interact 

with PEG and ZI layers. Our results provide unambiguous evidence of exclusion of 
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proteins from adsorbed PEG. Low molecular weight zwitterionic coatings were displaced 

by both BSA and IgG unlike PEG. Measured interactions and corresponding exclusion 

states were fitted theoretically to reflect penetration and exclusion of both proteins. 

Finally, we report kT-scale interactions of ZI and PEG coatings with mucin in 

various conditions such as low pH, mucolytic agents, and calcium chloride. Our results 

demonstrate that PEG and ZI coatings are repulsive towards mucin and provide a template 

for tuning polymer coatings to specifically adhere to mucus to achieve a balance of 

mucopenetration and mucoadhesion behavior for successful permeability through mucus. 
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2Lo. (B, E) vdW component of the particle-wall energy from eq. (14) at h = 2Lo with vdW 

fitting parameter, XvdW(x,y), fixed between 1 and 1.3, and ΓS=134kT fit for all pixels. (C, 

F) vdW component of the particle-wall energy from eq. (14) where ΓS(x,y) is fit 

individually to each pixel leading to polymer brush thickness, 2Lo, that varies with position 

by eq. (7). (G-I) Height-dependent vdW energy landscapes at y = -8 μm energy from the 

vdW component of eq. (14) with the dashed line at h = 2Lo from eq. (7). .................... 143 

Figure 6-5 Experimentally determined potential between silica particles and 

polymerized LC substrate. One quadrant of the energy landscape is plotted such that the 

cut-out is located at the defect and the dashed line is the expected brush thickness, 2Lo, 

from eq. (7) using the method for Fig. 4 (C, F, I). Potentials are shown for the current case 

(A), and addition experiments outlined for (B) in SI.1 and (C) in SI.2. ......................... 148 

Figure 6-6 Summary of diffusing colloidal probe experiment results and findings from 

the sample in Fig. 5.(a). Representative snapshot of particles imaged by optical 

microscopy (A) and rendering from equilibrium simulations (B). (C) Density map 

constructed from experimental particle sampling used to find agreement between 

experiment and simulation. (D) Pair correlation function for all particles in experiment 

(blue circles) and simulation (red lines). (E) Interfacial energy contribution from particle-

wall interactions alone at each pixel determined by eq. (11) between ui,pw= -6kT (blue) and 

ui,pw=0kT (red). (F) Polymer brush thickness, 2Lo from eq. (7)., varying by position 

between h=25nm (black) and h=35nm (white). (G) van der Waals component of the 

particle-wall energy from eq. (14) where ΓS(x,y) is fit individually to each pixel between 

calculated at h = 2Lo from -4kT (red) to 0kT (blue). (H) One quadrant of the energy 

landscape is plotted such that the cut-out is located at the defect and the dashed line is the 

ZEqnNum679841
ZEqnNum748474
ZEqnNum966378
ZEqnNum966378
ZEqnNum966378
ZEqnNum748474


 xiv 

expected particle-wall separation, 2Lo, with the cross-polarizer image shown at z=0nm as 

explained in Fig. 5. (a). ................................................................................................... 150 

Figure 6-7 Summary of diffusing colloidal probe experiment results and findings from 

the sample in Fig. 5.(b). Representative snapshot of particles imaged by optical 

microscopy (A) and rendering from equilibrium simulations (B). (C) Density map 

constructed from experimental particle sampling used to find agreement between 

experiment and simulation. (D) Pair correlation function for all particles in experiment 

(blue circles) and simulation (red lines). (E) Interfacial energy contribution from particle-

wall interactions alone at each pixel determined by eq. (11) between ui,pw= -6kT (blue) and 

ui,pw=0kT (red). (F) Polymer brush thickness, 2Lo from eq. (7)., varying by position 

between h=25nm (black) and h=35nm (white). (G) van der Waals component of the 

particle-wall energy from eq. (14) where ΓS(x,y) is fit individually to each pixel between 

calculated at h = 2Lo from -4kT (red) to 0kT (blue). (H) One quadrant of the energy 

landscape is plotted such that the cut-out is located at the defect and the dashed line is the 

expected particle-wall separation, 2Lo, with the cross-polarizer image shown at z=0nm as 

explained in Fig. 5. (b). ................................................................................................... 151 

Figure 6-8 Summary of diffusing colloidal probe experiment results and findings from 

the sample in Fig. 5.(c). Representative snapshot of particles imaged by optical 

microscopy (A) and rendering from equilibrium simulations (B). (C) Density map 

constructed from experimental particle sampling used to find agreement between 

experiment and simulation. (D) Pair correlation function for all particles in experiment 

(blue circles) and simulation (red lines). (E) Interfacial energy contribution from particle-

wall interactions alone at each pixel determined by eq. (11) between ui,pw= -6kT (blue) and 

ui,pw=0kT (red). (F) Polymer brush thickness, 2Lo from eq. (7)., varying by position 

between h=25nm (black) and h=35nm (white). (G) van der Waals component of the 

particle-wall energy from eq. (14) where ΓS(x,y) is fit individually to each pixel between 

calculated at h = 2Lo from -4kT (red) to 0kT (blue). (H) One quadrant of the energy 

landscape is plotted such that the cut-out is located at the defect and the dashed line is the 

expected particle-wall separation, 2Lo, with the cross-polarizer image shown at z=0nm as 

explained in Fig. 5. (c). ................................................................................................... 152 

ZEqnNum966378
ZEqnNum748474
ZEqnNum966378
ZEqnNum748474


 

 1 

1 INTRODUCTION 

1.1 Background 

Research in therapeutic delivery is concerned with strategies to increase transport 

rates across biological barriers such as the immune system (macrophage uptake and 

clearance), the mucosa, tissue barriers, and cellular trafficking, with the major goal of 

increasing and sustaining bioavailability of novel therapeutic materials.1 The two primary 

barriers are the immune system proteins and mucosa that rapidly eliminate foreign particles 

and render novel therapeutics ineffective if cleared from the body or become tagged with 

new macromolecules that impede their targeting moieties.2-5 Strategies to circumvent such 

barriers explore variations in surface chemistries, particle topology, particle morphology, 

and the use of more dynamic and novel materials.1 However, there is not one solution to 

render therapeutics “stealthy” against the immune system protein response and the mucosal 

barrier; therefore, the persisting open engineering challenge is to develop a method to 

render colloidal therapeutics stable against aggregation, deposition, and recognition by the 

immune system.  

Steric stabilization of colloidal therapeutics is considered an attractive solution for 

preventing therapeutics from nonspecific aggregation, deposition, and clearance by 

biological macromolecules.6 A growing body of work has shown significant interest in 

utilizing nonionic, ethylene oxide polymer coatings, most notably poly(ethylene glycol) or 

PEG, that have been extensively characterized in terms of their solution behavior, 

thermodynamics,7-8 promise for penetrating biological hydrogels,9-10 and potential 

inertness to immune system responses.11 However, conflicting reports of PEG coating often 
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challenge the notion that they possess “stealth’ properties. Some studies have shown that 

PEG-coated particles may be toxic,12-13 can induce an immune system response (seen most 

recently with the COVID vaccine),14-15 and can adhere to mucus,16 which impairs the 

ability of particles with such coatings to successfully permeate this barrier.  

More promising polymers being explored are zwitterionic polymer coatings, which 

possess negatively and positively charged moieties on each repeat unit that are net neutral 

at a wide range of pH, and thus are stimuli responsive, adaptive materials.17-20 Two 

commonly explored zwitterionic materials are phosphorylcholine and sulfobetaine 

polymers that are increasingly known for their superhydrophilicity, promise for true protein 

repellency properties (anti-fouling), and excellent biocompatibility.20-24 These polymers 

with repeating dipoles offer significant advantages in terms of their solvation behavior and 

potential repellence to blood proteins compared to PEG. However, for both materials, 

conflicting reports of their efficacy create misconceptions and are closely related with the 

experimental assays used and their corresponding limitations, which limit our 

understanding of the mechanisms behind their solution behavior and thus impede our 

ability to tune properties to achieve true “stealth” against biological barriers.  

Surveying the breadth of literature reveals two main categories of the state-of-the-

art experimental techniques that have been used in attempt to probe steric coating behavior 

in presence of blood proteins and mucus. Indirect methods, which focus on spectroscopic 

techniques such as surface plasmon resonance (SPR)25 and SDS-PAGE26-27 offer statistical 

insights on macroscopic ensemble behavior of polymer coatings on nanoparticles with a 

wide array of biomaterials but can be intrusive experimentally and thus not representative 

of innate processes. Furthermore, these techniques encompass a range of limitations in 
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resolution which make understanding interactions at the level with molecular detail and 

thus can be subject to misinterpretations of data. More direct techniques such as surface 

force apparatus (SFA) and atomic force microscopy (AFM) offer substantially more 

sensitive probing/scanning advantages since they offer resolution of forces on the order of 

micro-Newtons and surface separation resolution on the order of nanometers.28-29 

However, the range of forces probed with these techniques is at least five-six orders of 

magnitude stronger than interactions that occur at the biological scale (~pN).30-31 Often 

seen in literature, a combination of these techniques in used to understand polymer 

interactions with proteins and mucus, but there is not one technique so far that can offer a 

quantitative and sensitive analysis of these processes.  

Therefore, an open challenge is finding an experimental technique that can offer 

the best of both scanning probe microscopy and spectroscopy: directness, sensitivity, 

scanning, statistics, and non-intrusiveness. A key aim is to use such a technique to develop 

a deeper understanding of the dimensions, architecture, and stability of polymer coatings 

and directly probe their interactions with blood proteins and mucus on the order of fN or 

~kT. The goal is to use this understanding of colloidal interactions to reconcile 

misconceptions and guide the design of colloidal therapeutics that effectively and 

universally prevent nonspecific adhesion of blood proteins and can partition into and 

permeate the mucosal barrier.  

In this dissertation, we establish the use of a direct, non-intrusive, and sensitive 

assay, Total Internal Reflection Microscopy (TIRM), to measure interactions and layer 

dimensions of adsorbed zwitterionic and PEG copolymers mediated by specific ions, 

presence of large abundant blood proteins, and against mucus layers. TIRM is a tool that 
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combines the best of nonintrusive, sensitive, and ensemble-averaged properties to measure 

colloidal interactions and layer dimensions. The experimental system involved measuring 

interactions between hydrophobic colloids and surfaces with adsorbed triblock copolymers 

with central poly(propylene oxide) (PPO) blocks and end blocks of the following: 

poly(ethylene oxide) (PEO), poly(3-(N-2-methacryloyloxyethyl-N,N-dimethyl) 

ammonatopropanesulfonate) (PMAPS), and poly(2-methacryloyloxyethyl 

phosphorylcholine) (PMPC). We compare their solution behavior when physiosorbed onto 

hydrophobic surfaces, since physisorption is an attractive, scalable, and simple technique 

for forming polymer brushes via lateral crowding for steric stabilization against 

aggregation and deposition. 

Three-dimensional Brownian motion tracking of an ensemble of micron-sized 

colloidal probes above planar surfaces via video microscopy, and evanescent wave light 

scattering measuring motion normal to surfaces with nanometer resolution. Additionally, 

equilibrium analysis provides in situ, direct evidence of how the two most abundant blood 

proteins, serum albumin and IgG, at blood levels and solvated mucin layers interact with 

zwitterionic and PEG copolymers in varying solution conditions. Using this technique, we 

probe qualitative and quantitative differences in the behavior and stability of both coatings 

and reconcile the contradicting notions in literature about their interactions with 

biomacromolecules such as blood proteins and mucin networks. 

1.2 Objective 

This dissertation is devoted to several aspects of ethylene oxide and zwitterionic 

copolymer solution behavior and thermodynamics mediated by ion-specific effects, and 

the presence of blood proteins and mucins.  
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The first objective is to directly probe the dimensions, layer architectures, and 

interactions of zwitterionic copolymer coatings compared to PEG coatings in solutions of 

mono- and di-valent ions. Previous works focused on solution behavior of ethylene oxide 

polymers in NaCl solutions suggesting a nonspecific effect using monovalent ions. 

Additionally, zwitterionic polymers exhibit an antipolyelectrolyte effect with NaCl where 

their dimensions increase with increasing ionic strengths nonspecifically. A comparison on 

the use of specific ions that knowingly alter water structure and its effect on layer 

dimensions and interactions of zwitterionic polymer layers is examined via TIRM.  

The second objective is to employ TIRM to measure PEG and zwitterionic 

copolymer layer dimensions and architectures mediated by the presence of high 

concentrations of blood proteins such as serum albumin and IgG. The goal is to examine 

how PEG and zwitterionic materials respond to blood proteins in situ and test what protein 

layer architectures are formed using a combination of experimentation and rigorous 

modeling of weak colloidal interactions.  

The last objective is to measure asymmetric weak interactions between PEG and 

zwitterionic coated colloids and mucin layers to reconcile varying accounts on the degree 

of attractive or repulsive interactions between these materials in varying, physiologically 

relevant, solution conditions in situ.  

1.3 Dissertation Overview 

    This dissertation is divided into chapters. Chapter 2 reports specific ion mediated 

layer collapse of zwitterionic and PEG copolymers adsorbed on hydrophobic surfaces. We 

performed a series of measurements that include varying the amount of divalent specific 

ions such as MgSO4, which is known to break water structure, and NaCl to examine layer 
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thickness variations and its effect on symmetric layer interactions. By incorporating three-

dimensional equilibrium trajectory analysis via evanescent wave scattering of 

microparticles and rigorous modeling of attractive and repulsive interactions of particle 

ensembles, we unveiled the well-known nonspecific effect of NaCl on PEG dimensions, 

the well-known anti-polyelectrolyte effect for PMAPS. Moreover, experiments revealed 

the dimensional collapse of PEG and PMAPS layers with increasing MgSO4, 

demonstrating a specific ion effect. Interesting enough, the other zwitterionic polymer used 

PMPC revealed a nonspecific effect with both NaCl and MgSO4, remaining highly 

extended in a wide range of mono- and di-valent ionic strengths. We used a superposition 

of attractive van der Waals and repulsive steric interactions to calculate layer thickness and 

observe a dimensional collapse. We found that the polymer layer collapse was mediated 

by polymer attraction at the periphery of the brushes. We concluded that a balance of 

entropic and enthalpic effects are responsible for the specific ion collapse of PEG and 

PMAPS whereas presumably the reversed dipole orientation of PMPC could be responsible 

for its outcompeting specific ions for solvation in water.  

Chapter 3 reports the exclusion of blood proteins, serum albumin and 

immunoglobulin G from PEG layers. We systematically added and equilibrated 

physiological concentrations of albumin and IgG to a system of PEG-coated colloids and 

wall. We observed a systematic increase in the amount of exclusion of these proteins which 

lead to depletion-induced attraction between PEG layers. We used rigorous theoretical 

modeling to show that the thickness of PEG remained constant, indicating the lack of 

corona formation. We also developed a there=optical approximation of the exclusion or 

depletion of soft proteins from soft polymer layers by systematically adjusting the osmotic 
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pressure difference (partitioning) and the excluded volume (penetration of protein into 

polymer layer) from known theory. This work clearly shows that PEG does not form a 

corona with two abundant blood proteins but rather mediated exclusion of these proteins, 

weakened slightly by a dynamic, partial insertion of these proteins into PEG layers, 

consistent with theoretical models in literature. 

Chapter 4 extends the previous study and reports the exclusion of blood proteins, 

serum albumin (BSA) from high molecular weight PMPC layers, but BSA corona 

formation on high molecular weight PMPC layers. IgG sequentially displaced both high 

molecular weight PMPC and PMAPS layers. Symmetric interaction measurements 

between low molecular weight PMPC and PMAPS layers confirms the moelcular0weight 

driven displacement by large blood proteins but highlights the importance and role of 

competitive molecular interactions (enthalpy) and entropic considerations as a potential 

explanation for these displacements.  These results highlight that zwitterionic copolymers 

more easily desorb compared to the irreversible adsorption of PEG layers in face of blood 

proteins and arise from more complex interactions due to the complex structures of these 

zwitterionic species. However, our results suggest that chemically grafting zwitterionic 

copolymers might be competitive with PEG layers but require more direct and sensitive 

interaction measurements to compare their solution behavior. 

Chapter 5 reports asymmetric interactions between PEG and zwitterionic coatings 

with adsorbed mucins, the most abundant component of mucus. We use total internal 

reflection microscopy (TIRM) to directly measure carrier-mucus interactions via direct kT-

scale measurements of biomaterial interactions. We use our interaction measurements to 

probe polymer molecular weight and mucus networking effects by varying pH, calcium, 
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and adding mucolytic agents (Figure 1 G-I) to systematically and rigorously show that all 

these variations lead to net repulsive, weak interactions between the polymer coated colloid 

and mucin. 

Chapter 6 reports the use of PEG-coated microparticles in a collaboration project 

to probe kT-scale energy landscapes on polymerized liquid crystal layers. A combination 

of video microscopy and inverse Monte Carlo simulations of concentrated diffusing 

colloids highlight the van der Waals energy landscape over liquid crystal defects and our 

results and analysis serve a basis for designing liquid crystal films for colloidal self-

assembly. 

Finally, Chapter 7 summarizes major accomplishments and findings, and discuses 

several potential directions and outlooks. 
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2 SPECIFIC ION EFFECTS ON ADSORBED 

ZWITTERIONIC COPOLYMERS* 

2.1 Abstract 

We report direct measurements of interactions, dimensions, and solution behavior 

of adsorbed nonionic and zwitterionic triblock copolymers as a function of aqueous [NaCl] 

and [MgSO4] in the range 0-1M. Total internal reflection microscopy is used to measure 

kT and nanometer scale interactions between hydrophobic colloids and surfaces with 

adsorbed triblock copolymers with central poly(propylene oxide) (PPO) blocks and end 

blocks of: poly(ethylene oxide) (PEO), poly(3-(N-2-methacryloyloxyethyl-N,N-dimethyl) 

ammonatopropanesulfonate) (PMAPS), and poly(2-methacryloyloxyethyl 

phosphorylcholine) (PMPC). Findings indicate qualitatively different and unique behavior 

for each polymer, where: PEO layers are [NaCl] independent but collapse and become less 

repulsive and eventually attractive with increasing [MgSO4]; PMAPS layers are 

increasingly repulsive and extended with increasing [NaCl] but becomes less 

repulsive/extended with increasing [MgSO4], and PMPC layers are completely insensitive 

to both [NaCl] and [MgSO4]. A competition between solvated molecular interactions and 

structures appear to explain the unique response of each polymer to non-specific and 

specific ion effects as a function of aqueous salt solution composition. 

 

*Reprinted with permission from Jumai’an, Eugenie, et al. "Specific Ion Effects on Adsorbed 

Zwitterionic Copolymers." Macromolecules 53.22 (2020): 9769-9778. Copyright © 2020 AIP Publishing 
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2.2 Introduction 

Polymers adsorbed to colloids and surfaces are commonly used to prevent 

aggregation with each other as well as other dispersed and solvated species in liquid 

media.32-33 Colloidal particles with adsorbed polymers can also inhibit their deposition on 

biological34-38 and synthetic39-42 material substrates. The key mechanism to colloidal 

stabilization by adsorbed polymers is generation of net repulsive interactions in changing 

chemical and physical solution conditions. Repulsive interactions must be realized in 

diverse applications and material systems encountered in industrial formulations, the 

natural environment, and biomedical therapeutics and diagnostics. Using drug particles as 

an example, it is important to prevent drug particles from aggregating with each other or 

depositing on surfaces during their synthesis, processing, and storage, often with changing 

physicochemical conditions. In their application, drug particles are introduced into blood 

or mucus barriers, which requires stability against aggregation, adhesion to immune system 

species, and deposition on tissues.43 In short, adsorbed layers have an essential role in 

colloidal particle synthesis, processing, storage, and performance in applications while 

encountering diverse physical and chemical conditions. 

To engineer adsorbed polymers to stabilize colloidal particles, it is essential to 

understand how intra- and inter- molecular interactions between solvated polymers depend 

on solution conditions, or solvent quality.32-33 Solvent quality is determined by the free 

energy of polymers in solution involving polymer segment and solvent interactions 

(enthalpy) and configurations (entropy). In addition, solvent quality is determined by 

temperature, pressure, and co-solutes that influence net interactions and favorability of 

configurations. In aqueous media, when polymer segments have favorable interactions 
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with water molecules and fit within water structure, solvent quality is “good”, which yields: 

(1) net intra- and inter- molecular repulsion (e.g., positive second virial coefficients), (2) 

expanded polymer dimensions (e.g., increased radius of gyration), and (3) polymer 

solubility (e.g., single phase solutions). Conversely, unfavorable changes to a solution’s 

enthalpy or entropy (i.e., “poor” solvent quality) leads to net attraction between polymers, 

dimensional collapse, and phase separation. Although adsorbed polymer thermodynamics 

are perturbed by interfacial interactions and configurations, net polymer interactions are 

still primarily determined by solvent quality.44-45 In short, polymeric colloidal stabilization 

in aqueous media requires polymers that have favorable interactions with, and fit into the 

structure of, water while being insensitive to physical and chemical changes that can alter 

solvent quality. 

Aqueous polymer solvent quality depends on polymer type and how they respond 

to changing solution conditions. For example, polyethylene oxide (PEO) is one of few 

alkylene oxide polymers that fit into water structure. Increasing or decreasing temperature 

changes water structure and decreases solvent quality and PEO solubility in water.8, 39, 46 

Although PEO is uncharged, and NaCl does not affect its solubility, it is well established 

that MgSO4 causes PEO to become insoluble in water,7 and renders it ineffective at 

stabilization of colloidal particles.40, 47-48  MgSO4 is often discussed in the context of the 

Hofmeister series49-50 for salt induced protein aggregation via specific ion effects; such 

effects indicate ion-mediated behaviors that are not easily captured alone by electrostatic 

interactions independent of ion type.  

Aqueous polyelectrolyte solution behavior is generally captured by considering 

screening of charge moieties,51-52 where increasing salt screens intra-molecular repulsion 
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to decrease chain dimensions. In contrast, zwitterionic polymers have moieties with closely 

spaced cationic and anionic groups that are net neutral but have strong dipoles; these 

polymers often display the opposite trend where increasing salt screens intra-molecular 

dipolar attraction to increase chain dimensions (the “anti-polyelectrolyte effect”).53-

65_ENREF_34_ENREF_29 Although ion effects are documented for many aqueous neutral 

polymers and polyelectrolytes, significant gaps remain for understanding ion mediated 

polymer solvent quality and solution thermodynamics. However, for aqueous zwitterionic 

polymers, non-specific ion effects are still the subject of ongoing study,64 and specific ion 

effects have only been investigated in a few preliminary studies with conflicting findings.66-

67 

Here, we report direct measurements of interactions between net neutral aqueous 

copolymers adsorbed to colloidal particles and planar substrates vs. [NaCl] and [MgSO4] 

(Fig. 2-1). Systematic investigation of different polymer types provides a basis to 

understand how non-specific and specific ion effects determine polymer interactions, 

dimensions, phase behavior, and their role in colloidal stability. We investigate adsorbed 

triblock copolymers with different end blocks of PEO, PMAPS, and PMPC. Each end 

block is investigated based on its importance to biomedical applications and significant 

prior fundamental study,23, 53, 68-72 which provides important benchmarks and open 

questions. While prior studies have investigated some specific ion dependent responses for 

certain polymers67, 73-77the systematic study in this work of changes in interactions and 

dimensions for different polymers and salts provides new information for each system as 

well as useful comparisons of qualitatively different responses. We employ total internal 

reflection microscopy (TIRM) to non-intrusively measure interactions of copolymers 
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adsorbed to colloids and surface with kT- and nm- scale resolution.34-42 By using TIRM, 

our results provide a sensitive measurement of layer dimensions due to osmotic repulsion 

generated upon overlap of segments in the periphery of adsorbed layers. 

 

 

Figure 2-1 Schematic for measurements of interactions between adsorbed copolymers on 
colloids and surfaces. (A) Variables define dimensions, and numbers define materials: (1) 
hydrophobically modified silica colloids of radius, a, at a surface separation, h, from (5) a 
hydrophobically modified glass microscope slide, with both surfaces having (2,4) adsorbed triblock 
copolymers of thickness, L0, in (3) aqueous NaCl and MgSO4 solutions. (B) Triblock copolymer 
architecture for three copolymers studied, all with a central PPO48 block, and blocks on either side, 
including: (C) neutral PEO148, (D) zwitterionic PMPC80, and (E) zwitterionic PMAPS95. Throughout 
figures, groups are represented by: (purple) phosphate, (blue) amine, (yellow) sulfate, and (gray) 
insoluble PPO block. 

2.3 Theory 

2.3.1 Interaction Potentials 

The net potential energy, uN, for colloids interacting with a planar substrate can be 

given by a superposition of potentials due to van der Waals, uV, steric, uS, and gravity, uG, 

as,35, 42, 65 
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where h is particle-wall separation (Fig. 1). The gravitational potential energy is given by,  
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where G is buoyant particle weight, a is particle radius, p and f are particle and fluid 

densities, and g is acceleration due to gravity. The van der Waals interaction for a sphere 

and plate is,78  
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where A(l) can be obtained from Lifshitz theory79 to include retardation and screening,80 

including for the silica colloids and glass substrates in this work.81 Steric repulsion between 

adsorbed macromolecules can be modeled as,35 

 ( ) exp( )
S

u h h=  −   (3.4) 

where  is a decay length, and  is obtained from fits (and models in some cases82). 

 

2.4 Methods 

2.4.1 Polymers 

The commercial PEO141-PPO51-PEO141 (F108) copolymer (Mw/Mn=1.283) was 

donated by BASF. The zwitterionic copolymers, PMAPS95-PPO48-PMAPS95 (Mw/Mn=1.4) 

and PMPC80-PPO48-PMPC80 (Mw/Mn=1.3), were synthesized using electron transfer-atom 

transfer radical polymerization (ARGET-ATRP) and characterized using NMR and static 

light scattering as described in our prior work.42, 65 PMAPS indicates poly(3-(N-2-



 

 15 

methacryloyloxyethyl-N,N-dimethyl)ammonatopropanesulfonate) and PMPC indicates 

poly(2-methacryloyloxyethyl phosphorylcholine). Each copolymer is compactly 

referenced throughout the paper based on the end blocks as PEO, PMAPS, PMPC. 

2.4.2 Colloids and Surfaces 

Glass microscope slides (Fisher) were soaked in acetone, 100 mM KOH, rinsed 

with DI water, and dried with filtered clean dry air. Clean slides were rendered hydrophobic 

by spin coating a 3% w/w solution of polystyrene in toluene at 3000 RPM for 30 seconds. 

Silica colloids of nominal 2.2 µm, 3 µm, and 4 µm diameter (Bangs Laboratories) were 

rendered hydrophobic by coating with 1-octadecanol (Sigma-Aldrich) using a literature 

method.84 

2.4.3 Polymer Adsorption 

Polymer adsorbed layers on silica particles were adsorbed to silica particles by, 

first, dissolving the copolymers in good solvent conditions: PMAPS and PMPC at 1000 

ppm in 100 mM NaCl and the PEO in DI. Hydrophobically modified silica colloids were 

added to each polymer solution and placed on a shaker for 4 hours. 1000 ppm copolymer 

solutions were added O-rings on polystyrene coated slides. The O-rings were sealed with 

glass coverslips for 4 hours. Free polymer was removed from particles and O-rings by 5 

cycles of removal and addition of 100 mM NaCl with 30 ppm PMAPS and PMPC (to 

minimize desorption) and DI water for PEO. Finally, O-rings and particles were washed 

by 3 cycles in the final solution condition and allowed to equilibrate for 1 hour prior to 

measurements.  



 

 16 

2.4.4 Total Internal Reflection Microscopy 

Ensemble TIRM was used to measure interactions between polymer coated colloids 

and slide as described in previous work.34-35 In summary, an evanescent wave is generated 

via reflection of a 633 nm HeNe laser (Melles Griot) onto a prism at 68 degrees. Images 

are captured using a 40⨉ objective (LD Plan-NEOFLUAR), using a 12-bit CCD Camera 

(Hamamatsu Orca-ER) at 4 binning, 4 ms exposure, and a frame rate of 28 frames per 

second. In the TIRM experiment,85-86 scattering intensity, I, of a spherical colloidal particle 

in an evanescent wave is used to determine relative particle-wall separation, h, as,87 

( )1 lnm mh h I I −− = , where subscript m indicates the most probable value, and β-1 is 

the evanescent wave decay length (which depends on solution refractive index, which 

is a weak function of salt concentration). With a large enough number of observations, 

a histogram of measured heights, p(h), can be inverted using Boltzmann’s equation to 

obtain a measured potential energy profile, u(h), as, 
( ) ( ) ( )

( )
ln

m mu h u h p h

kT p h

 −
=  

  
, 

measurements of single particle potentials are averaged to obtain ensemble average 

potentials.85 

2.5 Results & Discussion 

2.5.1 Adsorbed Polymer Interactions & Dimensions 

In this work, we measured the interactions and layer dimensions of adsorbed 

nonionic and zwitterionic triblock copolymers as a function of aqueous [NaCl] and 

[MgSO4]. The colloid-surface geometry and adsorbed triblock polymers are schematically 

illustrated (Fig. 2-1A) including triblock copolymer structures and compositions (Figs. 2-
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1B). All polymers investigated contain a central insoluble PPO block of 48 repeat units. 

The soluble end blocks investigated in this work include PEO141, as a benchmark nonionic 

polymer (Fig. 2-1C), as well as, zwitterionic blocks of PMPC80 (Fig. 2-1E) and PMAPS95 

(Fig. 2-1F). TIRM is used to measure interactions and layer dimensions between layers 

physisorbed to colloids and surfaces vs. [NaCl] and [MgSO4]. TIRM enables non-intrusive 

measurements of the three-dimensional Brownian motion of ensembles of colloids above 

surfaces via video microscopy to track lateral motion and evanescent wave light scatting 

to measure motion normal to surfaces with nanometer resolution. Such measurements are 

commonly used to obtain particle-wall interactions,85 but can also be used to measure local 

binding events,34-35, 37, 88 often due to heterogeneous surfaces. Example data from the 

current study shows how 3D trajectories show such local binding events (Fig. 2-2A), which 

can be excluded from analyses of particle-wall potentials. By measuring the equilibrium 

histogram of heights sampled by particles above surfaces, particle-wall interaction 

potentials are obtained (via Boltzmann’s equation) with nm- and kT- resolution (Fig. 2-

2B). By fitting measured potentials to well established theoretical models (Eq. 2-1) (Fig. 

2-2C), the steric interactions between polymer layers are obtained to reveal their 

dimensions for given solution conditions (Fig. 2-2D). 

Given the importance of steric interactions and layer dimensions in this work, we 

provide more detail of the analysis using the specific example (Fig. 2-2), which is applied 

in the same manner for all measurements in this work. Based on the superposition of 

interactions, the steric interaction is obtained in each case by subtracting the gravitational 

potential energy and van der Waal interactions. These potentials have been extensively 

measured and modeled, so that gravity is easily subtracted as a simple linear function with 
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no adjustable parameters, and van der Waals is subtracted based on prior measurements 

and rigorous models39, 42, 65, 78, 81, 89 to obtain the absolute particle-wall surface separation. 

Given the simplicity of subtracting the linear gravitational potential, and since it is due to 

body force that is easily separable from colloidal and macromolecular interactions, the 

remainder of profiles are shown without gravity. 

The adsorbed polymer layer thickness, L0, on the particle and wall surfaces is taken 

to be half the surface separation at which the onset of steric repulsion is observed (~0.1kT 

repulsion). This provides a kT-scale measurement of layer thicknesses due to osmotic 

repulsion generated by the very initial overlap of segments in the periphery of adsorbed 

layers. It should be noted that the ionic strength of all of the measurements in this study 

causes electrostatic double layer repulsion to be much shorter range than the measured 

steric interactions. For the example in Fig. 2-2, the most probable particle-wall surface 

separation when including all interactions is 38 nm (Fig. 2-2C), and after gravity and van 

der Waals are subtracted, the PMAPS layer thickness is found to be L0= 22 nm in 0.05M 

NaCl (Fig. 2-2D). This example illustrates the analysis used to model interactions and layer 

dimensions for all measurements in this work. 

2.5.2 Adsorbed Polymer Interactions vs. [NaCl]  

To establish a baseline before investigating MgSO4 that is known to introduce 

specific ion effects, we first measured layer dimensions of adsorbed copolymers vs. [NaCl] 

(Fig. 2-3A-C). For adsorbed PEO copolymer interactions in [NaCl] = 0.05-1M, the range 

and form of the repulsive interactions shows no observable dependence on [NaCl] in the 

range tested (Fig. 2-3A). The range of the steric interactions reveals the adsorbed layer 
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thickness was found to be L0 = 20 nm for all [NaCl] concentrations. Such behavior is 

consistent with NaCl not showing specific ion effects on the dimensions or interactions of 

PEO chains. There also does not appear to be any non-specific ion effects associated with 

electrostatic interactions, which is expected since PEO is nonionic. We next report 

measurements of adsorbed PMAPS interactions on two different sized colloids in the same 

range of in [NaCl] = 0.05-1M NaCl (Fig. 2-3B). Below 0.05M NaCl, particles with 

adsorbed PMAPS deposit on surfaces with adsorbed PMAPS, which indicates net 

attraction between the layers rather a repulsive stabilizing interaction. This finding is also 

consistent with prior and literature results showing PMAPS to be insoluble at such low 

[NaCl].53, 56, 66 In the range of 0.05-0.15 M NaCl, using 2 µm colloidal probes, the range of 

the repulsion increases with 
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Figure 2-2 Colloidal trajectories on surfaces resolve kT- and nm- scale interactions. (A) 2D 
trajectories of 2 µm silica colloids with adsorbed PMAPS in 50 mM NaCl, where color indicates 
binding lifetimes. (B) Single particle potential energy profiles for particles with only short binding 
lifetimes. (C) Ensemble average potential energy profile (blue points) fit to theoretical potential, 
which is convoluted using a Gaussian kernel to include measurement noise.42 (D) Net potential with 
gravity subtracted and steric repulsion shown separately. The separation for contact of two layers 
is marked as 2L0 when the steric repulsion decays to 0.1kT. 

increasing ionic strength, which correspond to a small but consistent increase in L0 from 

21 to 23 nm. At the highest concentration of 0.3M NaCl, using a 3 µm colloid with longer 

range van der Waals, the layer thickness remains at L0 = 23 nm. These results are consistent 

with an “anti-polyelectrolyte” effect, where zwitterionic PMAPS chains swell with 

increasing NaCl concentration from being initially insoluble in deionized water.53-54 The 

anti-polyelectrolyte effect is a non-specific ion effect; it is understood as screening of 

electrostatic attraction between dipolar zwitterionic groups, which does not depend on ion 

identity but only its charge sign and valence. 

The third copolymer in this work, PMPC, was also measured with TIRM to quantify 

interactions and layer dimensions over the same NaCl range as the PEO and PMAPS 

copolymers. A repulsive interaction between adsorbed PMPC layers is observed, which 
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does not change in either shape or range for [NaCl] = 0.05-1M NaCl (Fig. 2-3C). The layer 

dimension is found in all cases to be 2L0 = 42 nm. In contrast to PMAPS, we also found 

the PMPC copolymer to be soluble and produce similar layers dimensions at lower ionic 

strengths (<0.05M NaCl). The observed [NaCl] independence of PMPC dimensions and 

interactions is consistent with our prior results and literature studies, where PMPC does 

not display an anti-polyelectrolyte effect. As short, PMPC does not display non-specific 

ion effects in the presence of NaCl like PEO, although it seems it should display anti-

polyelectrolyte effects like PMAPS based on both being zwitterionic polymers. 

The different [NaCl] dependent interactions and dimensions of three net-neutral 

copolymers suggests the importance of investigating how such polymers respond to a salt 

that is well established to show specific ion effects. Given that specific ion effects can 

influence solvent, segment, and ion interactions and entropy in solvated polymer chains, 

comparison, and contrast with NaCl dependent interactions and dimensions may provide 

new insights.  

2.5.3 Adsorbed Polymer Interactions vs. [NaCl] & [MgSO4] 

Using the NaCl results as a foundation, we now add [MgSO4] to [NaCl] background 

levels already tested in the prior section (Fig. 2-3D-F). Practically, in each salt 

composition, the ionic strength of NaCl was kept constant at the same value in Fig. 2-3A-

C, and MgSO4 was added to understand its role in addition to NaCl. Based on our prior 

work on adding MgSO4 to adsorbed PEO layers,40, 48 we first added 0.3M MgSO4 and 

0.05M NaCl to adsorbed PEO copolymers (Fig. 2-3D), which results in stronger van der 

Waals attraction (~0.7kT) compared to only NaCl (~0.5kT) (Fig. 2-3A) and a shorter-range 
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repulsive interactions between PEO layers. A 5 nm reduction in the range of repulsion 

corresponds to a 2.5 nm dimensional collapse of each adsorbed layer. Increasing to 0.4M 

MgSO4 and 0.05M NaCl causes particles to deposit on the wall due to attraction between 

adsorbed PEO layers as a result of poor solvent quality. MgSO4 clearly has a dramatic 

effect on PEO interactions compared to a complete insensitivity to NaCl, which is 

consistent with the well-known specific ion effects of MgSO4 on aqueous PEO phase 

behavior. 

Next, we add MgSO4 and NaCl to adsorbed PMAPS copolymers (Fig. 2-3E). For 

PMAPS, a significant range in the reduction of repulsion, and corresponding dimensional 

collapse, occurs in 0.05M NaCl by adding only 0.005M MgS04. The layer collapses from 

2L0 = 43 nm (Fig. 2-3B) to 32 nm (Fig. 2-3E). This is a much larger relative dimensional 

collapse for PMAPS compared to PEO with a much smaller change in [MgSO4]. However, 

when adding 0.1M MgS04 to 0.3M NaCl, the dimensional collapse is much smaller from 

2L0 = 46 nm to 40 nm. These results show that as more NaCl is added to PMAPS layers, 

which causes them to expand, more MgSO4 is required to make them collapse. This shows 

that while NaCl mediates a non-specific ion effect of screening zwitterionic dipolar 

attraction to produce chain expansion (via the anti-polyelectrolyte effect), MgSO4 causes 

a layer collapse in PMAPS similar to its effect on PEO. In short, PMAPS displays a non-

specific ion dependent response to NaCl, and a specific ion dependent response to MgSO4. 

While screening zwitterionic dipolar interactions explains the different NaCl dependent 

behavior of PMAPS and PEO, both polymers collapse and eventually exhibit polymeric 

attraction in poor solvent conditions due to added MgSO4. 

In contrast to both nonionic PEO and zwitterionic PMAPS copolymers, adsorbed 
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zwitterionic PMPC interactions and dimensions are completely insensitive to all 

compositions of [NaCl] and [MgSO4] investigated in this work. Practically, there was no 

change in the functional form or range of the repulsion between adsorbed PMPC layers for 

[NaCl] = 0.05-1M and [MgSO4] = 0.05-1M (including combined 1M NaCl and 1M 

MgSO4). The PMPC copolymer does not show classic screening of zwitterionic dipolar 

interactions, which is a non-specific electrostatic interaction, nor does it show classic 

specific ion effects exhibited by both nonionic PEO and zwitterionic PMAPS copolymers 

in the presence of MgSO4. These results demonstrate the unique properties of PMPC, and 

raise fundamental questions about the mechanisms of specific ion effects in aqueous 

macromolecular solution behavior. 

 

 
Figure 2-3 Potential energy profiles for adsorbed copolymers interactions vs. [NaCl] and 
[MgSO4]. Inset legends indicate: (circles) [NaCl], (triangles) [MgSO4] added to [NaCl] with same 
color circle, (open symbols) 2um colloids, (filled symbols) 4um colloids. Dashed lines indicate 2L0. 
Interactions vs. [NaCl] between adsorbed copolymers of: (A) PEO, (B) PMAPS, and (C) PMPC. 
Interactions vs. [NaCl] + [MgSO4] between adsorbed copolymers of: (D) PEO, (E) PMAPS, and (F) 
PMPC 
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2.5.4 Adsorbed Layer Dimensions and Phase Behavior vs. [NaCl] and [MgSO4] 

 
Figure 2-4 Summary of adsorbed copolymer layer dimensions (steric thickness) vs. [NaCl] 
and [MgSO4]. Layer thicknesses from onset of steric repulsion determined from Fig. 3, for 
interactions of adsorbed copolymers of: (A) PEO, (B) PMAPS, and (C) PMPC. The inset legend 
gives [NaCl], which matches the color scheme used in all other figures. The contour length (weight-
averaged molecular weight to account for polydispersity) is shown for each end block (dash-dot). 
The particle-wall surface separations for 5kT of van der Waals attraction (dashed) for 2um and 4um 
colloids indicates the minimum layer thickness when particles would deposit on the wall in the 
presence of layers with repulsive interactions. Error bars are shown for three measurements. 
 

 

 

Figure 2-5 State diagram of aqueous [NaCl] and [MgSO4] compositions when adsorbed 
copolymer layers are either repulsive/extended or attractive/collapsed. Colored points 
correspond to compositions measured in Fig. 3 for: (A) PEO, which has no NaCl dependence, (B) 
PMAPS, which depends on both NaCl and MgSO4 (where dashed line indicates uncertainty in how 
far this trend persists), and (C) PMPC, which has repulsive layers for all compositions investigated. 
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contour length for reference in each case (Fig. 2-4). The PEO copolymer layer thickness is 

essentially unchanged for [NaCl] in the range between 0.05-1M. However, the same layers 

contracts by ~2 nm, or from 60% to 53% of the contour length, when 0.3M MgSO4 is added 

(Fig. 2-4A). For [MgSO4] > 0.3M, PEO layers experience a net attraction and the particle 

deposits on the wall, which is also expected to correspond to phase separation of such 

chains in solution (Fig. 2-5A). 

Adsorbed PMAPS copolymers display a rich and complex dependence on both 

[NaCl] and [MgSO4] (Fig. 2-4B). In the absence of MgSO4, the layers expand by a couple 

nm to produce highly stretched configurations that are ~90% of the contour length. A small 

proportion of polydisperse chains within the adsorbed layer might produce the thicker 

layers and provide some explanation of the significant extension approaching the contour 

length.65 Because PMAPS chains are insoluble below 0.05M NaCl, and are then highly 

extended at higher [NaCl], it is clear they undergo expansion in NaCl, consistent with 

literature results.60 However, the anti-polyelectrolyte effect saturates in this [NaCl] range 

since chains cannot easily extend further, which is consistent with literature studies 

indicating zwitterionic polymers reaching a threshold extension.66 

In [NaCl] and [MgSO4] mixtures, PMAPS layers collapse with increasing 

[MgSO4], but the degree of the collapse depends on [NaCl] (Fig. 2-4B). This is apparent 

from the fact that the [MgSO4] required to collapse layers to the same extent increases as 

[NaCl] increases. For example, PMAPS layers collapse by: (i) ~6 nm when 0.005M MgSO4 

is added to 0.05 M NaCl, (ii) ~5 nm when 0.07M MgSO4 is added to 0.1 M NaCl, and (iii) 

~4 nm when 0.1M MgSO4 is added to 0.3 M NaCl. These data show an order of magnitude 

higher [MgSO4] is needed to achieve similar collapses for doubling [NaCl] at low 
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concentrations, although the effect saturates at higher [NaCl]. In each case, PMAPS layers 

collapse from ~90% of their contour length to ~60-80% of their contour length before the 

adsorbed layers become attractive and the particles deposits on the substrate. PMAPS 

dimensions depend on both [NaCl] and [MgSO4], which contrasts PEO layers that depend 

on [MgSO4] but are independent of [NaCl]. 

Further increasing [MgSO4] at fixed [NaCl] for PMAPS beyond the terminal points 

of each curve in Fig. 4B cause particles to deposit, which indicates attraction between 

layers. The last measured layer thickness in each case is well beyond the range of the 

particle-substrate van der Waals attraction (dashed lines in Fig. 2-4) in all cases, and only 

a slight addition of [MgSO4] beyond the last point immediately caused particle deposition. 

Based on these observations, the deposition appears to occur as the result of attraction 

between PMAPS chains on opposing surfaces rather than a large sudden first-order 

transition in the layer dimensions that would suddenly allow a large van der Waals 

attraction between the particle and substrate. Based on this interpretation, we summarize 

the combinations of [MgSO4] and [NaCl] (Fig. 2-5B) that lead to effective phase separation 

of PMAPS chains via a net intermolecular interaction. This plot clearly illustrates a 

competition between [MgSO4] and [NaCl], where more [NaCl] appears to favor adsorbed 

PMAPS solubility and layer expansion, which then requires increasingly high 

concentration of [MgSO4] to collapse such layers and cause phase separation. 

The highly extended dimensions of adsorbed PMPC layers are insensitive to the 

entire range of [MgSO4] and [NaCl] investigated. Practically, for all concentrations of both 

salts up to 1M, the adsorbed PMPC layers are extended to ~85% of their contour length 

computed from the weight-averaged molecular weight (to consider longer chains based on 
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the polydispersity) (Fig. 2-4C). In addition, interactions between adsorbed layers were 

purely repulsive for all conditions (Fig. 2-3C), which also corresponds to a single-phase 

stable solution for all conditions (Fig. 2-5C). Although the insensitivity of PMPC to [NaCl] 

has been well documented, the insensitivity to [MgSO4] as well as [MgSO4] and [NaCl] 

mixtures is new and surprising. 

2.5.5 Adsorbed Layer Interactions and Phase Behavior 

 

Figure 2-6 Schematic representations of specific and nonspecific ion effects on adsorbed 
copolymers inferred from measurements of interactions and layer dimensions. Schematics 
are shown for adsorbed copolymers of: (A) PEO, (B) PMAPS, and (C) PMPC. See text for 
discussion of schematics. 

The qualitatively different responses of PEO, PMAPS, and PMPC layer 

dimensions, interactions, and phase behavior in [MgSO4] and [NaCl] mixtures are not 

obvious and require a molecular explanation. Several molecular mechanisms must be 

considered including electrostatic and dipolar interactions as well as entropy of solvated 
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structures. While we do not directly measure molecular interactions, our kT- and nm- scale 

measurements of macromolecular interactions and dimensions for a series of aqueous 

neutral polymers with very different behaviors provides a unique data set for understanding 

molecular mechanisms in a consistent manner. 

PEO homopolymer and copolymer thermodynamic solution behavior is generally 

well documented as depending on the ability of repeat units to favorable fit within water 

structure90 (Fig. 2-6Ai). This concept is used to understand the solubility of PEO in 

aqueous media in contrast to nearly all other alkylene oxide polymers (based on molecular 

structure), as well as, the lower critical solution temperature behavior of PEO solutions 

(based on thermal expansion of water structure).8 It is also understood that because NaCl 

does not have electrostatic interactions with PEO segments in aqueous media, and it does 

not significantly affect water structure in the presence of PEO (e.g., relatively small 

positive molar volume and negative entropy of hydration91),7, 92_ENREF_61 NaCl has 

essentially no influence on PEO solubility (Fig. 2-6Aii). 

However, in the presence of MgSO4, PEO is known to phase separate (Fig. 2-6Aiii), 

which is considered to result from MgSO4 altering water structure not unlike thermal 

effects on water structure and PEO solubility.40 In short, NaCl does not have any effect on 

PEO (non-specific or specific), whereas MgSO4 has a specific ion effect by changing water 

structure (e.g., negative partial molar volume, relatively large negative entropy of 

hydration91), which is thought to compete with PEO solubility. This understanding of PEO 

solubility in the presence of NaCl and MgSO4 is consistent with our direct measurements 

of layer interactions, dimensions, and phase behavior (Figs. 2-3A to 2-5A) and provides a 

basis for comparison and contrast with zwitterionic PMAPS and PMPC polymers. 
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PMAPS polymers are well known to display the anti-polyelectrolyte effect 

common in zwitterionic polymers. Whereas polyelectrolytes contract with increasing 

[NaCl] due to screening intramolecular electrostatic repulsion between single charge 

moieties (monopoles), zwitterionic polymers expand with increasing [NaCl] due to 

screening intramolecular electrostatic attraction between zwitterionic moieties (dipoles).63 

It should be noted that the relatively weak PEO monomer backbone dipole (1.04 D93) does 

not display any such anti-polyelectrolyte effect and [NaCl] dependence.  PMAPS 

sulfobetaine moieties have significant dipole moments (24.9 D94), which when screened 

should increase chain dimensions, net intra- and inter- molecular repulsion, and solubility. 

These trends are indeed observed with increasing [NaCl] in this work (Figs. 2-3 to 2-5B, 

Figs. 2-6Bi,ii), where chains are insoluble in the absence of NaCl, and then expand and 

increase their range of repulsion at higher [NaCl]. These observations are consistent with 

prior measurements of both unadsorbed and adsorbed/grafted chain dimensions, 

interactions, and solubility.56, 65, 95 In short, the [NaCl] dependent behavior of adsorbed 

PMAPS layers is a non-specific ion effect described by electrostatic interactions 

independent of ion type. 

Adding MgSO4 to adsorbed PMAPS layers causes them to collapse like PEO, but 

in a manner that also depends on [NaCl] (Figs. 3-5B, Figs. 2-6Biii), suggesting a 

competition between two effects. The anti-polyelectrolyte effect that increases PMAPS 

dimensions, interactions, and solubility with increasing [NaCl] is reversed by adding 

MgSO4 in increasing proportion to the amount of NaCl present (Fig. 2-5B). Because 

MgSO4 does not appear to contribute to the anti-polyelectrolyte effect, but instead 

decreases solubility as it does for PEO, it appears to have a similar specific ion effect in 
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the case of PMAPS. The obvious simplest explanation is that MgSO4 changes water 

structure and PMAPS solubility as it does for PEO, only now it competes with the anti-

polyelectrolyte effect, which was not important for PEO. Although MgSO4 could interact 

with dipolar zwitterionic moieties or affect entropy of solvated structures beyond water 

structure, introduction of additional concepts is not obviously necessary to explain the 

PMAPS results or warranted by information accessible in our measurements of layer 

interactions and dimensions. 

Adsorbed PMPC copolymer layers do not change interactions, dimensions, or 

solubility for the broad range of [MgSO4] and [NaCl] mixtures investigated (Fig. 2-6C), 

with is different from both PEO and PMAPS and therefore requires consideration of 

different molecular mechanisms. Although the insensitivity of PMPC to [NaCl] is well 

known,53, 71, 96 its insensitivity to [MgSO4] has not been reported before to our knowledge. 

The phosphorylcholine (PC) moiety on PMPC has a dipole moment (21.30 D97) 

significantly higher (>20x) than PEO and somewhat smaller (~85%) than PMAPS, but this 

similarity alone does not lead to the common anti-polyelectrolyte effect. However, 

switching the PC moiety orientation on the polymer backbone has been shown to yield 

common anti-polyelectrolyte behavior (like PMAPS),98 which indicates the importance of 

local molecular structure beyond simple non-specific screening of dipolar attraction. 

The [MgSO4] independence of all PMPC adsorbed copolymer properties provides 

additional insights into aqueous PMPC behavior. [MgSO4] does not produce anti-

polyelectrolyte behavior in PMPC, so there are no obvious non-specific ion effects, or 

electrostatic screening, with either salt. [MgSO4] in the range 0-1M also does not produce 

any detectable dimensional collapse of PMPC, which is also a significant departure from 
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its effect on both PEO and PMAPS. As a result, the typical mechanism of MgSO4 altering 

water structure in a manner that competes with polymer solubility appears to be 

compensated for by another mechanism. For comparison, other solutes such as ethanol 

have been shown to render PMPC insoluble in aqueous solutions,99 which is attributed to 

a favorable enthalpy decrease due to formation of water-ethanol hydrogen bonds. Because 

changing PMPC structure by switching PC orientation can induce an anti-polyelectrolyte 

effect with other salts, and aqueous PMPC solubility can be altered by adding other 

competitive solutes like ethanol, the solvated molecular structure of PMPC and its 

competitive interactions with water and MgSO4 appear to be unique. It seems solvation of 

PC moieties by water dominate dipolar screening, altered water structure, and competitive 

solute-water interactions. Whether the solvation of PMPC by water molecules dominates 

other effects by entropic (structural) or enthalpic (interaction) contributions is difficult to 

surmise from our data. 

2.6 Conclusions 

By comparing and contrasting our direct measurements of PEO, PMAPS, and 

PMPC copolymer layer interactions, dimensions, and phase behavior, our findings provide 

new insights into what mechanisms contribute to the thermodynamic solution behavior of 

each polymer. As a benchmark, the adsorbed PEO copolymer follows established 

expectations in its [NaCl] independence because it is nonionic and its [MgSO4] dependence 

because of competing interactions and water structure changes. Likewise, adsorbed 

PMAPS displays a weak anti-polyelectrolyte effect with increasing [NaCl], which is 

consistent with bulk and grafted PMAPS measurements. The specific ion effects associated 

with the [MgSO4] dependence of PMAPS has not been previously reported, but appear to 
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be somewhat similar to underlying mechanisms for PEO; the main difference being that 

PMAPS chains collapse via a specific ion-mediated [MgSO4] dependence that competes 

with chain expansion via a nonspecific ion mediated [NaCl] dependent anti-polyelectrolyte 

effect. Finally, PMPC adsorbed layers displays no obvious dependence on either and 

[NaCl] or [MgSO4], which suggests no contributions from non-specific or specific ion 

effects that influence PEO and PMAPS. Based on our results in conjunction with literature 

evidence, it seems that solvation of PC moieties on PMPC, involving possibly both PC-

water interactions and structure, must dominate all other interactions to maintain consistent 

PMPC interactions and dimensions independent of [NaCl] or [MgSO4]. Ultimately, these 

results provide a better understanding of aqueous polymer solution thermodynamics and 

solvent quality mediated macromolecular interactions important to diverse materials and 

applications. 
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3 BLOOD PROTEIN EXCLUSION FROM PEG BRUSHES 

3.1 Abstract 

 Proteins are a critical element of the immune system response to foreign particles 

via adsorption, or formation of a “corona”. Polymer coatings on particles with repulsive 

interactions towards proteins provide a potential mechanism for particles to evade detection 

by the immune system. Current methods to interrogate protein coronas are often expected 

to perturb weakly bound proteins, which perhaps provides some explanation for conflicting 

results from different assays. We present findings on kT-scale measurements of how the 

most abundant serum proteins, serum albumin and immunoglobin G, interact with PEG 

copolymers adsorbed to hydrophobic colloids and surfaces. Specifically, we use total 

internal reflection microscopy (TIRM) to directly and sensitively resolve interactions 

mediated by proteins, at blood concentrations, with nanometer- and kT- scale resolution. 

Given that different protein mediated interactions are mutually exclusive, our results 

provide unambiguous evidence of exclusion of proteins from adsorbed PEG layers, and the 

absence of protein corona. Measured interactions and corresponding exclusion states are 

fitted theoretically using two adjustable parameters reflecting the degree of penetration and 

exclusion of both proteins from adsorbed layers of PEG. These findings demonstrate a 

direct, sensitive, and non-intrusive measurement of protein mediated colloidal interactions 

as a probe of protein-polymer interactions with implications for immune responses to 

different polymer coatings adsorbed to colloidal particles. 
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3.2 Introduction 

Nonspecific protein adsorption on surfaces is regarded as a key challenge in the 

development of high-performance devices in the marine industry, biotechnology, 

healthcare, and energy.100 in the biomedical field, there is a significant body of literature 

suggesting that a complex mixture of blood proteins trigger an immune system response to 

foreign particles by adsorbing on the surface of these particles forming a “corona” which 

may affect hemolysis, activation of thrombocytes, and activating intracellular pathways 

leading to the release of inflammatory cytokines. 3, 25, 101-102 while several studies indicate 

the presence of protein corona, there is no consensus on how adsorbed proteins affect 

immune system stimuli. Current explanations include blood proteins stimulate or mitigate 

the immune response by: (a) modulating innate immune cell activity, (b) triggering the 

complement cascade, and (c) stimulating adaptive immune responses.103 owing to the 

importance of evading the immune system response and its complexity in its composition, 

the key challenge is to design novel nanomaterials that resist nonspecific protein 

adsorption, i.e., design “stealthy” nanomaterials, without ignoring the complexity and 

heterogeneity of blood.102 successful design of these nanomaterials relies on accurately 

elucidating the mechanisms of formation of protein coronas and understand the interactions 

that govern the immune system response towards foreign nanomaterials. 

 

 Polyethyleneglycol, or PEG, has been regarded as the ‘gold standard’ in stealth 

coatings on drug particle formulations owing to its biocompatibility and antifouling 

properties.104 The unusual property of PEG as a surface that exhibits a net repulsion with 

proteins has been linked to the presumed biological inertness of the polymer 
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backbone and to its solvated configuration. Efforts to elucidate the phase behavior of 

PEG in its solvated states, either free in solution or physiosorbed, as a function of solvent 

quality has been characterized previously 42, 105-107 and PEG was found to be one of few 

alkylene oxide polymers that fits into water structure. Increasing or decreasing the 

temperature changes water structure and decreases the solvent quality and PEO solubility 

in water, however PEG’s solvated structure does not change with changing concentrations 

of NaCl.106 There is a prevalence of literature that shows that PEG-coated surfaces resist 

adsorption of proteins in the blood associated with the immune system responding to 

foreign particles, making PEG an attractive option for increasing bioavailability of drug 

particles in blood.11, 108 However, neutron reflectometry evidence shows peculiar behavior 

of PEG interacting favorably with proteins in solution,109-113 and some studies show that 

PEG may help with protein folding through binding unfolded proteins and perhaps 

functioning as chaperones, by preventing aggregation and facilitating refolding. 114-116 

Additionally, several key works 117 118 have shown that PEG relies on adsorption of a 

combination of plasma proteins to evade the immune system and remain bioavailable. 

Therefore, there is a trend in current literature that shows that PEGylated particles rely on 

selective adsorption of proteins to evade uptake and elimination from the blood versus the 

previous notion that PEG resists protein adsorption all together, suggesting more 

complicated protein interactions with PEGylated surfaces.  

 

Serum albumin and immunoglobulin proteins are the most abundant proteins in 

blood with significant roles in the immune system response. Proteins, such as albumin and 

apolipoproteins called dysopsonins, aid evasion of phagocytosis while proteins, such as 

immunoglobulins and complement proteins called opsonins, promote phagocytosis.119 
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Serum albumin and PEG interact in such a way that the protein will concentrate in PEG-

rich phases to reach the minimum free energy.120-121 Reflectometry measurements show 

that BSA has been found to adsorb to grafted layers of PEO on planar substrates and it is 

further showed that BSA may penetrate the PEO layer.122-123 Furthermore, the interactions 

of PEO and proteins in the bulk have been extensively studied and it is found that there are 

no attractive interactions between PEO and BSA in bulk solution, facilitating the use of 

PEG as a protein excluder. Foundational studies by Norde124 and Halperin125 show that 

protein molecules may penetrate the PEO brush to some extent. In addition, they 

considered partial insertion in brushes of short PEGs as illustrated by the case of bovine 

serum albumin (BSA).126 However, atomic force microscopy measurements show that pH 

above the isoelectric point for BSA creates long range electrostatic repulsion between the 

negatively charged BSA and the PEO chains, whereas at lower pH, weak attractive 

interactions were formed.127 Therefore, a combination of indirect and direct experimental 

measurement techniques and theoretical modeling show a wide array of findings for serum 

albumin interactions with PEO layers, showcasing the need to consolidate findings for this 

interesting physical problem.  

 

Moreover, recent work has shown the prevalence of anti-PEG antibodies, 

demonstrating the favorable interactions of proteins with PEG.15 Anti-PEG 

Immunoglobulin G antibodies binding methoxy-terminated PEG chain segments were 

found to adsorb onto PEG brushes grafted to lipid monolayers and adsorb at the outer edge 

of the brush. The results from this work reveal that IgG adopts an inverted “Y” 

configuration with the two characteristic FAB segments towards the brush. They suggest 
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that increasing the grafting density favors narrowing of the angle between the FAB 

segments as well as overall orientation of the bound antibodies. What is fascinating is that 

there is no consensus on the degree of PEG-protein interactions, what type of interactions 

explain their antifouling properties, and to what extent is PEG truly able to evade the 

immune system.  

When considering the state-of-the-art methods in probing for and characterizing in-

solution protein corona formation and properties, we find that there is no one method to 

conclusively provide evidence or a mechanism for the formation of protein corona on 

different material systems, and how this affects the bioavailability of drug-loaded particle 

systems.128 Experimental techniques commonly applied include zeta potential to assess 

surface charge, dynamic light scattering (DLS) or fluorescence correlation spectroscopy to 

measure hydrodynamic size, absorbance spectroscopy to examine colloid morphology, 

fluorescence quenching and microscopy to track and confirm adsorption.119 In fact, many 

seminal papers have used a combination of direct and indirect techniques to understand 

protein adsorption. Isothermal titration calorimetry was suitable for studying the affinity 

and stoichiometry of protein binding to nanoparticles, and surface plasmon resonance was 

also used to determine the rates of protein association and dissociation in combination with 

size exclusion chromatography of protein–nanoparticle mixtures.25 Combinations of 

Transmission Electron Microscopy (TEM), Infrared Spectroscopy Measurements (ATR-

FTIR), Dynamic Light Scattering (DLS) and Zeta-Potential Analysis, and Differential 

Centrifugal Sedimentation (DCS) were also used in probing for a protein corona. 129 

Furthermore, laser scanning confocal microscopy, atomic force microscopy (AFM), and 

quartz crystal microbalance with dissipation (QCM-D) were also co-utilized to obtain an 
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understanding of protein-polymer surface interactions.130  However, these techniques, 

while they have been pivotal in their insights into the importance of proteins in the immune 

system, limitations with the sensitivity and directness of these techniques have made their 

conclusions non representative of the real system.  

In a recent review, it was suggested that protein corona is often treated as existing 

at thermodynamic equilibrium, despite a body of literature providing evidence 

otherwise.119 Results from experimental assays used to detect protein corona and measure 

its size should be carefully interpreted. Large increases in hydrodynamic size, which are 

typically regarded as evidence of a corona, may indicate colloidal aggregation in the 

presence of proteins via interactions such as polymer bridging or depletion attraction due 

to exclusion. Techniques that assess dried-state physical properties of protein corona 

formation, including electron microscopy and atomic force microscopy for size and 

structure are invasive and require drying samples, which is not representative of the true, 

physiological system. Super-resolution microscopy is a powerful tool that uses a single-

molecule probe with high sensitivity in probing single protein–colloid binding events, but 

it does this by avoiding ensemble-averaged methods of studying corona formation, which, 

again, is not representative of the true scenario of injecting hundreds of polymer-stabilized 

particles into blood. Molecular dynamics (MD) simulations, on the other hand, provide 

insight into interactions driving protein adsorption and their conformational changes upon 

adsorption shedding light on our understanding of the time-dependence or dynamics of the 

process. However, simulations require fine-tuning and, most importantly, comparison 

against experimental results to use their results, reliably, as predictive tools. The inherent 

complexity of being able to discern effect of adding proteins to a dispersion of polymer 
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coated surfaces makes this an intriguing and challenging task to find an assay that combines 

direct measurements and dynamics of protein-polymer interactions with minimum 

invasiveness. 

In this paper, we establish the use of a direct, non-intrusive, and sensitive assay, 

Total Internal Reflection Microscopy (TIRM), to measure the interactions and layer 

dimensions of adsorbed PEGtb copolymers in the absence (Figure 3-1A) and presence of 

proteins (Figure 3-1 B-D) added to the bulk solution. TIRM is a tool that combines the best 

of nonintrusive, sensitive, and ensemble-averaged properties to measure colloidal 

interactions and layer dimensions. Three-dimensional Brownian motion tracking of an 

ensemble of micron-sized colloidal probes above planar surfaces via video microscopy, 

and evanescent wave light scattering measuring motion normal to surfaces with nanometer 

resolution. Additionally, equilibrium analysis provides in situ, direct evidence of how the 

two most abundant blood proteins, serum albumin and IgG, at blood concentrations, 

interact with PEGtb-coated surfaces (Figure 3-1A). Using this ultra-sensitive interaction 

measurement tool, we probe three possible fates of protein-PEGtb colloidal interactions: 

protein adsorption leading to corona formation (Figure 3-1B), negative protein adsorption 

leading to exclusion and depletion attraction (Figure 3-1C), and, at high protein 

concentrations, formation of a corona and excess nonadsorbing proteins are excluded 

(Figure 3-1D). Our goal is to use a combination of careful experimentation, using this assay, 

and theoretical modeling to discern which mechanism from Figure 3-1 do BSA and IgG, at 

blood concentrations, encounter when exposed to PEGtb-coated surfaces.  
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Figure 3-1 Schematics of possible fates of adsorbed PEGtb layers in the absence and 
presence of blood proteins and predicted kT-scale interaction potentials. (A) Top: Variables 
define colloid and PEGtb dimensions. Bottom: theoretical superposition of steric repulsion between 
PEGtb layers and vdW attraction between the particle and wall (vertical dashed lines refer to the 
thickness of the layers at contact, and horizontal dashed lines refer to 0 kT). (B) Top: Protein 
adsorption/corona on the surface of PEGtb of thickness Lp+Lc. Bottom: theoretical interaction 
potential showing the effect of adsorbed protein. (C) Schematic for the case of nonadsorbing 
proteins, with a dimension of R nm, that are excluded. Bottom: theoretical interaction potentials 
illustrate the effect of proteins exclusion without change in the steric thickness. (D) Top: Schematic 
describing proteins that fully coating the PEGtb brush, and excess nonadsorbing proteins excluded 
from the gap. Bottom: theoretical interaction potentials illustrating the effect of a protein corona in 
addition to exclusion of nonadsorbing proteins creating depletion attraction. 

3.3 Results 

3.3.1 Symmetric PEGtb interactions in physiological ionic strength in absence of 

proteins  

Figure 3-2 illustrates, sequentially, how three-dimensional trajectories, local binding 

events, and interaction potentials provide a clear story on how to understand thew 

interaction of polymer-coated surfaces in absence of proteins as a control case, before 

blood proteins are introduced. While we can employ lateral diffusion analysis to understand 

colloidal interactions at a high level much comparable to other techniques, our analysis is 

unique in that it employs the scattering intensity of each diffusing colloid in the evanescent 
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wave and converts the intensity at each timepoint to normal height excursions as a function 

of time using. Figure 3-2A shows three representative colloids with adsorbed PEGtb 

diffusing freely above a PEGtb coated wall in the x- and y-direction, and the scale bar 

shows that in 150 mM NaCl, PEGtb-coated microparticles diffuse freely in the x- and y-

directions with ~1s binding events. Figure 2B shows the height excursions over time for 

each of the representative particles and shows that not only are particles freely diffusing in 

the x- and y-directions, but they are freely diffusing in the normal, z-direction where each 

particle moves within 500 nm above the PEGtb-coated surface and exhibits binding events 

no longer than 1 second. Analyzing the equilibrium histogram of heights sampled by each 

of the particles above surfaces allows us to obtain particle–wall interaction potentials 

(Figure 3-2C).  

The ensemble averaged net interaction potential is then fit with a superposition of 

short-range attractive interactions and longer-range steric repulsion between the adsorbed 

layers of PEGtb. The inset shows the net potential profiles for individual particles and the 

ensemble average without subtracting the contribution from gravity to show the 

consistency of behavior among the ensemble of 10 particles in the sample and narrow 

polydispersity in particle size. Our theoretical fits show that PEGtb in 150 mM NaCl forms 

17 nm thick layers with ~0.5 kT surface vdW attraction. For clarity, in the remainder of the 

paper, we will present interaction potentials without gravity to illustrate concisely the 

balance of repulsive interactions and attractive interactions, and how this balance changes 

upon introduction of blood proteins (BSA and IgG).  
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Figure 3-2 A comprehensive, quantitative description of interactions between adsorbed 
PEGtb layers using 3D Brownian trajectories with nm-resolution and kT-scale interaction 
potentials. (A) x- and y- trajectories of three representative diffusing particles with adsorbed PEGtb 
diffusing over an adsorbed layer of PEGtb on a wall in 150 mM NaCl. The scale bar illustrates the 
binding lifetime of each colloid in normal to the surface, where green indicates ~1s binding events, 
indicating stable levitating particles, and red indicates 1000s binding lifetimes, indicating increased 
attraction between the colloid and wall. (B) z-trajectories, or normal height excursions above the 
wall over 20 minutes for each particle. (C) kT-scale interaction potential profiles averaged over an 
ensemble of individual colloids (shown in inset), with gravity subtracted to illustrate the sum of 
attractive van der Waals attraction between the colloid and wall, and steric repulsion between the 
adsorbed PEGtb layers. In 150 mM NaCl, PEGtb forms 17 nm thick layers on the particle and wall 
(2L0 = 34 nm as shown by the dashed line where two PEGtb layers first come into contact at 0.1 
kT). 

h / nm

0 50 100 150 200

U
(h

) 
/ 

k
T

-1

0

1

2

A B C

3

2

1

0L

2

1

3



 

 43 

3.3.2 BSA and IgG Exclusion from Adsorbed PEG copolymer layers 

 
Figure 3-3 3D trajectories and kT-interaction potentials show that BSA is excluded and does 
not form a corona on PEG. (A) From left to right: x,y trajectories of three representative particles 
with adsorbed PEGtb diffusing over PEGtb adsorbed to a wall with 20, 30, and 40 g/L BSA added 
to the bulk. Scale bar in the inset illustrates the length of time a particle is bound to the surface as 
it diffuses laterally on the surface.  (B) From left to right: z-trajectories illustrate particle diffusion 
normal to the surface that correlate to binding lifetimes. Short binding lifetimes correspond to a 
particle diffusing freely in the z-direction, such as in the case for 20 g/L BSA, whereas longer binding 
lifetimes correlate to particles diffusing closer to the surface, such as with 30-40 g/L BSA. (C) 
Ensemble averaged interaction potentials from the probability distribution of height excursions from 
B show a progressive deepening of the attraction well depths (from -0.5 kT to -3 kT from 20 g/L to 
40 g/L BSA, respectively) and a constant polymer layer thickness at contact (2L0 = 34 nm) for all 
cases. 

 

h / nm

0 50 100 150 200

U
(h

) 
/ 
k
T

-5.0

-2.5

0.0

2.5

5.0

h / nm

0 50 100 150 200

U
(h

) 
/ 
k
T

-5.0

-2.5

0.0

2.5

5.0

0 50 100 150 200

U
(h

) 
/ 

k
T

-5.0

-2.5

0.0

2.5

5.0

h / nm

0L
0L0L

A                          

B

C

2

1

3
2

1
3

3

1

2

2

1

3

1

3

2

1

3

2



 

 44 

For three representative particles in the ensemble, in Figure 3-3, we illustrate direct, 

sensitive measurements of colloidal interactions in the case of PEGtb-coated surfaces with 

BSA added to the bulk solution. Figure 3-3A shows that when the concentration of BSA in 

the bulk solution increases from 20−40 g/L, the normal binding lifetime, illustrated visually 

by the color scheme shown in the legend, progressively increases from 1 second at 20 g/L 

BSA to ~1000 seconds at 40 g/L. Additionally, we note that particles are freely diffusing 

in the x- and y-direction, demonstrating that addition of BSA into the bulk solution impacts 

normal binding of particles to the surface. In Figure 3-3B, we obtain the normal diffusion 

trajectories, z-trajectories, of each particle in Figure 3A by converting scattering intensity 

to height, which we explain in detail in previous publications, with nanometer resolution. 

These z-trajectories illustrate clearly how each of the representative particles diffuse 

progressively closer to the surface when the concentration of BSA increases, shown by 

how each particle diffuses at an increasing length of time a few nanometers above the 

surface at 40 g/L BSA, compared to the normal diffusion within a larger range of heights 

at 20 g/L, with 30 g/L exhibiting intermediate normal diffusion profiles.  

 

Figure 3-3C shows how we integrate total internal reflection and three-dimensional 

particle trajectories by measuring single and ensemble-averaged particle-surface 

interactions. By fitting the ensemble averaged particle-surface interactions to a theoretical 

net interaction potential, we note two important findings: Firstly, the net attraction energy 

well depth increases from −0.5 kT to −3 kT from 20 g/L BSA to 40 g/L, respectively, where 

the origin of increase of attraction between the adsorbed polymer layers is due to BSA 

being depleted from PEGtb. Secondly, the thickness of the steric layer remains constant at 
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17 nm, which is the measured thickness of PEGtb layers in 150 mM NaCl shown in Figure 

3-2C. These results unmistakably demonstrate that BSA, at physiological concentrations, 

does not adsorb to the outer layer of adsorbed PEGtb in good solvent conditions, rather this 

protein is excluded.  

Although our measurement itself cannot distinguish where BSA is, we use three 

self-consistent approaches to the depletion interaction potential in Eq 2−3 by adjusting the 

degree of partitioning of BSA between PEGtb layers and the bulk solution,  , the degree 

of penetration of the BSA into the PEGtb layer which affects the excluded volume for these 

soft surfaces, f, or an intermediate solution between these two cases, in order to estimate a 

self-consistent mechanism behind BSA exclusion from PEGtb affecting both the osmotic 

pressure and total excluded volume. If we use partitioning,  , as the mechanism behind 

exclusion, we find that, for all cases for BSA, i.e., 20−40 g/L, ~99% of the total number of 

BSA molecules are excluded into the bulk. On the other hand, we achieve the exact same 

theoretical fits shown in Figure 3-3C if BSA is allowed to penetrate the PEGtb layer. In this 

case, we find that BSA at 20 g/L penetrates 10 nm, 30 g/L penetrates 7 nm, and 40 g/L 

BSA penetrates 5 nm into PEGtb. The approximation method we use to explore possible 

mechanisms between the two limits above considers the possibility of both penetration and 

partitioning shows us that BSA exclusion can be explained by our theoretical fits that 

provide a self-consistent approach to show that BSA can be depleted from PEGtb layers 

via partitioning and penetration into the PEGtb layer. It is important to note here that the 

parameter describing penetration into the polymer layer does not mean that proteins adsorb 

to the PEG layer, rather this describes a dynamic effect. 
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What is noteworthy in these experiments is that the order of physisorption and 

protein addition had a significant effect on the outcomes of potential energy profiles. In 

this paper, we present results when we employed a careful protocol simulating drug 

delivery conditions. In short, we added proteins after PEGtb has reached equilibrium 

following standard PEG’s Langmuir adsorption isotherms. In previous setups where 

proteins were mixed earlier, we found that BSA had no effect on both the steric thickness 

and the net attraction, and IgG had heterogenous binding to different sites on the wall. 

However, with long equilibration times and careful protein addition after formation of the 

intact PEGtb layer, we eliminated any nonequilibrium structures, and found that with this 

method, BSA and IgG exclusion is significant from PEGtb and both proteins may partition 

and penetrate the layers. This is a crucial observation because it speaks to how other 

experimental techniques may lack the sensitivity to discern nonequilibrium structures due 

to heterogeneity and this highlights the need to develop an assay that carefully simulates 

drug delivery applications when studying sensitive interactions between proteins and 

polymer-coated surfaces to ensure that measurements of protein adsorption are not due to 

surface heterogeneities or defects.  
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Figure 3-4 3D trajectories and kT-interaction potentials show that IgG is excluded and does 
not form a corona on PEG. (A) From left to right: x,y trajectories of three representative particles 
with adsorbed PEGtb diffusing over PEGtb adsorbed to a wall with 2.5, 5, and 10 g/L IgG added to 
the bulk. Scale bar in the inset illustrates the length of time a particle is bound to the surface as it 
diffuses laterally on the surface. (B) From left to right: z-trajectories illustrate particle diffusion 
normal to the surface that correlate to binding lifetimes. Short binding lifetimes correspond to a 
particle diffusing freely in the z-direction, such as in the case for 2.5 g/L IgG, whereas longer binding 
lifetimes correlate to particles diffusing closer to the surface, such as with 5-10 g/L IgG. (C) 
Ensemble averaged interaction potentials from the probability distribution of height excursions from 
B show a progressive deepening of the attraction well depths (from -0.5 kT to -3 kT from 2.5 g/L to 
10 g/L IgG, respectively) and a constant polymer layer thickness at contact (2L0 = 34 nm) for all 
cases. 

We observed remarkably similar macroscopic behavior of IgG, a protein twice the 

molecular weight as BSA with a significantly different shape. In these experiments, we 

probe IgG-PEGtb interactions below and at blood concentrations, from 2.5 mg/mL to 10 
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g/L. Using the same approach in Figure 3-3, Figure 3-4A illustrates how addition of IgG into 

the bulk solution results in a progressive increase in normal binding lifetimes like BSA. 

However, we note that normal binding events >10s long occur at the lowest concentration 

of IgG, 2.5 mg/mL, which corresponds to 0.006 v/v whereas the onset of >10s binding 

lifetimes occur with BSA at 30 mg/mL, which corresponds to 0.042 v/v, an order of 

magnitude above the volume fraction of IgG, illustrating that a smaller amount of IgG is 

needed to cause attractive interactions with PEGtb layers. Figure 3-4B shows a similar 

progression in the increase in length of time a particle levitates within a few nanometers 

above the wall, where particles experience free normal diffusion at 2.5 mg/mL IgG, 

become more attracted to the surface shown by shorter normal excursions at 5 mg/mL, and 

spend minutes levitating within a few nanometers above the wall at 10 mg/mL IgG. Figure 

3-4C complements the three-dimensional dynamics of these particles with ensemble-

averaged kT-scale potential energy profiles. Again, we observe two important behaviors 

of adsorbed PEGtb copolymer layers in the presence of IgG: Firstly, the net attraction well 

depth progressively increases from −1.5 kT at 2.5 mg/mL to −2.5 kT at 10 mg/mL. 

Secondly, the steric layer thickness inferred from theoretical fits to the net potential 

remained constant at 17 nm, i.e., the same measured thickness as the native PEGtb layer in 

Figure 3-2C.  

Like BSA, we find that theoretical fits to the average potential profiles indicate that 

IgG is also excluded from PEGtb layers. Using the same approach for theoretical fits to 

explain the mechanism of exclusion we find that if we use partitioning,  , as the sole 

adjustable parameter, we find that ~87% of the total number of IgG molecules are 

partitioned into the bulk at 2.5 mg/mL IgG, whereas ~92% of IgG molecules are partitioned 
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into the bulk at 5−10 mg/mL. Moreover, we achieve the same theoretical fits in Figure 3-4C 

if IgG is allowed to penetrate the PEGtb layer, i.e, the penetration depth is the only 

adjustable parameter. In this case, we find that IgG at 2.5 mg/mL penetrates 5 nm, and IgG 

penetrates ~7 nm at 5−10 mg/mL. The approximation method we use to explore possible 

mechanisms between the two limits above shows us that IgG at 2.5−10 mg/mL may both 

penetrate, on average, 6 nm into the PEGtb layer while also having, on average, 78% of 

the added IgG partition into the bulk.  

In summary, we use careful equilibrium analysis to non-intrusively and sensitively 

probe how blood concentrations of BSA and IgG interact with PEGtb coated surfaces and 

determined that neither blood protein forms a steric coating around PEG. Rather, BSA and 

IgG are excluded/depleted from the adsorbed PEGtb layer. Our theoretical models using 

modified AO depletion potentials for soft surfaces can be modified systematically to show 

the effect of the osmotic pressure difference and change in excluded volume, and we 

showed that both BSA and IgG can penetrate into PEGtb layers and be excluded into the 

bulk solution, which explains the origin of the increasing attraction when both proteins are 

added to a dispersion of PEGtb-coated surfaces. 

3.3.3 Discussion 

It is important to consider the phase behavior of adsorbed PEGtb in absence of 

proteins, because understanding polymeric stabilization in good solvent conditions, such 

as the condition shown in Figure 3-2, will help towards understanding the phase behavior 

of PEGtb-coated surfaces when proteins are introduced into the system. Solvent quality is 

a term that refers to how favorable interactions are between polymer segments and solvent 

molecules, ranging from “good” to “poor” at a polymer solution’s θ, theta, condition where 
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the polymer chain segments adopt a random walk, i.e., when polymer chains behave like 

ideal chains.131 The scaling of polymer chain dimensions and length is determined by 

solvent quality behavior, which affects the range of repulsive or attractive interactions. In 

good solvent conditions, symmetric layers of adsorbed PEG copolymers are stabilized via 

a balance between osmotic interactions, resisting compression, and elasticity, resisting 

stretching, to maximize interactions with surrounding solvent molecules. However, in poor 

solvents, symmetric layers of adsorbed PEG copolymers interpenetrate to minimize 

interactions with the solvent.132-133  

Addition of NaCl as a cosolute does not change water structure, and thus does not 

affect PEG solubility or interactions in water, therefore at 150 mM NaCl, adsorbed layers 

of PEG copolymers are in good solvent conditions, thus we expect PEG to form thick 

extended brushes in 150 mM NaCl, anchored by the hydrophobic PPO midblock on 

hydrophobically modified surfaces. The collapsed configuration of proteins, on the other 

hand, has been equated to water being a “poor” solvent, despite growing evidence which 

shows that favorable chain-solvent interactions reduce misfolded or aggregated-prone 

states,134 so the solvent quality of blood is not necessarily poor for proteins. Compared to 

symmetric interactions in the PEG-PEG case (Figure 3-2A) where interpenetration is not 

likely to occur in good solvent conditions, asymmetric interactions due to the introduction 

of proteins may give rise to more interpenetration or structural rearrangement of the 

protein-polymer complexes, lowering the total energy of both layers on contact. 135 

Destabilization due to immiscibility of different components in a biphasic system, 

such as proteins and polymers in aqueous solutions, relates to the expulsion of polymer 

from the spaces between particles, and can be explained by excluded volume and osmotic 
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constraints as well as conformational entropy loss. The attractive depletion interaction was 

first analytically described by a theoretical model by Asakura and Oosawa (AO)136 and 

later by Vrij.137 In the AO model, the depletant being excluded from two large plates is 

assumed to be a hard sphere, and in Vrij’s model, polymer coils are regarded as soft spheres 

that can overlap but exhibit hard interactions with surrounding colloidal particles. Later 

treatments examine depletion of a soft polymer solution near a hard wall followed by work 

examining the exclusion of soft polymers between two hard plates. 138-139 Subsequent work 

systematically describe various approaches to theoretically modelling exclusion and 

consider ideal polymer chains, hard spheres, hard walls, and colloidal disks.140 However, 

the system described in this paper involves ‘soft’ protein macromolecules interacting with 

‘soft’ polymer brushes on two symmetric surfaces. Therefore, traditional treatments of 

exclusion using AO potentials, De Gennes, and Lekkerkerker may not apply to our system 

of soft surfaces in contact making this system even more interesting, given its relevance to 

antifouling biomaterial design.  

 

Although this is beyond the scope of this work, we also cannot neglect the 

importance of contributions to the net interaction from multi-body effects. This is 

particularly true in case of polymer chains with high molecular weight proteins where 

multibody contributions non-negligible since a single chain can interact more favorably 

with more than two colloids. In summary, depletion effects in solutions of macromolecular 

mixtures cannot be ignored, especially in drug delivery applications where polymer-coated 

colloids encounter concentrated protein solutions and have been known to interact with 
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plasma proteins; however, traditional treatments of depletion attraction reveal the need for 

adapting theory to model ‘soft’ interactions between polymer brushes and proteins. 

 

Measured interactions revealing depletion of both proteins from PEG may be 

closely related to previous observations of PEG-induced phase separation of protein 

solutions and with other direct measurements of these protein’s interactions with 

immobilized PEG monolayers. BSA, a protein with an effective hard sphere radius of 3.3 

nm,141 and IgG, with an effective hard sphere radius of 3.5 nm,142 are both known to have 

positive second virial coefficients in physiological conditions. We achieve these values for 

protein size by fitting Carnahan-Starling equation of state to measurements osmotic 

pressure for both proteins and obtain values within expected dimensions from globular 

protein scaling theory.143 There is a body of work that has shown how to induce phase 

separation in protein solutions by introducing an additional attractive interaction via adding 

polymers into solution.144-147 PEG has been shown to induce phase separation of BSA and 

IgG through generating depletion attraction between protein molecules that is not well 

described by the standard depletion models, and the degree of depletion and decrease of 

the second virial coefficient, B2, were found to depend on temperature, polymer 

concentration, and molecular weight.147 Given the growing evidence that proteins in their 

folded states are in “good” solvent conditions, addition of PEG in the mixture may affect 

protein’s solvent quality, impacting the range of repulsive and attractive interactions of 

proteins with each other, surrounding solvent molecules, and PEG. This is interesting given 

our sensitive nanometer resolution of layer thickness which indicates that PEG copolymers 

maintain their solvated dimensions even in the presence of protein solutions at blood 
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concentrations (between 1−6% v/v), which may indicate that concentrated blood protein 

solutions may still be good solvents for anchored PEG copolymers. 

 

Furthermore, neutron reflectometry and surface plasmon resonance were utilized 

in several publications to investigate phase behavior of protein-polymer mixtures when the 

polymer is adsorbed or anchored to a planar substrate. 15, 125-126, 132, 148 Both proteins in this 

work were found to penetrate PEG layers to varying degrees; BSA binding and insertion 

into PEO layers depended on the grafting density, and in all cases, below and at the brush 

regime, BSA penetration still occurred. IgG was also found to have varying degrees of 

penetration into grafted PEO monolayers, where neutron reflectometry showed partial 

insertion of IgG ~2 nm into a PEO brush layer, and some adsorption on the periphery of 

the PEO monolayer. This is intriguing because it is consistent with our adaptation of the 

classical AO depletion potential to fit our experimental results, where tuning the excluded 

volume term using a parameter to account for penetration shows that both BSA and IgG 

partially penetrate the PEG brush layer, perhaps suggesting weak attractive interactions 

between these proteins and PEG molecules in addition to excluded volume and osmotic 

pressure effects giving rise to a self-consistent picture of the complexity of protein 

exclusion from PEG.  

 

Several papers additionally deduce different mechanisms of these weak attractive 

interactions: insertion and compression. In the case of serum albumin, evidence suggest 

different adsorption scenarios: one due to weak, nonspecific monomer−protein 

attraction,123 and secondly partial insertion of BSA into PEG layers due to attractive van 
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der Waals interactions with the underlying surface, which highlights the importance of the 

polymer layer density, among other design parameters highlighted in their work. In the 

case of antibodies, such as IgG, some evidence of polymer binding at specific protein sites 

for example, by PEG antibodies, has been shown involving terminal binding on the free 

ends of a polymer anchored to a surface, or backbone binding to internal chain segments. 

It is important to highlight the distinction between BSA and IgG in terms of their shape, 

for IgG is Y-shaped, whereas BSA is often assumed to have an ellipsoidal structure, since 

the shape of a protein, if assumed to maintain its native folded structure, may affect the 

degree to which insertion and compression into PEG layers takes place. This may be true 

in context of our results in Figure 3-3 and Figure 3-4, where the degree of penetration and 

partitioning for BSA was higher than that of IgG, perhaps indicative of the effect of shape 

of the protein and its osmotic pressure on its ability to insert into polymer layers of a 

constant density and preferentially partition into the bulk solution. Regardless of the effects 

of protein dimensions, our results clearly demonstrate that tuning partitioning and 

exclusion to account for both proteins and polymer softness, we achieve agreement 

between theory and experimental data supporting the fact that BSA and IgG are excluded 

from PEG. 

3.4 Conclusions and Outlook 

Using the two most abundant blood proteins, serum albumin and IgG, we found 

that neither protein forms what is known as a ‘protein corona’ around adsorbed layers of 

PEG. Our careful experimental assay and equilibrium analysis reveal quantitatively and 

qualitatively interesting behavior for both proteins, even though they differ in shape, 

function, and biophysical properties. As a benchmark, we characterized solution behavior 
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of PEG brushes in good solvent and established the thickness of the polymer layer as 17 

nm. Our direct and sensitive measurement of layer thickness and colloidal interactions 

revealed that even at blood levels of both proteins, the PEG layer remarkably remained 

constant, and the origin of increased attraction is from progressively increasing depletion 

of the protein from the polymer layer. Careful theoretical modeling reveals that depletion 

attraction can be modeled using modified AO theory and systematic adjustments of the 

osmotic pressure difference and excluded volume effects, reflecting the need to adapt 

traditional models to describe soft interactions between the proteins and polymers.  

Regardless of what adjustable parameter or approximation we used, the model 

accurately described our experimental results, and, thus, can be used to give a reasonable 

description without developing rigorous models. Our theoretical models also show that 

both proteins can penetrate the PEG layer to some degree and may partition between the 

polymer gap and the bulk solution. While the degree of penetration had no strong 

correlation with blood protein concentration, partitioning increased when the concentration 

of proteins in the bulk increased, which is consistent with increased protein exclusion and 

colloidal attraction at higher concentrations. Moreover, our assay is free from surface 

heterogeneities, and we believe that this could be a useful tool for probing polymer 

interactions with numerous biomacromolecules.  

Ultimately, these results provide a strong foundation to study protein interactions 

with polymer coated surfaces for drug delivery applications with minimal invasiveness and 

maximum sensitivity, and statistical significance. Our findings entail the need for 

developing an accurate theoretical model to describe the balance of globular protein 

exclusion and penetration between two soft polymer layers. Additionally, we recognize the 
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importance of including a study on the synergistic effects of these proteins, and the effect 

of grafting the polymer layers. We hope to use our assay to shed light on the immune 

system response to protein depletion and penetration into polymer layers. 

3.5 Methods 

Surfaces. The commercial PEO141-PPO51-PEO141 (F108) copolymer (Mw/Mn=1.2) 

was donated by BASF. The adsorbed triblock copolymer is abbreviated by its end blocks 

with the suffix “tb” to indicate ‘triblock’. 66 kDa lyophilized bovine serum albumin (>99% 

purity, essentially gamma-globulin free) and 150 kDa γ-Globulin from bovine blood 

(≥99% purity, mixture of IgG (80%), IgM (10%), and IgA (<10%)) were obtained from 

Sigma Aldrich and used without further purification or modification. For brevity, bovine 

serum albumin will be referred to as BSA, and γ-Globulin will be referred to as IgG, since 

most of the bovine γ-Globulin sample is composed of IgG, in the manuscript. Both protein 

stock solutions were prepared in 150 mM NaCl and sonicated for 30 minutes. Glass 

microscope slides (Fisher) were cleaned and rendered hydrophobic according to protocols 

in previous publications from this group. Briefly, glass slides were cleaned in acetone, 100 

mM KOH, and DI water, and rendered hydrophobic by spin coating polystyrene. Silica 

colloids of nominal 2.2 µm diameter (Bangs Laboratories) were rendered hydrophobic by 

coating with 1-octadecanol (Sigma-Aldrich). Despite different chemical functionalities on 

hydrophobic particle sand slide surfaces, prior studies have shown the same triblock 

copolymers in this study yield the same solvent quality dependent thickness even with two 

different coatings.149 

Polymer Adsorption. 1000 ppm PEOtb was dissolved in 150 mM NaCl and added 

to vacuum grease-sealed O-rings on a hydrophobically modified glass slide and left to 
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equilibrate overnight, and 1000 ppm PEOtb dissolved in DI water was added to 2 uL of 

hydrophobically modified 2µm glass particles. The PEOtb-silica dispersion was exchanged 

into 150 mM NaCl after 3 hours of adsorption, via centrifugation, and was left to equilibrate 

on an inverted overnight. 1 µL of the PEOtb-silica dispersion was then added to the PEOtb 

on the slide and left to equilibrate in 150 mM NaCl for two hours. An equal volume of 2x 

the final desired concentration of the protein solution was added to the particle-wall system 

and left to equilibrate for two hours prior to measurements. 

Microscopy. Ensemble TIRM was used to measure interactions between polymer 

coated colloids and slide as described in previous work. In summary, an evanescent wave 

is generated via reflection of a 633 nm HeNe laser (Melles Griot) onto a prism at 68 

degrees. Images are captured using a 40⨉ objective (LD Plan-NEOFLUAR), using a 

12−bit CCD Camera (Hamamatsu Orca-ER) at 4 binning, 4 ms exposure, and a frame rate 

of 28 frames per second. In the TIRM experiment, scattering intensity, I, of a spherical 

colloidal particle in an evanescent wave is used to determine relative particle-wall 

separation, h. Measurements of single particle potentials are averaged to obtain ensemble 

average potentials. 

3.6 Analysis  

The net potential energy for PEG-stabilized colloids and substrates, uN, in the presence 

of proteins added to the bulk solution may be given by a superposition of potentials due to 

van der Waals attraction, uV, steric repulsion, uS, and gravity, uG, and depletion attraction, 

uD, as, 
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where h is particle-wall separation. Subscripts refer to interactions as: (V) van der 

Waals, (G) gravitational, (D) depletion, and (S) steric. The gravitational potential energy 

of each particle depends on its elevation above the underlying surface multiplied by its 

buoyant weight, where p and f  are the particle and fluid densities. van der Waals 

attraction for sphere-plate are predicted from the rigorous Lifschitz theory where A(l) 

includes retardation and screening for the silica colloids and glass substrates used in this 

work, explained in detail in previous publications.65, 81 Steric repulsion due to compression 

of excluded volume macromolecular brushes are modeled using a soft exponential decay 

that fits the Milner brush theory until 50% compression of the brush. In our model, the pre-

factor, Γ, is 0.1 kT and reflects the polymer layer repulsion upon contact at 2L0 as well as 

the limit to the sensitivity of our measurement technique. δ is the decay length of the 

exponential, which is defined as 0.281 nm -1, and L is the thickness of a PEG layer here 

defined as = pL L . If a protein fully coats the adsorbed PEG layers on both the particle 

and wall, a bilayer or protein corona is formed. From Eq. 1, we see that the adsorbing of 

proteins on the PEGtb coatings will impact the range of steric repulsion. In this case, L is 

the total measured layer thickness, which will be composed of the polymer thickness, Lp, 

and the measured protein corona thickness, Lc, that becomes = +p cL L L .  

According to several models for depletion or exclusion, namely the AO depletion 

model, nonadsorbing proteins may be partially or totally excluded from the gap between 

the PEG-coated colloid and the PEG-coated substrate and result in depletion attraction 
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reflected in Eq 1 as uD (h, L). In short, ΔΠ, defined in Eq 2 below, is the protein’s osmotic 

pressure difference given as the ideal contribution modified by compressibility factors 

inside and outside the excluded volume region, Zi and Zo respectively as shown in Eq 2, 

below. Zi and Zo are modeled by the Carnahan-Starling equation of state as a function of 

bulk and gap number densities of the protein, and has been shown to sufficiently describe 

nonideal behavior of globular proteins in physiological ionic strength.142 
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Here, ρo is the depletant number density outside the excluded volume region, and 

K  is the partition coefficient defined as ⟨ρi⟩/ρo (where ⟨ρi⟩ is an average number density 

of the depletants inside the excluded volume region) modeled in Edwards et al.150  

 

The expression to model the excluded volume region between a hard depletant and 

hard sphere, VEX, is typically given as,  
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where R is the depletant’s effective hard-sphere radius, fixed from fitting literature 

values of osmotic pressure of BSA and IgG to the Carnahan-Starling EOS with the Donnan 

contribution at 150 mM NaCl. 141-142 To account for the softness of the brush and proteins 

and potential attractive asymmetric interactions, we include a factor to allow for proteins 



 

 60 

to penetrate the PEG brush layer. In Eq 3, we represent this with f which is the percent 

brush thickness that is inaccessible to the depletant or protein (impenetrable thickness). 

To our knowledge, there is no theoretical model of the average partition coefficient, 

K , of soft globular proteins between soft polymer layers. Therefore, in this work, we 

rely on the closest approximation for the density profiles using expressions for PEO 

random coils excluded between two hard plates where PEO density profiles are determined 

from superposition140 of the single wall density profile 138, 151 using a correlation length 

from RG theory as detailed in previous work. In brief, we compute the equivalent size and 

volume fraction for PEO for each condition used for BSA and IgG in this work to estimate 

the appropriate K  and use an iterative method to find the value of f that satisfies the 

partition coefficient expression and fits to the measured interaction potentials in Figure 3 

and 4. This allows us to survey an appropriate intermediate solution between the hard 

surface limits either imposed by setting 0K =  or setting 1f = . This results in a self-

consistent explanation on the mechanism of BSA and IgG being excluded from PEG. 

Results from this method are summarized in Table 2.  

 

In limit of high-volume fractions of protein, if there are sufficient attractive 

interactions between PEG and the added protein, the protein forms a full corona around 

PEGtb on the colloid and wall, any excess protein that does not adsorb may be depleted 

from the gap between the particle and wall. This case will affect both the steric and 

depletion contributions in Eq. 1 shown above. To summarize, we can use our ultra-sensitive 

technique and analysis to probe and model the net interactions between PEGtb coated 
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particles and wall with and without proteins in the bulk solution. Our non-intrusive, highly 

sensitive measurement technique and analysis method will provide us unambiguous 

understanding of how proteins modulate the thickness of the steric layer and/or the amount 

of depletion attraction due to protein exclusion from the gap, with nanometer- and kT- 

resolution. 

Table 1. Fixed Parameters 

Used for Theoretical Fits 

(Eq 1-3) to Generate 

Results in Figures 3 and 4. a 

 

Table 2. Adjustable Parameters Used for Theoretical Fits (Eq 1-3) to 

Generate Results in Figures 3 and 4. 

 

Parameter  Value 
Parameter 

[BSA] 

gL-1 

[IgG] 

gL-1 

2a (µm)  2.14 20 30 40 2.5 5 10 

Γ (kT) 0.1 f b 0.48 0.68 0.75 0.94 0.842 0.806 

L (nm) 17 K  c 0.74 0.79 0.8 0.81 0.8 0.797 

δ (nm -1) 0.281 L (nm) d 17 17 17 17 17 17 

Mw BSA (kDa) 69 
a The colloid radius fit to the gravitational potential is shown in the 

first row, Γ was set to 0.1 kT to calculate the thickness of the layers at 

contact, and the decay length was fixed to 0.281 nm-1 for a 17 nm 

thick PEG brush as measured in Figure 2. All the potential fits reveal 

that Lc = 0 nm; therefore, L is equal to the polymer brush length, Lp. 

The effective hard sphere radius, R, for each protein is fixed from 

fitting the Carnahan-Starling equation of state to experimental osmotic 

pressure data. Other independent parameters include van der Waals 

power, p=2.195, and size dependent contact value, A= (2140/a)kT 

nm1+p
. 

149
  

b We show the results from using the available theory for partitioning 

of PEO, as explained in the text, to find an intermediate solution for f 

and K . 

Mw IgG (kDa) 150 

RBSA (nm) 3.3 

RIgG (nm) 3.5 
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4 BLOOD PROTEINS DISPLACE PHYSISORBED 

ZWITTERIONIC COPOLYMERS 

 

4.1 Abstract 

We report direct and sensitive measurements of the interactions of zwitterionic 

copolymer-coated colloids with two major blood proteins, BSA and IgG. Previous work 

shows that BSA and IgG are excluded from and do not adsorb to PEG copolymer brushes; 

however, a similar comparison using direct, in situ interaction measurements on 

polyzwitterions has not been made. We employ three-dimensional multiple particle 

trajectories and kT-scale potential energy profiles from Total Internal Reflection 

Microscopy (TIRM) to evaluate the hypothesis that zwitterionic polymers have an 

increased resistance to blood protein adsorption. We find that BSA adsorbed to the surface 

of high molecular weight PMAPS brushes but is weakly excluded from high molecular 

weight PMPC brushes. Secondly, we find that both high molecular weight PMPC and 

PMAPS competitively adsorb with IgG, forming defective layers at higher IgG 

concentrations. To examine the well-documented molecular weight-driven competitive 

adsorption, we use low molecular weight PMPC and PMPAS copolymer brushes adsorbed 

to both the colloid and wall and find that both copolymers competitively adsorb with both 

BSA and IgG. Our results unambiguously show that adsorbed zwitterionic copolymer 

coatings are not completely inert to high molecular weight blood proteins, in stark contrast 

to adsorbed PEG copolymers. Using direct, kT-scale, time-averaged measurements of 

multiple particle-wall interactions using super-resolution microscopy, our results suggest 

that the interaction of adsorbed zwitterionic copolymers with high molecular weight, 

abundant blood proteins arise from a balance of both symmetric and asymmetric solvent, 
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surface, zwitterionic copolymer, and protein interactions that lead to a molecular weight-

driven sequential adsorption not seen with adsorbed PEG copolymer brushes.  

4.2 Introduction 

Assessing the stability of end-tethered or adsorbed copolymer coatings against 

blood proteins is a major challenge when using synthetic coatings for drug delivery 

vehicles. Immunostimulatory properties of nanoparticles may occur through various 

mechanisms, including antigenicity, adjuvant properties, and inflammatory responses.152-

153 Immune cells in the bloodstream and in tissues have a propensity to engulf and eliminate 

certain nanoparticles.154 Adsorption of plasma proteins onto the surface of a nanoparticle 

can occur the instant a particle enters the bloodstream. The mechanism by which protein 

adsorption occurs is not completely understood. However, the specific blood proteins 

which bind nanoparticles have been examined. Of those, the most common are 

immunoglobulins and components of the complement system, as well as other abundant 

blood serum proteins such as fibrinogen and albumin.155-156 There is a prevalence of 

literature that shows that PEG-coated surfaces, adsorbed or grafted155, 157, resist adsorption 

of proteins in the blood associated with the immune system responding to foreign particles, 

making PEG an attractive option for increasing bioavailability of drug particles in 

blood.11 However, current literature shows that PEGylated particles rely on selective 

adsorption of proteins to evade uptake and elimination from the blood versus the previous 

notion that PEG resists protein adsorption altogether.117, 154, 158 Therefore, the demand for 

surfaces that resist immune system protein adsorption is of high interest and importance.  
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Zwitterionic polymers have been shown to exhibit ultralow nonspecific fouling 

(protein adsorption) and excellent biocompatibility.21, 159-160 It is thought that more 

favorable segment-solvent interactions compared to segment-protein interactions explain 

the ultralow fouling behavior. Simulation, SPR, and ellipsometry studies explain the 

antifouling behavior of polyzwitterions due to their strong hydration layer via electrostatic 

interactions, dipole orientation, and balanced charges that minimized dipoles.161-163  

However, previous work by the author has shown that specific ion effects challenge the 

architecture and dimensions of zwitterionic copolymers in presence of poor solvents 

mediated by divalent salts.149 Contrasting reports include the ability of some proteins to 

adsorb to zwitterionic coatings,163-167 consistent with theoretical work by Halperin on 

protein adsorption on grafted polymer layers.125-126, 148, 168-169 It is noteworthy that several 

studies on protein interactions with zwitterionic coatings consider end-grafted zwitterionic 

polymers,159, 170-175 which is a reliable method to forming stable coatings, unless the surface 

is compromised by defects. However, previous reports, including recent work by the 

authors, illustrate both physiosorbed ethylene-oxide and zwitterionic copolymer coatings 

form defect-free, dense brushes that impart robust steric stabilization lubrication 

performance. Therefore, physisorption of copolymers is a simple versatile, practical, 

scalable, and environmentally friendly strategy for stable coatings.24, 42, 149, 176-180  

 

A problem for any physiosorbed copolymer brush is the possibility for being 

displaced by competing species with a different molecular weight and more favorable 

macromolecule-surface interactions.  This ‘competitive adsorption’ is an important 

biophysical problem made famous due to discoveries of the displacement of plasma 
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proteins, i.e., the Vroman effect181 , but generally refers to the process of macromolecular 

displacement onto solid surfaces from solution, either coadsorption from  mixtures 

followed by displacement, or sequential adsorption followed by displacement.182-184 These 

processes have been examined for either chemically similar or chemically different 

macromolecules.182-183, 185-191 Nonequilibrium adsorption and desorption dynamics 

highlight the importance of segment-surface interactions, adsorbed polymer density, and 

polymer architecture on adsorption/desorption dynamics.186 More nuanced explanations 

posit that the rate of displacement depends on the interactions between polymer, surface, 

and solvent, and the rate of conformational changes in the adsorbed layer.183, 192 Moreover, 

it is found that if the displacer macromolecule has more favorable segment-surface 

interactions, this drives the displacement, and thin-layer chromatography experiments 

suggest that the interactions between the adsorbed layer and displacer are not as 

dominant.193 

Direct measurements of competitive adsorption of PEO with different charged end-

groups highlight the importance of molecular weight effects by examining competitive 

processes for similar macromolecules differing in molecular weight.194 Moreover, segment 

adsorption energy and chain flexibility dynamics control competitive adsorption kinetics 

have been considered as important drivers of macromolecular displacement.195  However, 

kinetics and mechanism of coadsorption is highly dependent on order of addition of 

macromolecules.196 Experiments on adsorbed zwitterionic copolymers onto negatively 

charged surfaces, using fibrinogen and lysozyme to test protein repellence, serves as a 

reminder that displacement of adsorbed layers can cause surface defects, whether the 

displacement is chemically driven, or molecular weight driven as reported in literature from 
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the 1950s. However, to date, there has been no assessment of dimensions, interactions, and 

solvent quality effects of physiosorbed zwitterionic copolymer brushes when exposed to 

larger, more abundant blood proteins and if any competitive or sequential adsorption 

behavior can be detected.  

In the authors’ previous works, PEG-PPO triblock copolymers irreversibly adsorb 

to hydrophobic surfaces, formed dense brushes, and did not desorb in good solvents, 

characteristic of nonequilibrium , irreversible adsorption behavior.42, 105 We have 

previously shown that adsorbed PEG triblock copolymers irreversibly adsorb onto 

hydrophobic surfaces and do not compete with high MW blood proteins. However, a 

running hypothesis is that zwitterionic polymers are more promising coatings that may 

resist adsorption of blood proteins involved in the immune system response. To evaluate 

this hypothesis rigorously, direct, sensitive, non-invasive measurements of preferential or 

competitive adsorption between adsorbed synthetic zwitterionic copolymers and high 

molecular weight blood proteins must be examined. Studying the effect of high molecular 

weight blood proteins on surface-anchored zwitterionic polymers will elucidate the balance 

of segment, protein, and solvent interactions and aid in the prediction of macromolecular 

segregation onto colloids when introduced to blood protein solutions. This is important 

since controlling adsorbed layer properties requires knowledge of polydispersity-related 

kinetics and equilibrium layer architectures190 via direct and sensitive spectroscopic and 

scanning experimental techniques.119  

In this paper, we extend our previous study on PEG-protein interactions and employ 

our direct, non-intrusive, and sensitive assay, Total Internal Reflection Microscopy 

(TIRM) to measure the interactions and layer dimensions of high and low molecular weight 
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(Mw) adsorbed zwitterionic triblock copolymers (ZItb) in the presence of large, abundant 

blood proteins, bovine serum albumin (BSA), and immunoglobulin G (IgG), in the bulk 

solution (Figure 4-1A). Equilibrium analysis provides in situ, direct evidence of layer 

architectures formed when BSA and IgG are introduced into the bulk. Using this ultra-

sensitive interaction measurement tool, we probe the fates of protein-ZItb colloidal 

interactions and layer architectures: protein adsorption leading to corona formation, 

negative protein adsorption leading to exclusion and depletion attraction and competitive 

adsorption of high molecular weight proteins with zwitterionic copolymers, leading to 

defective layers. (Figure 4-1B-E) We show that model zwitterionic copolymers, PMAPS 

and PMPC exhibit unique behavior in response to the introduction of blood proteins driven 

by the chemical structure of these zwitterionic species and molecular weight differences of 

these heterogonous macromolecules, standing in stark contrast to layer architectures and 

interactions of adsorbed PEG copolymers exposed to the same blood proteins. 
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Figure 4-1 Predictions of zwitterionic triblock copolymer (ZI-tb) layer architecture and 
interactions with blood proteins. (A) Schematic of materials. Left: Zwitterionic triblock copolymer 
molecular detail with of both copolymers (represented by the number of repeat units of each 
triblock). PMAPS (top: yellow, blue), and PMPC (bottom: purple, blue). Middle: Colloid and wall 
geometry with adsorbed copolymers. Right: Structural renderings of BSA and IgG were reprinted 
with permission from PDB. (B) Schematics of possible fates of adsorbed ZItb layers in the absence 
and presence of blood proteins and theoretical kT-scale interaction potential. From left to right: 
Symmetric interactions of ZItb layers in absence of proteins; Protein adsorption/corona on the 
surface of PEGtb of thickness Lp+Lc with theoretical potential showing the effect of adsorbed 
protein; Exclusion of  nonadsorbing proteins, with a dimension of R nm, with theoretical potentials 
illustrating depletion without change in the steric thickness; Defective layer formation due to 
desorption of ZItb which can cause increased vdW attraction due to thinner defective layers and/or 
protein and polymer bridging. Theoretical potentials show >5 kT attractive wells that induce particle 
deposition. 
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4.3 Results & Discussion 

4.3.1 Interactions of BSA with high Mw Zwitterionic Copolymers 

Figure 4-2A reports lateral and normal trajectories and kT-scale interaction 

potentials of hydrophobic silica colloids and wall with an adsorbed layers of PMPC78-tb 

(23.6 kDa, i.e., the molecular weight of one PMPC with 78 repeat units), with no BSA, and 

with addition of 20 g/L and 40 g/L BSA (from left to right). In the top row, PMPC78-tb 

coated colloids freely diffuse laterally over a PMPC78-tb coated wall, with no normal 

binding as evidenced by the persistence of grey trajectories over 30,000 frames, or 18 

minutes. The z-trajectories offer a nanometer resolution of equilibrium normal height 

excursions for a representative particle and show a particle freely diffusing with no 

evidence of intermittent binding to the surface, showing that PMPC-PMPC brushes exhibit 

net repulsive interactions due to osmotic repulsion between PMPC-tb brushes generated at 

the onset of segment overlap at the layer periphery. Statistical mechanical analysis for an 

ensemble of particles using Boltzmann inversion in the bottom row show a superposition 

of attractive vdW and repulsive steric interactions between adsorbed PMPC78-tb layers. 

Theoretical fits that agree with our data to within ~0.2 kT allows us to resolve a PMPC78-

tb uncompressed layer thickness of 25 nm.  

 

With the addition of 20 g/L and 40 g/L of BSA into the bulk solution, followed by 

equilibration shows some interesting effects on the layer interactions and architectures. 

First, we note that there is a progression of longer binding lifetimes of PMPC78-tb coated 

colloids onto the wall at 20-40 g/L BSA, near physiological conditions. Since lateral 

trajectories might offer misleading notions of attractive protein-polymer interactions, 
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normal excursions of representative particles in each case show instances of longer binding, 

but there is no evidence of intermittent binding to the surface. This is further reflected in 

the potential energy profiles, where there is no shift in either the range of steric interactions, 

i.e., the layer thickness we measure remains 25 nm. Coupled with the binding lifetime data, 

BSA is likely weakly excluded from PMPC layers causing a weak depletion attractive 

interaction between the polymer brushes. Previous examination of such exclusion of BSA 

from PEG reveals that BSA might be penetrating the layer dynamically causing weak 

depletion attraction. Ultimately, sensitive super resolution microscopy analysis of 3D 

trajectories and equilibrium potentials shows that this exclusion of BSA from PMPC78-tb 

layers has no effect on the net thickness of layers but leads to a finite weak attraction 

between the particle and wall for all particles in the ensemble.  

 

PMAPS copolymers are of interest due to their reversed dipole orientation 

compared to PMPC, which has been shown by the authors to lead to unique behavior in 

terms of its layer architecture and dimensions in response to changes in solvent quality. 

Figure 4-2B shows lateral and normal trajectories and kT-scale interaction potentials of 

hydrophobic silica colloids and wall with an adsorbed layer of PMAPS113-tb (31.5 kDa) 

with no BSA, and with addition of 20 g/L and 40 g/L BSA (from left to right, top to 

bottom). In the top left panel in Figure 3B, like PMPC78-tb, PMAPS113-tb coated colloids 

freely diffuse laterally over a PMAPS113-tb coated wall, with no normal binding as 

evidenced by the grey trajectories. The z-trajectories offer show a particle freely diffusing 

with no evidence of intermittent or persistent binding to the surface demonstrating net 

repulsive particle-wall interactions conferred by the steric repulsion between PMAPS 
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layers. Statistical mechanical analysis of the distribution of the height excursions for all 

particles shows a superposition of attractive vdW and repulsive steric interactions between 

adsorbed PMAPS113-tb layers. Theoretical fits show PMAPS113-tb layers have an 

uncompressed layer thickness of ~24 nm. While PMAPS113-tb particles free diffuse in the 

lateral and normal directions like PMPC78-tb layers and exhibit some longer binding in 

the normal direction, equilibrium analysis of interaction potentials show that the thickness 

of the steric layer surprisingly increased by 8 nm at both 20 and 40 g/L BSA. Although we 

cannot infer an exact orientation of the protein adsorbed to the surface, since BSA short 

axis dimensions are on the order of this time-averaged steric layer thickness increase, direct 

and sensitive spectroscopy here shows that BSA unequivocally adsorbed to PMAPS113-

tb layers. 

TIRM measurements of polymer layer thickness mediated by solvent quality 

changes, such as adding high molecular weight proteins, results in qualitatively different 

behavior for each of the zwitterionic copolymers. To explain this intricate difference, 

responses to solvent quality (entropic or enthalpic), and polymer interactions with BSA, 

which is negatively charged at neutral pH, should be considered. Lysozyme and fibrinogen 

were found to adsorb to polyanionic brushes.197 It was argued that positive sites on the 

fibrinogen molecule allowed localized electrostatic attraction to charged polyelectrolyte 

segments, and neutron reflectivity measurements showed that the proteins were located on 

the periphery of the brush, with fibrinogen located further out than lysozyme.198 This 

argument supports the implication that negatively charged BSA may have allowed for 

localized attractive electrostatic interactions with positively charged amine groups in the 

periphery of the PMAPS layer, leading to the increase in the steric thickness on the order 
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of the dimensions of BSA. One reasonable speculation could be that BSA-sulfobetaine 

interactions are favorable compared to other symmetric and asymmetric interactions, and 

since the sulfobetaine moiety contains a negatively charged sulfate group, BSA might 

adsorb by partially inserting into the PMAPS layer periphery and displace nearby water 

molecules.  

 

PMPC, however, possesses a reversed dipole orientation with the cationic amine 

extending outwards. In this case, no corona is measured as shown in Figure 4-2. Fibrinogen 

and cationic proteins such as lysozyme were found to exhibit net repulsive interactions 

with electrostatically anchored PMPC brushes, and this is somewhat consistent with our 

results that negatively charged proteins do not adsorb to PMPC brushes, although the 

cationic amine group should theoretically allow for electrostatic attraction between BSA 

and the amine group. Therefore, the nature of how negatively charged BSA interacting 

with PMAPS, and PMPC cannot be simply explained by an electrostatic argument.  It is 

thought that water molecule structuring around MPC groups explains its inertness to 

changes in solvent quality. Previous work from the author supports this hypothesis by 

showing that addition of NaCl (water structure enhancer) and MgSO4 (water structure 

breaker) had no specific ion effects and no impact on the solvated dimensions of adsorbed 

PMPC brushes. This was explained by enhanced water structuring around MPC moieties 

that out-compete the presence of other mono- or di- valent ions in solution.149 Furthermore, 

it is hypothesized that water molecular ordering at the polymer surface impacts protein 

adsorption.199 Experimental evidence suggests that proteins cannot out-compete water 

molecules that hydrate MPC moieties, and thus serve as a potential explanation for why 
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BSA is excluded from PMPC. As shown in previous work, the depletion effect can be 

significantly weakened due to partitioning of proteins between the gap and the bulk 

solution and partial insertion into the polymer layer reducing its excluded volume. Fitting 

the potentials for PMPCtb in BSA solutions further confirms that a balance between these 

two parameters explains the weakened depletion and the fact that BSA does not adsorb 

irreversibly to PMPC forming a corona. 

4.3.2 Zwitterionic Copolymer Desorption 

Figure 4-3 shows an interesting effect with employing the same protocol but with 

IgG (150 kDa), another abundant blood protein with a crucial role in immunogenicity of 

foreign particles in blood, with >2X the molecular weight of BSA (66 kDa). In the author’s 

previous work, IgG between 2-10 g/L were added to the bulk solution to PEG-coated 

surfaces. However, preliminary experiments with both PMPC78-tb and PMAPS113-tb 

layers at the same concentration range used previously consistently led to unstable, 

deposited particles (data not shown). Since TIRM is a good measure of weak interactions, 

lower concentrations of IgG were tested to see when particles deposit. Using 0.6-2.5 g/L 

IgG in the bulk solutions, PMPC78-tb and PMAPS113-tb showed a continuum of defective 

layer formation in this range. (Figure 4-3) While previous experiments with BSA did not 

reveal any desorption of the zwitterionic layers, with IgG, particles bind intermittently to 

the substrate (z-trajectories have longer binding lifetimes going from 0-1000s from 0-2.5 

g/L IgG). Moreover, interaction potential profiles for both copolymers demonstrate 

heterogenous attractive wells among various particle populations characteristic of the 

formation of defective layers (shown as different colored effective potentials averaged over 

populations of particles with similar attractive wells). Therefore, our hypothesis is that 
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higher molecular weight IgG displaces adsorbed both PMPCtb and PMAPStb copolymers 

and leads to defective layers with increasing attractive interactions. What is interesting is 

that with a small change in IgG concentration, particles experience a quasi-first order 

transition from levitated to deposited at IgG concentrations below that of blood levels (6-

11 g/L). To explore this hypothesis and explain a potential explanation, lower molecular 

weight PMPC-tb and PMAPS-tb interactions were explored. 

 

Figure 4-4 shows lateral and normal binding trajectories and kT-scale interaction 

potentials of PMPC33-tb (9.7 kDa) and PMAPS31-tb (8.6 kDa) coated on both the colloid 

and wall with increasing concentrations of BSA from 20-40 g/L. First, lateral, and normal 

trajectories for PMPC33-tb with no protein show free diffusion of particles near the wall 

with no normal binding lifetime. Theoretical fits to the superposition of van der Waals, 

gravity, and steric repulsion show that PMPC33-tb forms layers with an uncompressed 

thickness of 16 nm. Thinner layers lead to exposure of shorter-range ~2 kT van der Waals 

attraction between all the particles and wall, but with the steric repulsion between the layers 

providing robust steric stabilization that prevent aggregation. Similar analysis for 

PMAPS31-tb with no protein leads to 14 nm PMAPS31-tb layers with ~1s binding 

lifetimes over the course of 18 minutes.  

 

Thinner PMPC33-tb layers were not inert to high BSA concentrations. It is clear 

from Figure 4-4A that PMPC33-tb coated particles show longer intermittent binding 

lifetimes normal to the surface with more BSA added. At 20 g/L BSA, PMPC33-tb 

particles are bound ~100 seconds, whereas at 40 g/L, particles are bound for 100-1000 
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seconds to the surface as seen by the normal trajectory plots. This further reflects in the 

interaction potential energy profiles, where heterogenous attractive well depths increase 

and persist with more BSA added to the bulk solution, indicative of the formation of 

defective layers, perhaps due to BSA displacing PMPC33-tb polymers at certain locations 

across the surface. PMAPS31-tb layers also show similar trends with increasing BSA from 

20-40 g/L in Figure 4-4B. Particle populations experiencing similar net attraction were 

grouped together and averaged within that grouping to obtain an effective potential, 

although these intermittent binding events are nonequilibrium, and will be discussed in 

more detail below. Moreover, particles seem to be stuck for longer periods of time at 

different intervals at 20 g/L BSA compared to PMPC33-tb, and all particles are completely 

deposited for more than 1000 seconds at 40 g/L BSA.  
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Figure 4-2 BSA is excluded from high Mw PMPCtb but forms a corona on high Mw PMAPStb. 
Scale bars in the insets illustrate the normal binding lifetime of a particle. (A-B) Top row: x,y 
trajectories of 2.15 µm silica colloids and wall with adsorbed high Mw PMPCtb (A) and PMAPStb 
(B) with 0,20,40 g/L (left to right) BSA. Center row:  z-trajectory of a single representative particle 
(indicated by arrow) illustrates free diffusion normal to the surface for each case from left to right 
(0, 20, 40 g/L BSA, respectively). Bottom row: Ensemble-averaged interaction potentials is a 
superposition of steric repulsion and van der Waals attraction (see Methods). (A) Interaction 
potentials demonstrate no change in the thickness of PMPCtb, but slight increase in attractive 
interactions due to weak depletion. (B) Potentials show an 8 nm increase in the steric thickness 
from native PMAPStb thickness and a decrease in the attractive well depth, indicating longer range 
repulsion and that BSA may be adsorbed to PMAPStb layers. 
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Figure 4-3  IgG progressively displaces both high Mw PMPCtb and PMAPStb. (A-B) Top row: 
x,y trajectories of 2.15 µm silica colloids and wall with adsorbed high Mw PMPCtb (A) and PMAPStb 
(B) with 0,1.25,2.5 g/L (left to right) IgG, Trajectories show more hindered lateral diffusion with 
binding lifetimes increasing from 0-1000s. Center row:  z-trajectory of a single representative 
particle (indicated by arrow) illustrates a continuum of particle deposition normal to the surface from 
left to right with some particles levitated and others deposited at 1.5 g/L IgG, and particles 
completely deposited at 2.5 g/L. Bottom row: Ensemble-averaged interaction potentials is a 
superposition of steric repulsion and van der Waals attraction (see Methods). Interaction potentials 
demonstrate an increase in the attractive well depth, with 1.25 g/L IgG case displaying populations 
with different attractive well (A) and in (B) particles experience a quasi-first order transition from 
stable (0-1.25 g/L) to deposited at 2.5 g/L IgG. 
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Figure 4-4 BSA progressively displaces both low Mw PMPCtb and PMAPStb. (A-B) Top row: 
x,y trajectories of 2.15 µm silica colloids and wall with adsorbed low Mw PMPCtb (A) and PMAPStb 
(B) with 0,20,40 g/L (left to right) BSA illustrate more hindered lateral diffusion with binding lifetimes 
increasing from 0-1000s. Center row:  z-trajectory of a single representative particle illustrates a 
continuum of hindered diffusion normal to the surface from left to right with some particles 
experiencing 0-10s binding (green) and others experiencing 10-100s binding lifetimes (orange-
yellow) at 20 g/L BSA. At 40 g/L BSA, some particles experience 10-100s binding (green-yellow), 
and other populations experience 100-1000s binding (orange-red). Bottom row: Ensemble-
averaged interaction potentials. Interaction potentials demonstrate an increase in the attractive well 
depth, with 20-40 g/L BSA case displaying populations with different attractive well depths 
characteristic of defective layers that cause deposition. 
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More dramatic results occur with both PMPC33-tb ad PMAPS31-tb layers with 

addition of IgG from 0.6-2.5 g/L. Figure 4-5 shows progressive desorption of PMPC33-tb 

and PMAPS31-tb, respectively, with 0-2.5 g/L from left to right, and both normal 

trajectories and potential energy profiles revealing stuck particle potentials from top to 

bottom for each copolymer. It seems from these experiments that <0.6 g/L IgG is needed 

to create defective zwitterionic copolymer layers and increase the net attractive interaction 

between the particle and wall until full deposition. In conclusion, Figure 4-4 and Figure 4-5 

illustrate direct and sensitive evidence using a combination of 3D equilibrium trajectories 

 
Figure 4-5. IgG displaces both low Mw PMPCtb and PMAPStb. (A-B) Top row: x,y trajectories 
of 2.15 µm silica colloids and wall with adsorbed low Mw PMPCtb (A) and PMAPStb (B) with 
0,1.25,2.5 g/L (left to right) IgG, Trajectories show more hindered lateral diffusion with binding 
lifetimes increasing from 0-1000s. Center row:  z-trajectory of a single representative particle 
(indicated by arrow) illustrates particle deposition normal to the surface from left to right with some 
particles deposited at 1.25-2.5 g/L IgG. Bottom row: Ensemble-averaged interaction potentials is a 
superposition of steric repulsion and van der Waals attraction (see Methods). Interaction potentials 
demonstrate a significant increase in the attractive well depth. 
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and potential energy profiles to show that BSA and IgG, both significantly higher Mw 

compared to the adsorbed zwitterionic triblock copolymers, form defective layers on both 

PMPC33 and PMAPS31 layers at near physiological concentrations. This supports the 

hypothesis that there is a molecular weight- and enthalpic-driven displacement of higher 

molecular weight proteins and zwitterionic triblock copolymers, truly unique to the 

behavior of PEG copolymers (15 kDa). 

4.3.3 Argument for Zwitterionic Copolymer Displacement by Large Proteins 

Previous work from the authors shows that ZItb copolymers desorb after washing 

steps, indicating of equilibrium adsorption behavior. Therefore, our strategy has been to 

add 30 ppm ZItb to the bulk solution to drive equilibrium to the surface, and we have 

applied this strategy in this work. However, even with this strategy, results in Figure 3A 

and Figure 4-4 show varying levels of attractive well depths at higher BSA and IgG 

concentrations for PMPCtb and PMAPStb-coated colloids and walls. This can be 

misinterpreted as a protein-mediated attraction. However, these results show heterogenous 

intermittent binding events varying in space and time over the surface. Our analysis is 

based on equilibrium sampling of heights of a single colloid over a wall, but the individual 

particle “effective” potential profiles in Figure 4-3A, and Figure 4-4A-B include both 

levitated (gray trajectories) and bound (orange-red trajectories) height excursions where 

the bulk of the particle excursions are measured in the bound state rather than the levitated 

state causing heterogenous deep attractive wells, i.e., the histograms are skewed to the 

bound state.  

 



 

 81 

Therefore, this results in averaged potentials for particle ensembles or ‘groups’ 

experiencing similar attractive wells. Previous work in our group has shown that 

subtracting the longer binding events from the normal trajectories results ion potential 

profiles that collapse onto each other and resemble potential profiles and trajectories of 

particles that are freely levitated on the surface. Although our results cannot distinguish if 

the defective layers were formed on the colloid or the wall or both, by comparison to 

control experiments with no proteins (no defective layers on either surface), we speculate 

the displacement may occur on either surface leading to heterogenous binding events. What 

implies is that the observed intermittent binding is due to local attraction of a colloid and/or 

wall with a defective steric layer diffusing on a heterogeneous surface due to polymer 

displacement by large proteins.  

It is important to note that TIRM measures equilibrium particle dynamics, and we 

do not measure the initial kinetics of displacement, rather we measure interactions and 

layer architectures in nonequilibrium situations. As explained previously, there is a large 

body of work on the kinetics of displacement of homogeneous and heterogenous adsorbed 

macromolecules. Typical arguments for similar macromolecules include the variation in 

molecular weight and surface affinity that leads to displacement and potentially 

coadsorption over longer periods, which has been the main observation for the Vroman 

effect. However, more nuanced explanations posit that the rate of displacement depends on 

the interactions between polymer, surface, and solvent, and the rate of conformational 

changes in the adsorbed layer, i.e., the dynamic stiffness of the polymer chain.183, 192 While 

it is not within the scope of this work to calculate thermodynamic parameters, our direct 
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equilibrium interaction experiments draw a picture on the potential balance of interactions 

that lead to the defective layers.  

 

Typically, macromolecule adsorption requires a decrease in the total free energy, 

and this is mediated by polymer adsorption energy, loss of conformational entropy, and the 

entropy of mixing and de-mixing. Therefore, adding another chemically dissimilar 

macromolecule and with a different molecular weight should theoretically affect each term 

in the total free energy. In thermodynamic equilibrium, therefore a small difference in 

segmental binding energy is enough to lead to very pronounced adsorption preference.200 

It is found that if the displacer macromolecule has more favorable segment-surface 

interactions, this drives the displacement, and thin-layer chromatography experiments 

suggest that the interactions between the adsorbed layer and displacer are not as 

dominant.193  

In this work, when the molecular weight differential was great enough, adsorption 

preference of the proteins to the surface was more readily visible since both larger proteins 

seemed to create defective layers at low concentrations within 10 minutes of equilibrating 

the sample prior to measurement (data not shown). However, molecular weight 

differentials between dissimilar macromolecules are not the only explanations for 

displacement. Our previous work shows that adsorbed PEG copolymers (PEG Mw = 15 

kDa) was not displaced by either BSA or IgG at much higher concentrations than what was 

used in this work, suggesting that Peg was irreversibly adsorbed regardless of the change 

in solvent quality mediated by proteins, and highlights the importance of layer architecture 

and interactions.  
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Therefore, we posit that zwitterionic moieties experience solvent quality-driven 

desorption mediated by preferential protein-surface interactions at the expense of 

zwitterionic-surface interactions, driving the formation of defective layers. By comparing 

zwitterionic copolymer behavior against PEG copolymers, it seems grafting zwitterionic 

copolymers might circumvent desorption, but these layers may not be totally inert to large 

blood protein, unlike adsorbed PEG copolymers, which demonstrate their robust steric 

stabilization in wider ranges of solvent quality mediated by dissimilar macromolecules. 

Future work could include an assessment of grafted zwitterionic copolymers using TIRM 

against BSA, IgG, and protein mixtures. 

4.4 Conclusions 

3D trajectories and kT-scale interactions potentials via a nonintrusive and direct 

assay utilizing diffusing colloidal probes were used to examine symmetric interactions of 

adsorbed zwitterionic triblock (ZItb) copolymers, PMPCtb and PMAPStb, at high and low 

molecular mediated by solutions of high molecular weight blood proteins, BSA and IgG. 

BSA, at physiological concentrations, was found to be weakly excluded from high Mw 

PMPCtb but formed an adsorbed layer (corona) on high Mw PMAPStb. IgG, an order of 

magnitude higher Mw than both copolymers lead to the formation of defective layers on 

the particle and wall. Similar symmetric interaction assays with lower Mw PMPCtb and 

PMAPStb confirmed the hypothesis that proteins may be displacing zwitterionic 

copolymers off the surface leading to defective layers that cause local binding events on 

heterogenous surfaces. Normal trajectories show a succession of increasing timescales of 

intermittent binding events until colloids are completely deposited at 2.5 g/L IgG and 40 

g/L BSA for both copolymers.  
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Our results in this work are significant in that they contrast significantly with 

similarly physiosorbed systems with PEG that did not show desorption, i.e., PEG was 

irreversibly adsorbed to the colloid and wall and the layer was intact at high BSA and IgG 

concentrations. Our results therefore indicate not only a molecular weight-driven 

displacement, which has been suggested I previous literature, but suggests an interplay of 

segment, surface, protein, solvent interactions that favor protein adsorption on the surface 

compared to zwitterionic copolymers. Even though TIRM was not used to measure kinetics 

of displaced layers, equilibrium analysis shows the effect of long-term displacement on the 

intactness of the adsorbed layer and suggests a potential examination of the kinetics of 

zwitterionic polymer-protein displacement. Ultimately, our results show that while 

adsorbed systems are easy, scalable, and seem to form intact layers with PEG copolymers, 

zwitterionic copolymers have more complex, nonnegligible interactions with blood 

proteins and may not be inert to blood proteins at physiological conditions when these 

copolymers are physiosorbed to the surface.  

4.5 Methods 

Surfaces: PMPC-b-PPO-b-PMPC (PMPC copolymers), and PMAPS-b-PPO-b-

PMAPS (PMAPS copolymers) were synthesized using activator regenerated by electron 

transfer-atom transfer radical polymerization (ARGET-ATRP) in a previously described 

method. To develop compact notation for each copolymer used, we abbreviate the three 

copolymers as: PMAPS 113 (31.5 kDa), PMAPS 31 (8.6 kDa), and PMPC 78 (23.6 kDa), 

and PMPC 33 (9.7 kDa), which are based on repeat units of each polymer. The molecular 

weights correspond to the molecular weight of one zwitterionic polymer extending into 

solution based on the molecular weight of the repeat units, MPC and MAPS (not including 



 

 85 

PPO midblock). 66 kDa lyophilized bovine serum albumin (>99% purity, essentially 

gamma-globulin free) and 150 kDa γ-Globulin from bovine blood (≥99% purity, mixture 

of IgG (80%), IgM (10%), and IgA (<10%)) were obtained from Sigma Aldrich and used 

without further purification or modification. For brevity, bovine serum albumin will be 

referred to as BSA, and γ-Globulin will be referred to as IgG, since most of the bovine γ-

Globulin sample is composed of IgG. Both protein stock solutions were prepared in 150 

mM NaCl and sonicated for 30 minutes. Glass microscope slides (Fisher) were cleaned and 

rendered hydrophobic according to protocols in previous publications from this group. 

Briefly, glass slides were cleaned in acetone, 100 mM KOH, and DI water, and rendered 

hydrophobic by spin coating polystyrene. Silica colloids of nominal 2.2 µm diameter 

(Bangs Laboratories) were rendered hydrophobic by coating with 1-octadecanol (Sigma-

Aldrich). Despite different chemical functionalities on hydrophobic particle sand slide 

surfaces, prior studies have shown the same triblock copolymers in this study yield the 

same solvent quality dependent thickness even with two different coatings.149 

Polymer Adsorption. 1000 ppm of all copolymers used were dissolved in 150 mM 

NaCl and added to vacuum grease-sealed O-rings on a hydrophobically modified glass 

slide and left to equilibrate overnight, and 1000 ppm of all copolymer solutions were added 

to 2 uL of hydrophobically modified 2µm glass particles overnight. 1 µL of the triblock-

silica dispersion was then added to the triblock adsorbed on the slide and left to equilibrate 

in 150 mM NaCl for two hours. An equal volume of 2x the final desired concentration of 

the protein solution was added to the particle-wall system and left to equilibrate for two 

hours prior to measurements. 
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Microscopy: Ensemble TIRM was used to measure interactions between polymer 

coated colloids and slide as described in previous work. In summary, an evanescent wave 

is generated via reflection of a 633 nm HeNe laser (Melles Griot) onto a prism at 68 

degrees. Images are captured using a 40⨉ objective (LD Plan-NEOFLUAR), using a 

12−bit CCD Camera (Hamamatsu Orca-ER) at 4 binning, 4 ms exposure, and a frame rate 

of 28 frames per second. In the TIRM experiment, scattering intensity, I, of a spherical 

colloidal particle in an evanescent wave is used to determine relative particle-wall 

separation, h. Measurements of single particle potentials are averaged to obtain ensemble 

average potentials. 

 

Analysis: The net potential energy for ZItb-stabilized colloids and substrates, uN, 

in the presence of proteins added to the bulk solution may be given by a superposition of 

potentials due to van der Waals attraction, uV, steric repulsion, uS, and gravity, uG, and 

depletion attraction, uD, as, 
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where h is particle-wall separation. Subscripts refer to interactions as: (V) van der 

Waals, (G) gravitational, (D) depletion, and (S) steric. The gravitational potential energy 

of each particle depends on its elevation above the underlying surface multiplied by its 

buoyant weight, where p and f  are the particle and fluid densities. van der Waals 

attraction for sphere-plate are predicted from the rigorous Lifschitz theory where A(l) 

includes retardation and screening for the silica colloids and glass substrates used in this 

work, but can be modeled by a simple power law, as described in previous work. Steric 
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repulsion due to compression of macromolecular brushes are modeled using a soft 

exponential decay that fits the Milner brush theory until 50% compression of the brush. In 

our model, the pre-factor, Γ, is 0.1 kT and reflects the polymer layer repulsion upon contact 

at 2L0 as well as the limit to the sensitivity of our measurement technique. δ is the decay 

length of the exponential, which is defined as 0.281 nm -1, and L is the thickness of a 

zwitterionic layer here defined as = pL L .  

If a protein fully coats the adsorbed zwitterionic layers on both the particle and 

wall, a bilayer or protein corona is formed. From Eq. 1, we see that the adsorbing of 

proteins on the PEGtb coatings will impact the range of steric repulsion. In this case, L is 

the total measured layer thickness, which will be composed of the polymer thickness, Lp, 

and the measured protein corona thickness, Lc, which becomes = +p cL L L . Nonadsorbing 

proteins may be partially or totally excluded from the gap between the polymer-coated 

colloid and substrate resulting in depletion attraction between particles and the underlying 

wall surface, uD (h, L), and is reflected in the net potential as shown in Eq. 1 using a 

modified AO-depletion potential. In short, ΔΠ, shown in Eq 1, is the protein’s osmotic 

pressure difference given as the ideal contribution modified by compressibility factors 

inside and outside the excluded volume region, Zi and Zo respectively as shown in Eq 2, 

below. Zi and Zo are modeled by the Carnahan-Starling equation of state as a function of 

bulk and gap number densities of the protein and has been shown to sufficiently describe 

nonideal behavior of globular proteins in physiological ionic strength, where the Donnan 

effect is negligible.142   

 ( ) ( )( )o i o o o in ikT Z Z K   =  −  = −   (5) 
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Here, ρo is the depletant number density outside the excluded volume region, and 

<K> is the partition coefficient defined as ⟨ρi⟩/ρo (where ⟨ρi⟩ is an average number density 

of proteins inside the excluded volume region) modeled in Edwards et al. The expression 

to model the excluded volume region between a hard depletant and hard sphere, VEX, is 

typically given as,  

 ( )
3

3 2 2 24 4
, 4

3 3 3EX

h
V h L R aR aRh ah Rh

 
 
 
 

= + − + − +  (6) 

where R is the depletant’s effective hard-sphere radius, which is fixed from fitting 

literature values of osmotic pressure of BSA and IgG to the Carnahan-Starling EOS. 

However, neither the globular proteins used in this study nor the adsorbed polymer layers 

satisfy the conditions for a hard surface, so we propose the use of a single adjustable 

parameter, f, to account for the softness of both the proteins and polymer. We can do this 

by modifying h to be 2h h f L= −  where f accounts for proteins penetrating the PEGtb 

layer. We propose adjusting experimental potentials with adjusting either P or f to fit the 

depletion potential. The first limiting case is when 0K = , and f is the sole adjustable 

parameter. Conversely, the other limiting case is when f = 1 i.e., when the protein is 

assumed to not penetrate the ZItb layer but is allowed to partition inside and outside the 

gap between the particle and wall, i.e., 0K  . However, we realize that there can be an 

infinite number of solutions between these two limits that fit our experimental results. To 

our knowledge, there is no theoretical model of the average partition coefficient, K , of 

soft globular proteins between soft polymer layers. So, we propose that K could be 

approximated by more rigorous theoretical approaches, as mentioned previously. We use 
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this approximation to estimate the theoretical average partition coefficient, and thus predict

 and corresponding f that fits our results to self-consistently explain proteins being 

excluded from the gap and penetrating the polymer brush. 

In solutions of macromolecules with varying molecular weights, dimensions, and 

interactions, displacements may be possible as explained in the text. Displacement of 

zwitterionic copolymers (desorption) by high molecular weight proteins may lead to 

defective layers. These defective layers may cause thinner steric layers (vdW attraction 

increases) or lead to heterogenous bridging potentials between proteins or polymers. All in 

all, desorption and displacement may lead to defective layers either increasing attraction 

or decreasing repulsive interactions between the particle and wall.  

To summarize, we can use our ultra-sensitive technique and analysis to probe and 

model the net interactions between ZItb coated particles and wall with and without proteins 

in the bulk solution. Our non-intrusive, highly sensitive measurement technique and 

analysis method will provide us unambiguous understanding of how exactly proteins 

modulate the thickness of the steric layer and/or the amount of depletion attraction due to 

protein exclusion from the gap, or defective layer formation due to competitive 

displacement, with nanometer- and kT-resolution. 

 

 

 

 

 

 



 

 90 

5 KT-SCALE REPULSION BETWEEN POLYMER-

COATED COLLOIDS AND MUCIN 

5.1 Abstract 

 In this paper, we report direct and sensitive measurements of weak interactions, or 

the order of ~kT, between zwitterionic (ZI) and ethylene oxide (PEG) coated microparticles 

with adsorbed mucin in various solution conditions such as low pH, excess mucolytic 

agents, and calcium chloride. By employing Total Internal Reflection Microscopy (TIRM) 

to measure ensemble colloidal interactions against adsorbed mucin, we exploit stochastic 

motion of diffusing colloidal probes, a natural gauge for equilibrium weak interactions, in 

conjunction with super resolution microscopy and rigorous theoretical modeling. Our 

method is the key to reconciling the relationship between polymer chemistry and 

interactions with mucus in a non-intrusive, sensitive, and direct way, unlike the state-of-

the-art techniques existing. We find that both ZI and PEG copolymers exhibit long-range 

repulsion with mucin independent of the polymer’s molecular weight and mucus structure 

in physiological ionic strength. Addition of excess mucolytic agents (DTT), calcium 

chloride, and lowering pH shows no evidence of net attractive, mucoadhesive, interactions 

even if the structure of adsorbed mucins may be radically different. Ultimately, our results 

demonstrate that nanoparticles with PEG and ZI coatings are unequivocally repulsive 

towards mucin which suggest that these particles may diffuse through mucus. Our findings 

provide a strong template for tuning polymer coatings to weakly and specifically adhere to 

mucus to achieve a balance of mucopenetration and mucoadhesion behavior for successful 

colloid permeability through mucus networks. 
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5.2 Introduction 

Mucus is a complex biopolymer barrier located in airways, gastrointestinal, 

reproductive, and ocular tracts.201-203 Major components of the mucus layer are 

biopolymers known as mucins, suspended in solution or membrane bound,204-205 which are 

complex glycoproteins characterized by the presence of at least one large region of 

polypeptide with grafted oligosaccharides terminated with cysteine residues (Figure 5-1).206 

Due to the presence of the sialic and sulfonic acid residues along the bottlebrush structure, 

mucins are anionic at neutral pH.207-209 There is significant interest in designing drug-

bearing colloids to successfully permeate mucus. Several studies have shown that 

successful particle transport through mucus occurs if particles: are small enough to fit 

inside the porous network (<500 nm),204, 210 possess chemical moieties to circumvent 

interactions with non-glycosylated protein regions, or are electrically neutral.211-213 It is 

believed that the network structure of mucins, dominated by covalent and non-covalent 

interactions within the polymer network, are dependent on pH and calcium, both of which 

vary across different regions in the body,214-218 and may be affected by presence of reducing 

agents that may break the mucus network by reducing disulfide bonds or oxidizing agents 

that increase disulfide cross-linking, which has been linked to diseased states (Figure 5-1D-

F).219-224 Although a large body of work loosely identifies relevant interactions that explain 

macroscopic colloid-mucus behavior, there is no definitive, quantitative relationship 

between structure of mucus, mediated by its physiochemical environment, and interactions 

with polymer-coated colloidal particle. Therefore, there is a need to identify, and 

sensitively measure polymer/mucin interactions that affect particles being able to permeate 

the mucosal network.225  
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Interactions of colloidal particles in complex, crowded environments such as mucus 

include both conservative forces such as electrostatic, van der Waals, and steric 

interactions, as well as non-conservative forces due to hydrodynamic interactions.226 

Particles that display no appreciable diffusion in mucus could result from either strong 

repulsive interactions in highly confined pores or strong attractive interactions in a large 

open pore.38, 227-228 For example, strong van der Waals attraction could cause a particle to 

deposit irreversibly in mucus, which would prevent diffusion. Likewise, viscous drag due 

to hydrodynamic interactions between particles and pores within mucus also provides 

resistance to particle diffusion. Mucoadhesive mechanisms involve net attractive 

interactions between the colloid and mucus, spreading on the biological substrate, and, 

lastly, an interpenetration between polymer chains and mucins with the formation of 

physical entanglements between the two macromolecular species.229-230 Mucopenetration, 

on the other hand, involves net repulsive interactions that can drive diffusion of colloids 

through mucus, if the thermodynamic driving force to partition into mucus exists.  We 

hypothesize that an integrated strategy can be optimal for successful delivery across mucus, 

i.e., we believe that a balance of kT-scale attractive interactions that allow particles to 

partition into mucus, along with sufficient repulsive interactions to prevent irreversible 

adhesion might be the key to achieving successful delivery of colloidal particles with 

synthetic polymer coatings.  

Particle diffusion through networks like mucin, has a complex dependence on 

colloidal and macromolecular interactions that can complicate quantitative analysis and, in 

some cases, even confuse qualitative interpretation. A large body of foundational work on 

solute partitioning into hydrogels and diffusion through porous networks offers nuance and 
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fundamental insights often overlooked in mucus drug delivery studies. Hindered diffusion 

of solutes in porous structures has been rigorously modeled and posit that a thermodynamic 

driving force for solutes partitioning from bulk solution into a pore, on the order of kT, 

must be greater than one for successful partitioning. For permeability, the solute must be 

able to diffuse through the porous network governed by excluded volume, nonspecific and 

specific interactions and.231-236 Key parameters that must be characterized are the 

equilibrium solute partition coefficient and the solute  diffusion  coefficient.237  Therefore, 

the first objective should be to measure colloid-mucus interactions on the kT-scale, relevant 

for drug delivery to predict the ability of a drug particle to permeate through mucus. Our 

hypothesis relies on the fact that kT-scale, repulsive interactions allow colloids to diffuse 

through mucus.38 This strategy emphasizes the need to interrogate both conservative and 

non-conservative forces between particles and mucus provides a basis to understand basic 

interactions critical to particle mucus penetration.225, 229 

In synthetic polymer systems, permeability has been shown to be enhanced through 

surface functionalization with polyethylene glycol (PEG). PEG is the most widely applied 

polymer in drug delivery, and has been empirically shown to have mucopenetrative 

properties.10, 209, 238-239 The popularity  of  PEG  is  based  on  its  chemical  structure,  which  

allows  only  a  very  limited  amount  of  interactions  with  other  molecules  making  PEG 

nonfouling.5, 240-241 However, PEG coated drug carriers have also been shown to be 

mucoadhesive.242-247 It has been suggested that low PEG molecular weight and high PEG 

surface coverage are required for rapid mucus penetration, whereas that high molecular 

weight PEG can increase mucoadhesion, contradicting well-established theory and 

experiments on steric stabilization, which leads to misleading notions on colloidal 
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therapeutic deisgn.105, 149, 248 In parallel, there is growing evidence demonstrating that 

polyzwitterions outperform PEG in resistance to non-specific protein adsorption from 

plasma and blood serum.209, 249 Inspired by nonadhesive viruses that can easily diffuse 

through mucus with hydrophilic surfaces that are net neutral, but contain equal numbers of 

positive and negative charges, zwitterionic micelles have recently been shown to diffuse 

through mucus an order of magnitude faster than PEG coated particles. Based on these 

findings, it seems it is important to avoid strong mucoadhesion, but purely repulsive 

interactions (e.g., PEG) appear to be improved by net neutral positive and negative groups 

(e.g., zwitterions) that interact favorably with heterogeneous mucus structure including 

weak intermittent specific binding (e.g., to sialic acid groups).212 Recent work by the 

authors has shown how zwitterionic polymer interactions with each other depend on pH, 

salt concentration and type, and dipole orientations, with significant differences to PEG, 

consistent with the potential promise of zwitterionic polymers for mucus penetration.42, 65  

Current methods to interrogate mucoadhesion and mucopenetration behavior of 

polymer-coated colloids do not provide direct evidence of the nature of polymer-mucin 

interactions. Common indirect experimental techniques include mean squared 

displacement,16, 250-252 which is limited in temporal and spatial resolution and does not 

directly relate interactions to diffusivity, zeta potential, which is an average surface 

property and has been shown previously to not be a suitable indicator for particle-mucus 

interactions and diffusivity,
38, 253 measurements of adsorbed amounts of particles on 

mucus layers measured via QCM-D, which are limited by surface defects leading to 

potentially misleading results when interpreting interactions, and rheological 

measurements, employed to measure viscoelastic properties of mucus in response to 
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physiochemical changes, which reveal little about the nature of interactions at the 

molecular level.214, 230, 250, 254-256  

More direct experimental techniques have been developed to measure colloid-

mucus forces more. Surface force apparatus (SFA) measurements reveal weak attractive 

forces between PEG and mucin, albeit these weak attractive forces may be influenced by 

surface defects on adsorbed layers and must be carefully interpreted.28 Surface force 

balance (SFB) was used to measure friction and lubrication between two adsorbed layers 

of mucin.257 Atomic force microscopy (AFM) was used to measure forces between 

adsorbed polymers on a 20 µm colloidal probe versus an adsorbed mucin layer.258-259 While 

these techniques offer substantially more direct, rigorous information, it is important to 

note that SFA/SFB and AFM rely on the application of external force to perturb the system, 

where the sensitivity is limited by the spring constant. Secondly, these techniques measure 

static thermodynamic conditions which is not representative of the Brownian motion of 

drug colloidal particles while diffusing through mucus. Lastly, SFA/SFB and AFM 

measure forces six orders of magnitude stronger than the forces Brownian particles 

experience during diffusing through porous structures like mucus, and while these 

techniques offer insights for lubrication and friction for biomedical and tissue engineering 

applications, drug permeability and diffusion occurs at six-seven orders of magnitude 

weaker forces, or at interaction energies on the order of kT.30-31, 260 Consequently, there is 

a need to employ an experimental assay that directly measures polymer-mucin interactions 

at the kT-scale, with minimal perturbation of the colloids above the surface to reconcile the 

variability in findings from preceding literature and build a more reliable framework for 

designing colloidal therapeutics for delivery across the mucus barrier.  
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Numerous studies have characterized colloidal particles diffusing within and/or 

adhering to mucus, but none have directly measured interactions between particles and 

mucus. Additionally, many studies have examined the effect of mucin structure on its 

thickness and rheology, demonstrated by either increasing the degree of networking within 

the mucus or breaking internal structure (Figure 6-1 D-F). However, none of have examined 

the effect of mucus thickness and network density on their resulting interactions with 

colloidal therapeutics. In addition, the effects of molecular weight of polymer-coated 

colloids have not been compared extensively in literature, and it is important to provide 

these insights to help guide engineering design requirements for drug delivery vehicles 

through mucus suing state of the art PEG and zwitterionic coatings. In this paper, we use 

total internal reflection microscopy (TIRM) to directly measure carrier-mucus interactions 

via direct kT-scale measurements of biomaterial interactions. We use our interaction 

measurements to probe polymer molecular weight and mucus networking effects by 

varying pH, calcium, and adding mucolytic agents (Figure 5-1 G-I) to systematically and 

rigorously show that all these variations lead to net repulsive, weak interactions between 

the polymer coated colloid and mucin. 
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Figure 5-1 Schematic illustration of mucins, solution conditions that affect its structure, and 
corresponding diffusing colloid probe geometry for each condition. (A) Schematic 
representation of goblet cells (grey) with membrane-bound mucins (blue and red) and secreted 
mucins, enlarged for clarity. (B) Zoomed in schematic of secreted mucins composed of mucin 
monomers connected via disulfide bonds (blue). (C) Zoomed in schematic of a mucin monomer.  A 
protein backbone (blue line) with grafted oligosaccharides (red) linked by disulfide bonds between 
cysteine groups (blue circles) at the N and C termini. (D) Simplified structure of secreted mucins in 
neutral pH, 150 mM NaCl. Nanoparticles (NPs) can penetrate mucus if they are smaller than the 
pore size. (E) Schematic of mucins with heavier cross-linking density due to either low pH or high 
calcium, decreasing the mucus pore size and preventing penetration of polymer coated NPs. (F) 
Schematic of the effect of mucolytic agents such as DTT. DTT reduces disulfide bonds between 
cysteines and increase the overall pore size of mucus. (G) Illustration of particle-wall geometry with 
a polymer-coated microparticle above a mucin-coated wall with some degree of cross-linking at 
physiological conditions (purple grid). (H) Illustration of particle-wall geometry with a polymer-
coated microparticle over a mucin layer with higher cross-linking. (I) Illustration of particle-wall 
geometry with a polymer-coated microparticle over a mucin layer with lower cross-linking density 
and thinner mucin layers. 
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5.3 Materials and Methods 

5.3.1 Materials 

Surfaces: The commercial PEO141-PPO51-PEO141 (F108) copolymer and PEO76-

PPO51-PEO76 (F68) copolymers were donated by BASF without further modification.261-

262 Two repeat units of PMPC-b-PPO-b-PMPC (80 and 33 repeat units), and PMAPS-b-

PPO-b-PMAPS (113 and 31 repeat units) were synthesized using activator regenerated by 

electron transfer-atom transfer radical polymerization (ARGET-ATRP) in a previously 

described method. To develop compact notation for each copolymer used, we abbreviate 

the three copolymers as: F108/F68, PMAPS 113/PMAPS 31, and PMPC 78/PMPC 33, 

which are based on repeat units of each polymer. The adsorbed triblock copolymer is 

abbreviated by its end blocks with the suffix “-tb” to indicate ‘triblock’. Poly(allylamine) 

hydrochloride (Sigma), PAH, was used without further purification. Bovine mucin from 

submaxillary glands. BSM, (Sigma-Aldrich, without further purification) was dissolved at 

1 mg/mL in 150 mM NaCl, 10 mM phosphate buffer (Sigma-Aldrich), and 6 mM sodium 

azide (Sigma-Aldrich). Glass microscope slides (Fisher) were cleaned and rendered 

hydrophobic according to protocols in previous publications from this group. Briefly, glass 

slides were cleaned in acetone, 100 mM KOH, and DI water, and rendered hydrophobic by 

spin coating polystyrene. Silica colloids of nominal 2.2 µm diameter (Bangs Laboratories) 

were rendered hydrophobic by coating with 1-octadecanol (Sigma-Aldrich).  

 

Macromolecule Adsorption. 1 mg/mL of filtered BSM was added to a 

hydrophobic slide in a vacuum grease-sealed O-ring under a coverslip for over 3 hours, 

after which excess mucin was washed with 150 mM NaCl 2x. 1000 ppm of all the triblocks 
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were added to 3 µL of hydrophobically modified 2 µm glass particles. The polymer-particle 

dispersion was exchanged into 150 mM NaCl after 4 hours of adsorption. 1 µL of each of 

the polymer-particle dispersion was added to the mucin on the slide and left to equilibrate 

in 150 mM NaCl for two hours. For experiments where we aim to change the structure of 

the adsorbed mucin layer, we prepared the following solutions: 30 mM DTT (x molar 

excess), 150 mM NaCl at pH 2 by adjusting the starting solution with pH 1 hydrochloric 

acid until the solution pH stabilized at pH 2, and 100 mM CaCl2/150 mM NaCl. For these 

conditions, after physisorbing mucin for 3 hours on the PS slide, we exchanged the mucin 

into 150 mM NaCl 1-2x to remove excess mucin, then 30 uL of the final solution condition 

was washed into the O-ring and left to equilibrate for 1-2 hours prior to measurement. For 

adsorbing cationic PAH to bare silica particle, we employed the adsorption method from 

Swavola et al to form positively charged silica particles.38 

Total Internal Reflection Microscopy: Ensemble TIRM was used to measure 

interactions between polymer coated colloids and slide as described in previous work. In 

summary, an evanescent wave is generated via reflection of a 633 nm HeNe laser (Melles 

Griot) onto a prism at 68 degrees. Images are captured using a 40⨉ objective (LD Plan-

NEOFLUAR), using a 12−bit CCD Camera (Hamamatsu Orca-ER) at 4 binning, 4 ms 

exposure, and a frame rate of 28 frames per second. In the TIRM experiment, scattering 

intensity, I, of a spherical colloidal particle in an evanescent wave is used to determine 

relative particle-wall separation, h and are related as: ( ) exp( )oI h I h= −  where  I is the 

scattered intensity, I0 is the intensity at particle−wall contact, h = 0, and β-1 is the evanescent 

wave decay length.248 measurements of scattering intensity from individual levitated 

particles can be used to record their height variations due to Brownian excursions 
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perpendicular to the wall. The probability of sampling each height above the surface is 

related to the potential energy of each height by Boltzmann's equation and can be inverted 

to obtain the potential energy relative to a reference state (most probable). Measurements 

of single particle potentials are averaged to obtain ensemble average potentials which are 

defined as ( ) ( ) ( ) ( )/ ln /mp B mpU h U h k T n h n h − =
 

.65 Gaussian kernels with a  finite width 

are applied to theoretical potentials to convolute theory to match experimentally measured 

potential energy profiles to account for finite noise from thermal fluctuations and layer 

heterogeneity.42 

5.3.2 Analysis 

The net potential energy for PEG-stabilized colloids and substrates, uN, in the 

presence of proteins added to the bulk solution may be given by a superposition of 

potentials due to van der Waals attraction, uV, steric repulsion, uS, and gravity, uG, and 

depletion attraction, uD, as, 
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where h is particle-wall separation. Subscripts refer to interactions as: (V) van der Waals, 

(G) gravitational, and (S) steric. The gravitational potential energy of each particle depends 

on its elevation above the underlying surface multiplied by its buoyant weight, where p

and f  are the particle and fluid densities defined as 1.960 g/cm3 and 1 g/cm3, respectively. 

The particle diameter is typically 2.15 um, but some variations were found due to solution 

refractive index variations which affect the decay length of the evanescent wave, although 
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this is beyond the scope of this work. van der Waals attraction for sphere-plate are predicted 

from the rigorous Lifshitz theory where A(l) includes retardation and screening for the 

silica colloids and glass substrates used in this work, but can be modeled by a simple power 

law, as described in previous work where AH is 2410 a−1kT nmp where p is -2.195.149  

 

Steric repulsion due to compression of excluded volume macromolecular brushes 

are modeled using a soft exponential decay that fits the Milner brush theory until 50% 

compression of the brush.263 In our model, the pre-factor, Γ, is fixed at 1984 kT and δ1 and 

δ2 are the thicknesses of the asymmetric layers on the particle and wall. δ1 was calculated 

from symmetric TIRM measurements for each copolymer in 150 mM NaCl. For F108, δ1 

is 17 nm, F68 has a δ1 of 16 nm, PMPC78 and PMAPS113 have a δ1 of 25 nm, PMPC33 

has a δ1 of 16 nm, and PMAPS31 has a δ1 of 14 nm (data not shown). The thickness of the 

mucus layer was determined from the ratio of the most probably intensities described 

above, compared to a bare silica particle over a bare glass wall. The thickness of the mucin 

layer in 150 mM NaCl, δ2, was determined to be 250 nm. γ is a dimensionless constant 

defined as 9.72, i.e., the value at which the symmetric polymer experiment matches the 

asymmetric case, which then can be generalized us(h) to adsorbed macromolecular 

architectures with different decaying density profiles at their periphery.38 

5.4 Results & Discussion 

5.4.1 Particles with Inadequate Steric Stabilization Adhere to Mucus 

TIRM is first used to resolve net attractive interactions between colloids that lack 

steric stabilizing layers and mucin. In this work, we illustrate polymer-coated colloids 
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interactions with adsorbed mucin layers using three dimensional trajectories and kT-scale 

interactions potentials. Figure 5-2 illustrates x,y trajectories of bare and polycation-coated 

2.15µm silica microparticles. In Figure 5-2A, we note that two out of eight bare silica 

particles in the ensemble are freely levitating. This is an example of a surface heterogeneity 

that is not representative of the equilibrium repulsive interactions observed in the 

remaining particles in the ensemble, and such particles/artifacts are eliminated from further 

analysis. The binding lifetime timescale shows that almost all particles in Figure 1 are 

bound between 100-1000 seconds normal to the mucin layer and the determination of the 

binding lifetime scale is explained in previous work.264 Figure 5-1B and Figure 5-1E show 

the z-component of the particle trajectories on the nanometer-scale for both bare and 

polycation-coated silica microparticles inferred from the intensity of the particle at each 

time point in the evanescent wave.105 Both particles are stuck near the surface of the mucin 

layer on the wall diffusing only ~50 nm, which indicates the 2.15 um particles are stuck to 

the thick mucus layer. Figure 5-1C-F are the kT-scale interaction potentials as a result 

inverting the Boltzmann distribution of heights from the z-trajectories as explained in the 

Methods section in further detail. Bare silica microparticles are stuck to mucus due to 

strong (>5 kT) van der Waals attractive interactions between the surfaces at close contact. 

The PAH-coated silica, which are positively charged, are stuck to the anionic mucin layer 

either solely due to strong electrostatic attraction between the oppositely charged surfaces 

or due to some entanglement of oppositely charged polymers. In conclusion, bare and 

cationic silica particles are examples of mucoadhesive systems with strong attractive 

interactions with mucus and emphasizes the need for sterically stabilized particles that do 

not adhere strongly to the mucin network. 
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Figure 5-2 Three dimensional trajectories and equilibrium interactions of mucoadhesive 
particles with adsorbed mucins. (A, D) x,y trajectories from video microscopy of bare silica 
microparticles (A) and silica particles with adsorbed polycationic polymers (PAH) (D) exhibit 
hindered diffusion near an adsorbed layer of mucin in 150 mM NaCl and pH 6. Scale bar of the 
normal binding lifetime indicates ~1000s binding of each particle in each position normal to the 
surface. (B, E) Equilibrium z-trajectories of particles, either bare (B), or coated with PAH (E) show 
hindered diffusion normal to adsorbed mucins on the wall with particles moving <50 nm above the 
mucin wall, indicating particles are stuck to the mucin layer. (C, F) Boltzmann inversion of 
histograms of the normal trajectories results in individual particle-wall potential energy profiles on 
the kT-scale with nanometer-resolution. Potential profiles for both bare (C) and PAH-coated (F) 
particles exhibit narrow distributions and deep attractive wells characteristic of particles that are 
stuck to the wall due to net attractive interactions. 

 

5.4.2 3D trajectories and interaction potentials of adsorbed F108-tb with mucin 

To directly and sensitively evaluate equilibrium polymer/mucin interactions at the 

kT-scale, high and low molecular weight (Mw) PEG, PMPC, and PMAPS triblock 

copolymers were physiosorbed to 2.15 µm hydrophobically modified silica microparticles 

and suspended over adsorbed mucin in various physiochemical conditions. Figure 5-3A-D 

reports the three-dimensional trajectories and interaction potential energy profiles of F108-
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tb adsorbed on a silica microparticle on a layer of mucin adsorbed to the wall in various 

solution conditions. The solution conditions: pH 2, 0.1M CaCl2, and 30 mM DTT only 

affect the layer dimensions and architectures of the mucin layer. PEG copolymers are 

insensitive to pH, the concentration of CaCl2 used in this study, and have no reducible 

moieties; therefore, these conditions are not expected to affect PEG-PEG symmetric 

interactions. Therefore, mucin-mucin and mucin-solvent interactions mediated by these 

additives affect asymmetric interactions between PEG and mucin.  In Figure 5-3, all 

particles in the ensemble diffuse freely in both the lateral and normal directions with some 

particles exhibiting ~1s normal binding. Analysis of the ensemble averaged interaction 

potentials for each copolymer in 150 mM NaCl and plot the gravity-subtracted potentials. 

From this analysis, the location of the most probably height (thickness of the compressed 

layers at contact) is ~240 nm, with long range steric repulsion and virtually screened van 

der Waals (<0.5 kT) confirming the equilibrium 3D trajectories by use of our statistical 

mechanics analysis of height distributions. Thus, the equilibrium asymmetric interaction 

between F108-tb and mucin is unequivocally dominated by long-range steric repulsion. 
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Figure 5-3 3D trajectories and Ensemble TIRM measurements of particle–wall potential 

energy profiles, U(h), for particles adsorbed layers of F108-tb over a mucus layer. Particle-

wall schematics illustrates mucin network structure of and thickness in each solution condition 

based on data. Top row: 2D trajectories of F108tb-coated colloids above mucin in 150 mM NaCl, 

pH 2, 0.1M CaCl2, and 0.03M DTT, respectively. Insets show mean squared displacement data 

and fits for the representative particle (see Methods). Middle row: equilibrium nanometer-scale z-

trajectories of one particle over 18 minutes. Bottom row: Ensemble-averaged Boltzmann inversion 

of the height distributions of all particles. Gravity is subtracted to show clearly the steric and van 

der Waals contributions to the interaction potential (horizontal dashed line is 0 kT, and vertical 

dashed line is hm). The thickness of mucin is 250 nm except for 0.03M DTT, where mucin is 200 

nm thick. F108-tb’s layer thickness was constant at 17 nm at all conditions. Vertical dashed line 

represented the compressed thickness of both asymmetric layers (polymer-mucin) and is 

calculated to be from left to right as: 244 nm, 240 nm, 253 nm, and 210 nm, respectively.  
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Figure 5-3 also reports the 3D trajectories and interaction potentials of F108-tb 

interacting with adsorbed mucin in 150 mM NaCl at pH 2. This pH was chosen to mimic 

the pH of the gastrointestinal mucus milieu, in addition to reports on changes in the 

rheological properties and decreased porosity of mucins at low pH. The state-of-the-art 

understanding is that lowering pH decreases repulsion between weak acid groups which 

increases crosslinking density (schematic at the bottom of Figure 5-3) such as in the calcium 

case. The pKa of mucus is 3, therefore we expect the overall charge of mucin to change 

due to protonation of the weak sialic acid groups.265-266 What is fascinating is that particles 

in the ensemble still do not bind to mucus in the lateral and normal direction shown by the 

equilibrium x, y, and z-trajectories even with such dramatic structural changes in mucus as 

suggested previously. MSD curve for the representative particle shows that the particle is 

more tightly bound laterally (bridging attraction skews the MSD curve), but no evidence 

of net attractive interactions is present between the particle and all, and remaining particles 

diffuse freely and experience no external force.  Furthermore, the location of the most 

probable height seems to be within the margin of error in our sensitive experiments, 

compared to the native thickness of adsorbed mucin. The approach used shows that the 

steric repulsion between the adsorbed F108-tb and mucin is accurately captured by the 

reported analytical curves. 

Calcium is an important cation to consider for mucus architecture, since it is 

reported 10 mM of this salt was enough to increase the viscosity of mucus, and calcium is 

present in goblet cells at ~2 mM to pack mucins more tightly via a specific ion effect 

mediated interaction.214, 254, 267 Additionally, phase behavior of PEG in 100 mM CaCl2 

solutions shows that PEG is stable and only phase separates when the temperature is 
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increased to 90 degrees Celsius.268-270 In this work, we modulate the salt solution to have a 

final concentration of 150 mM NaCl, and titrate in CaCl2 to reach a final concentration of 

100 mM after mucin has adsorbed. Surprisingly, we find that in Figure 5-3, particles in the 

ensemble, again, do not bind to mucus in the lateral and normal direction as shown by the 

equilibrium x, y, and z-trajectories. Additionally, the lower panels with interactions 

potentials show that the location of the most probable height for all polymers was 10 nm 

higher than in the 150 mM NaCl case, but we speculate that this is due to thermal 

fluctuations and experimental noise, therefore the thickness of mucin has not changed 

significantly, and the functional form of the net potential is identical to the case with no 

calcium chloride.  

The last case involves adsorbed mucin with added mucolytic or reducing agent, 

Dithiothreitol (DTT), which is routinely used for liquefying sputum by reducing disulfide 

bonds at concentrations below 20 mM.271-272 Figure 5-3 illustrates that the mucin layer 

thickness decreases, and the location of the most probably heights decreased ~30 nm to 

210 nm. This also reflects in the increased steepness of the steric repulsion component of 

the net potentials in Figure 3D. which reflects shorter range repulsion compared to the rest 

of the cases with 150 mM NaCl, 100 mM CaCl2, and pH 2. However, we find that none of 

the particles are stuck to the surface and there is no evidence of intermittent binding either 

in the lateral or normal directions. All the particles diffuse freely laterally and 

perpendicularly even if we expect most disulfide bonds to be reduced and the layer 

considerably thinner.  
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Using the same experimental setup and theoretical analysis, shorter repeat units of 

F108-tb, i.e., F68-tb, exhibited the same trends in the 3D equilibrium random walk 

trajectories and kT-scale interaction potential profiles: no normal or lateral binding, long 

range repulsive interactions, and shorter-range repulsion with 30 mM DTT (Figure 5-6). 

This is a contrasting result to previous reports on molecular weight effects.239 Our diffusing 

colloidal probe technique, which is a natural gauge for thermal motion, conforms that 

thinner copolymer layers on microparticles impart enough steric stability and do not show 

and nonspecific binding to adsorbed mucin.  

Synthetic macromolecules with zwitterionic moieties have become increasingly 

attractive options for drug delivery across the mucosal barrier.9, 249, 273 As mentioned 

previously zwitterionic micelles have recently been shown to diffuse through mucus an 

order of magnitude faster than PEG coated particles. Moreover, phosphatidylcholine-based 

zwitterionic polymer coatings on nanoparticles have been shown to have greater mobility 

in mucus compared to PEG.274 Therefore, the subsequent figures report direct, sensitive, 

equilibrium behavior of PMPC and PMAPS-coated microparticles. These two copolymers 

have been shown to have unique behavior in response to the type and concentration of salts, 

reflecting their dynamic behavior in aqueous environments. Previous work by the author 

found that PMAPS and PMPC are highly extended, relatively stiff, copolymers when 

physiosorbed to hydrophobic surfaces in 150 mM NaCl reflecting the importance of dipole 

orientation and polymer-solvent interactions on their layer architectures. Previous work by 

Petroff et al showed that adsorbed PMPC and PMAPS copolymers have a pKa of ~1.5, and 

therefore remain net neutral at pH > 1.5.42 Moreover, control experiments on PMPC and 

PMAPS show that 100 mM CaCl2 does not affect the layer thickness of each of these 
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copolymers (data not shown). Additionally, like PEG copolymers, both zwitterionic 

copolymer species are not likely to be affected by reducing agents such as DTT. Like F108-

tb, the only effect we would expect would be on the mucus layer thickness and architecture.  

Figure 5-4 reports 3D trajectories and kT-scale interaction potentials of PMPC78-tb 

coated silica microparticles above an adsorbed mucin layer. Freely diffusing particles are 

seen across the ensemble in all directions, lateral and normal to the surface, over 18 

minutes, and the bottom panel reflects a similar result to F108-tb coated particles in that 

the net interaction potential is dominated by long-range steric repulsion and less than 0.5 

kT van der Waals attraction consistent with F108-tb results and indicative of robust steric 

stabilization. When the pH is lowered to 2 and 100 mM CaCl2 is added, there is still no 

effect on the binding lifetime in the lateral and normal directions for all particles at 

equilibrium, and the net potential looks identical with the same functional form and almost 

identical position of the most probable height (vertical dashed line). We observe two stuck 

particles in this experiment, and these stuck particles could be due to thinner mucus layers 

in certain regions which may have caused some particles to stick to the surface at those 

locations. Similarly, we find no change in any of the interactions of lower Mw PMPC, 

PMPC31-tb, against mucin in any of the solution conditions we tested (Figure 5-7). 

Therefore, DTT reduces the mucus thickness to ~210 nm and the steepness of the repulsion 

regime indicates that the mucin layer is thinner and stiffer; however, no equilibrium 

attractive interactions are resolved at the kT-scale. 
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Figure 5-4 3D trajectories and Ensemble TIRM measurements of particle–wall potential 
energy profiles, U(h), for particles adsorbed layers of PMPC78-tb over a mucus layer. 
Particle-wall schematics illustrates mucin network structure of and thickness in each solution 
condition based on data. Top row: 2D trajectories of PMPC78tb-coated colloids above mucin in 
150 mM NaCl, pH 2, 0.1M CaCl2, and 0.03M DTT. Insets show mean squared displacement data 
and fits for the representative particle (see Methods). Middle row: equilibrium normal nanometer-
scale trajectories of one particle over 18 minutes. Bottom row: Ensemble-averaged Boltzmann 
inversion of the height distributions of all particles. Gravity is subtracted to show the steric and van 
der Waals contributions to the interaction (horizontal dashed line is 0 kT, and vertical dashed line 
is hm). The thickness of mucin is 250 nm calculated, except for 0.03M DTT, where mucin was ~214 
nm thick, and PMPC78-tb’s layer thickness was constant at 25 nm. Vertical dashed line 
represented the compressed thickness of both asymmetric layers (polymer-mucin) and is 
calculated to be from left to right as: 240 nm, 255 nm, 256 nm, and 210 nm, respectively. 

PMAPS has a reversed dipole orientation compared to PMPC, and a more dynamic 
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PMPAS coated colloids against mucin in various solution conditions. However, the 

diffusion and interaction profiles of PMPAS113-tb coated colloids above mucin were 

identical to F108-tb and PMPC-tb coated colloids in all conditions. Figure 5-5 shows that 

the particles in the ensemble do not bind to mucus in the lateral and normal direction as 

shown by the equilibrium x, y, and z-trajectories, with the location of the most probable 

height at 243 nm for a 25 nm thick PMPAS113-tb layer and a 250 nm thick mucus layer at 

150 mM NaCl. Figure 5-5 B-C shows the consistent trends in pH 2 and 100 mM CaCl2 

indicating that there were no effects on the architecture of PMAPS and its layer thickness 

in calcium chloride solutions. We recognize that there are a few stuck particles in Figure 

5C, but, as mentioned previously, these stuck particles may rise from some surface defect 

at those locations due to thinner layers. Figure 5-5 D shows that DTT reduces the adsorbed 

mucin thickness to ~150 nm and the steepness of the repulsion regime indicates that the 

mucin layer is thinner and stiffer. Likewise, we find no change in any of the interactions 

of lower Mw PMPC, PMPC31-tb, against mucin in any of the solution conditions we 

tested. However, there were a few particles using PMAPS31-tb that had more van der 

Waal’s attraction between the surfaces at 30 mM DTT (Figure 5-8), which confirmed the 

layer thickness of mucin, but normal trajectories show no evidence of intermittent binding 

even at these heterogenous locations, which indicates the net interactions between both 

high and low Mw PMAPS copolymers and mucin is repulsive, like PMPC and F108.  
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Figure 5-5 3D trajectories and Ensemble TIRM measurements of particle–wall potential 
energy profiles, U(h), for particles adsorbed layers of PMAPS113-tb over a mucus layer. 
Particle-wall schematics illustrates mucin network structure of and thickness in each solution 
condition based on data. Top row:  2D trajectories of PMAPS113tb-coated colloids above mucin in 
150 mM NaCl, pH 2, 0.1M CaCl2, and 0.03M DTT. Insets show mean squared displacement data 
and fits for the representative particle (see Methods) Middle row: equilibrium normal nanometer-
scale trajectories of one particle (indicated with an arrow) over 18 minutes. Bottom row:  Ensemble-
averaged Boltzmann inversion of the height distributions of all particles. Gravity is subtracted to 
show the steric and van der Waals contributions to the interaction (horizontal dashed line is 0 kT, 
and vertical dashed line is hm). The thickness of mucin is 250 nm calculated, except for 0.03M DTT, 
where mucin was ~214 nm thick, and PMAPS113-tb’s layer thickness was constant at 25 nm. 
Vertical dashed line represented the compressed thickness of both asymmetric layers (polymer-
mucin) and is calculated to be from A-D as 243 nm, 251 nm, 250 nm, and 175 nm, respectively. 
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5.5 Discussion 

Understanding particle partitioning from the bulk solution into and subsequent 

diffusion within porous networks requires a careful understanding of weak interactions. 

Total Internal Reflection Microscopy offers substantial advantages compared to state of 

the art experimental techniques attempting to answer questions on polymer/mucin 

interactions. TIRM capitalizes on the properties of the evanescent wave produced by total 

internal reflection at the glass/liquid interface.260 The intensity of the scattered light decays 

exponentially with the distance separating the sphere and the plate. This provides a 

sensitive, instantaneous, and nonintrusive measure of the submicroscopic separation 

distance where changes in distance as small as 1 nm can be detected. From the equilibrium 

distribution of separation distances sampled by Brownian motion by use of Boltzmann’s 

equation, which defines the mean potential in statistical mechanics, we determine the 

potential energy profile where forces as small as 0.01 pN can be detected.  

 

This is in stark contrast to sensitive force measurement techniques SFA and AFM. 

Although SFA benefits from measuring sub-nanometer separations using multiple beam 

interferometry, it employs 1 cm interacting cylinders which are several orders of magnitude 

larger than colloidal particles (even though we can employ the Derjaguin approximation). 

AFM was used as a colloidal probe technique back in 1992 by Ducker who attached a 

micron sized colloid to the tip of an AFM probe and measured the forces between it and a 

flat surface. Both SFA and AFM utilize fixed bodies interacting at a controllable distance 

and are limited by being mechanical properties of force.31 
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 However, TIRM utilizes thermal energy as a gauge for interactions which is more 

relevant for colloids that do free Brownian diffusion above or in surfaces and measures 

forces at least five orders of magnitude weaker than its force measurement counterparts.248, 

260 Moreover, TIRM is sensitive to surface heterogeneities which can be seen in Figure 4-

5 where some particles are stuck to the surface but have been eliminated from the ensemble 

analysis because they are attributed to surface defects on the heterogenous mucus layer. 

Therefore, we can accurately examine surface defects and discern ‘real’ interactions from 

defect-induced attraction. 

 

From our results in Figures 3-5, we can infer important information on 

polymer/mucin asymmetric interactions in various solution conditions. For F108-tb, 

PMPC78-tb, and PMAPS113-tb adsorbed on particles interacting with adsorbed mucin on 

the wall in 150 mM NaCl (physiological conditions), we see no evidence of attractive, kT-

scale interactions between any of these polymer systems and mucin. Figure 2 provides a 

benchmark for true mucoadhesive interactions at the kT-scale, and both lateral and normal 

diffusion trajectories in Figures 3-5 unequivocally show net repulsive interactions between 

PEG and both zwitterionic copolymers and mucin. Potential energy profiles corroborate 

evidence from the three-dimensional trajectories by showing highly extended steric layer 

thickness where mucus is 250 nm. Therefore, the net asymmetric interaction is repulsive, 

and we can infer that since no collapse has occurred on the colloid or wall, individual 

symmetric interactions, i.e., polymer-polymer, and mucin-mucin are repulsive and favor 

their solvated states. These results, specifically for F108-tb and generally PEG-
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copolymers, contrasts with results that show that PEG-mucin interactions are weakly 

attractive, and that molecular weight influences mucoadhesive properties of PEG.  

 

From our analysis for all three polymers, we found that while the mucin layer 

thickness decreased about 40-50 nm from its solvated thickness in 150 mM NaCl, we still 

observe no attractive interactions, even intermittent binding in both lateral and normal 

trajectories. This implies that DTT decreased the solvated thickness of mucins and formed 

stiffer shorter brushes, consistent with macroscopic properties of reduced mucin, but 

equilibrium trajectories and potential profiles still exhibit net repulsive interactions. 

Variations in pH and presence of calcium salts are known to mediate the crosslinking 

density of mucins.214, 218, 275-278  

 

Low pH is known to protonate weak sialic acid groups, which reduces repulsion 

between those negatively charged groups, whereas calcium mediates mucin crosslinking 

via the known Hofmeister effect where calcium chelates negatively charged carboxylate 

groups and thus competes with surrounding water molecules changing the overall solvation 

of mucins and increasing attractive interactions. Through both methods, low pH, and 

presence of at least 10 mM calcium have been shown to induce gelation in solvated mucins 

characterized by an increase in viscosity and other viscoelastic properties. Interestingly, 

this did not lead to a significant change in the functional form and range of repulsion 

compared to the system in 150 mM NaCl. As illustrated in Figures 3-5, we still see no 

significant change in lateral and normal diffusion profiles and the equilibrium potential 

energy profiles consistently show thick solvated layers with net repulsive asymmetric 
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interactions. These results closely resemble SFA results of adsorbed PEG interacting with 

mucin at pH 2 which sows no change in the range of forces compared to neutral pH 

conditions.206  

Insets in the top row from Figures 3-5 that show mean squared displacement of the 

representative particle show that most particles freely diffuse in x,y except for the condition 

of pH 2 (Figure 3B), where it seems that the particle is more tightly bound laterally.  While 

typically this indicates a bridging attraction between the particle and wall, no attractive 

interactions were resolved in the original potential energy profiles before gravity 

subtraction. Previous work by the corresponding author has shown that lubrication near the 

surface of the mucus layer may change in different solution conditions, which could 

possibly explain certain cases where particles may be bound. Other particles shown in 

Figure 5-5 experience migration due to the sample being unlevel. Each MSD curve is fit to 

a parabolic function 4Dt +(vt)2 that supports the fact that these particles are freely diffusing 

but experience drift to an unlevel sample and not mucus-polymer interactions.279-280 

It is important to highlight the asymmetry we measure using TIRM. We posit that 

there higher crosslinking density inside the mucin layer due to lower pH and excess 

calcium may induce more mucin-mucin attractive interactions based on precedent. 

Changes in pH and introduction specific ion effects have been shown by the authors to 

mediate symmetric polymer layer architecture and interactions; however, at pH 2 (higher 

than the pKa of both zwitterionic copolymers) and 100 mM CaCl2, we expect no change 

in the layer thickness and architecture of PEG, PMAPS, or PMPC copolymers. This is 

further evidenced by the lack of particle-particle attractive interactions (aggregation) at 

these conditions. Therefore, while the solvent conditions impact the internal structure 
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differently for each component, the net asymmetric interaction between the polymers and 

mucin is repulsive. Furthermore, while previous reports claim that the polymer molecular 

weight may impact mucoadhesive or mucopenetrative properties of polymer coated 

colloids, we unequivocally show that there is no impact of molecular weight on the net 

interaction. As shown in the supplementary information, Figure S1-3, the net asymmetric 

interaction is repulsive, except for low Mw PMAPS, which exhibits some heterogeneity.  

Ultimately, our work strongly implies that nanoparticles with physiosorbed PEG, 

PMPC, and PMAPS copolymers form thick, solvated brushes with net repulsive symmetric 

and asymmetric interactions (with mucus) regardless of the changes in the internal structure 

of adsorbed mucin, i.e., these physiosorbed copolymers produce robust mucopenetrative 

particles. We postulate that while our results imply that PEG, PMPC, and PMAPS 

copolymers on nanoparticles may be able to diffuse through mucus with kT-scale 

repulsion, tuning the copolymer chemistry is still needed to achieve a thermodynamic 

driving force to partition from the solvent into the mucus porous network by designing 

synthetic macromolecules that have specific attractive interactions on the order of ~kT. 

5.6 Conclusions and Outlook 

Three dimensional random walks, with nanometer resolution, from super resolution 

microscopy and evanescent wave scattering couple with equilibrium statistical mechanical 

analysis of polymer-mucin interactions reveal that PEG, PMPC, and PMAPS triblock 

copolymer coated microparticles exhibit net repulsive interactions with adsorbed mucin, 

no intermittent binding indicating any bridges or mucoadhesive interactions at the kT-

scale. Intensity analysis reveals mucin makes 250 nm thick layers in 150 mM NaCl. 

Control experiments show that F108, PMPC, and PMAPS architecture and layer thickness 
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are unperturbed by low pH and 100 mM CaCl2. Addition of excess DTT may have stiffened 

and decreased the thickness of mucin layers according to the steepness of the repulsion, 

but the net measured interactions are consistently repulsive regardless of the solvent 

condition or copolymer molecular weight. 

Consistent net repulsive asymmetric interactions between ethylene oxide and 

zwitterionic synthetic macromolecules and mucin indicate PEG, PMPC, and PMAPS are 

suitable mucopenetrating coatings for nanoparticles. pH and calcium may impact the 

structure/layer architecture of adsorbed mucin, i.e., mucin- mucin interactions, but mucin 

remains extended when adsorbed to hydrophobic surfaces. Ultimately, our interactions 

provide a strong foundation for reconciling conflicting views on mucoadhesion and 

mucopenetration, ad provide a template for designing particles with chemically modified 

coatings of PEG and ZI polymers to employ integrated mucopenetrating and mucoadhesive 

properties with specific interactions mediated by solvent conditions.  
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5.7 Supplemental Information 

 
Figure 5-6 3D trajectories and Ensemble TIRM measurements of particle–wall potential 
energy profiles, U(h), for particles adsorbed layers of F68-tb over a mucus wall. Particle-wall 
schematics illustrates mucin network structure of and thickness in each solution condition. Top row: 
2D trajectories of F68tb-coated colloids above mucin in 150 mM NaCl, pH 2, 0.1M CaCl2, and 
0.03M DTT. Middle row: equilibrium normal nanometer-scale trajectories of one particle (indicated 
with an arrow) over 18 minutes. Bottom row:  Ensemble-averaged Boltzmann inversion of the height 
distributions of all particles. Gravity is subtracted to show the steric and van der Waals contributions 
to the interaction. The thickness of mucin is 250 nm, except for 0.03M DTT, where mucin was 200 
nm thick, and F68-tb’s layer thickness was constant at 17 nm. Vertical dashed line represented the 
compressed thickness of both asymmetric layers (polymer-mucin) and is calculated to be from A-
D as 249 nm, 240 nm, 246 nm, and 200 nm, respectively. 
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Figure 5-7 3D trajectories and Ensemble TIRM measurements of particle–wall potential 
energy profiles, U(h), for particles adsorbed layers of PMPC33-tb over a mucus wall. Particle-
wall schematics illustrates mucin network structure of and thickness in each solution condition. Top 
row 2D trajectories of PMPC33tb-coated colloids above mucin in 150 mM NaCl, pH 2, 0.1M CaCl2, 
and 0.03M DTT. Middle row equilibrium normal nanometer-scale trajectories of one particle 
(indicated with an arrow) over 18 minutes. Bottom row: Ensemble-averaged Boltzmann inversion 
of the height distributions of all particles shows long-range repulsion between PMPC33-tb and 
mucin in each condition. Gravity is subtracted to show the steric and van der Waals contributions 
to the interaction. The thickness of mucin is 250 nm calculated by Eq.1, except for 0.03M DTT, 
where mucin was 200 nm thick, and PMPC33-tb’s layer thickness was constant at 16 nm. Vertical 
dashed line represented the compressed thickness of both asymmetric layers (polymer-mucin) and 
is calculated to be from A-D as 239 nm, 242 nm, 255 nm, and 219 nm, respectively. 
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Figure 5-8 3D trajectories and Ensemble TIRM measurements of particle–wall potential 
energy profiles, U(h), for particles adsorbed layers of PMAPS31-tb over a mucus wall.  
Particle-wall schematics illustrates mucin network structure of and thickness in each solution 
condition. Top row:  2D trajectories of PMAPS31tb-coated colloids above mucin in 150 mM NaCl, 
pH 2, 0.1M CaCl2, and 0.03M DTT. Middle row: equilibrium normal nanometer-scale trajectories of 
one particle (indicated with an arrow) over 18 minutes. Bottom row: Ensemble-averaged Boltzmann 
inversion of the height distributions of all particles shows long-range repulsion between PMAPS31-
tb and mucin but DTT makes thinner mucin layers and exposes vdW attraction between. Gravity is 
subtracted to show the steric and van der Waals contributions to the interaction. The thickness of 
mucin is 250 nm calculated by Eq.1, except for 0.03M DTT, where mucin was 20-45 nm thick for 
two ensemble populations. PMAPS31-tb’s layer thickness was constant at 14 nm. Vertical dashed 
line represented the compressed thickness of both asymmetric layers (polymer-mucin) and is 
calculated to be from A-D as 240 nm, 240 nm, 240 nm, and 20-45 nm, respectively. 
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6 ENERGY LANDSCAPES ON POLYMERIZED LIQUID 

CRYSTAL FILMS 

 

6.1 Abstract 

Topological defects of liquid crystals (LC) at aqueous interfaces display optical 

heterogeneity based on surface anchoring and orientation. Developing a quantitative 

understanding of colloidal interactions mediated by defects at the LC-aqueous interface 

may drive a deeper theoretical framework for colloidal self-assembly. By integrating 

diffusing colloidal probes and video microscopy, we identify features of the particle-wall 

potential. Experimental results using sterically stabilized diffusing colloids and 

polymerized LC surfaces reveal that the ensemble particle density is lower near surface 

point defects compared to near-planar regions of LC, despite the sample being 

topographically smooth. Iterative and converging Monte Carlo simulations show higher 

potentials at the defect decreasing to a plateaued minimum near other bulk regions. We 

determine that van der Waals attraction is significantly weaker at the defect due to changes 

in refractive and dielectric properties of LC that are controlled by their molecular 

orientation. Additional adjustments in the particle-wall repulsive potential at the aqueous-

LC interface increases agreement between experiment and simulation. We hypothesize that 

the LC orientation changes the range of steric repulsion, between macromolecular-coated 

colloids and LC, electrostatic repulsion driven by changes in surface potential, and the 

position-dependent energy gradient. Ultimately, our findings illustrate how non-invasive, 

sensitive probes of the underlying energy landscapes of topological defects explain the 

relationship between orientation and weak interactions, which may become a template for 

further understanding and predicting colloidal self-assembly on LC. 
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6.2 Introduction 

Spatial structures and time evolutions of topological defects on LC surfaces can be 

captured by optical techniques.281-282 Motivated by theoretical characterization 

groundwork by Modes et al,283 topological defects were shown to exhibit structural and 

dynamic heterogeneity284 and adaptive responses to external stimuli, with applications in 

biomedical engineering, robotics, and sensors.285-286 The complexity of LC surfaces has 

become a tool to mediate self-assembly with a particular rising interest in studying how 

topological defects affect the assembly process. It is thought that defects at LC-aqueous 

interfaces affect the nanoscopic environments to direct the formation of well-defined 

molecular assemblies.284 Current methods in surveying how topological defects impact 

self-assembly such as fluorescence microscopy, cryogenic transmission electron 

microscopy and super-resolution optical microscopy highlight current challenges in 

measuring nanoscale systems non-invasively, sensitively, and at equilibrium. To take 

advantage of the dynamic heterogeneity in LC defects, time-averaged interactions of 

colloids at a LC surface is necessary for successful reversible and tunable self-assembly. 

There is a rapid evolution in understanding how the orientation of the LC near 

topological defects affects these colloidal interactions. The change in orientation of the 

dipolar topological defects surrounding particles at the LC−aqueous interface emphasizes 

findings that LCs can mediate long-range interactions of colloidal particles.287 Moreover, 

experiments using microparticles deposited at the LC−aqueous interface, by Koenig et al, 

showed that LC-mediated interactions drive interfacial assemblies of particles via 

reversible ordering transitions; however, it is necessary to acquire more nuanced 

measurements compared to deposition experiments to understand energy landscapes on 
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LC-aqueous interfaces.288-289  It is thought that the ordering of LCs is dominated by van 

der Waals forces but the range of interactions is far more complex including electrostatic 

double layers, hydrogen bonding, and so on,290-292 therefore a challenge remains in 

determining what types of interactions govern the energy landscapes over LC interfaces.293 

Moreover, understanding interactions between nanoparticles and LC is difficult since they 

are below the diffraction limit, and potential mean force measurements for interparticle 

interactions are much weaker than predicted by simulations.287 Consequently, the main 

challenge is to develop an assay that non-invasively measures time-averaged energy 

landscapes on LC-aqueous interfaces with kT-sensitivity and nanometer resolution, 

reconcile experimental observations with simulations and, subsequently, predict ordering 

near LC defects. 

In this work, we tackle this challenge by probing energy landscapes using a well-

established assay integrating video microscopy of concentrated diffusing colloids294 over 

polymerized LCs. In experimental observations of freely diffusing, sterically stabilized 

colloids over a polymerized LC surface, we measure density differences and how they vary 

with distance from the defect.  Using inverse Monte Carlo simulations based on the 

experimental results, we present three-dimensional free energy and potential energy 

landscapes with equilibrium, time-averaged sampling. Our integrated method exploits 

stochastic thermal motion as a natural gauge of kT-scale energy landscape features to take 

advantage of stochastic or thermal motion, in addition to accurately determining energy 

landscapes with well-established theoretical groundwork on van der Waals interactions by 

considering small-scale roughness, retardation, and screening.78, 294 Variations in energy 

between individual particles and the wall are proportional to the effects of patterned 
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surfaces on either van der Walls interactions or polymer brush thickness with limited 

adjustable parameters. The reported equilibrium method and results provide a basis for 

further study on the meso- and nano-scale potentials of colloidal interactions with LC 

interfaces specifically targeted at using molecular orientation to drive density-based self-

assembly. 

6.3 Theory 

Particle-wall potentials 

The net potential energy, uN, of colloids interacting with a planar substrate is the 

superposition of potentials due to van der Waals, uV, sterics, uS, and gravity, uG, as Jumai’an 

et al  

( ) ( ) ( ) ( )N V S Gu h u h u h u h= + +
 (1) 

where h is the particle−wall separation. The gravitational potential energy is, 

( ) ( )34

3
G p fu h a hg  = −  (2) 

where a is the particle radius, ρp and ρf are particle and fluid densities, and g is acceleration 

due to gravity. The van der Waals interaction for a sphere and a plate using the Derjaguin 

approximation is,81 
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where A(l) is the Hamaker constant. For the silica colloids and LC substrates in this work, 

the Hamaker constant can be obtained from Lifshitz theory to include retardation and 

screening by,81  
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where κ is the Debye length, and af, bf, cf, and df are constants. Aν=0 and Aν>0 are the zero 

frequency and dispersion energy contributions which can be calculated for a three material 

system as,295 
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where ε is the static dielectric constant and n is the refractive index for each material, 1, 2, 

and 3. Additionally, hp is the Planck’s constant, νe is the main dielectric adsorption 

frequency, k is the Boltzmann constant, and T is temperature.  

Steric repulsion between adsorbed macromolecules can be modeled as,35, 149 

 ( )  , expS S Su h h =  −   (6) 

where δ and ΓS are constants obtained from previous fits to PEG-PEG interaction potential 

profiles. The uncompressed polymer brush thickness Lo is,  

1 0.1
2 lno

kT
L



−  
=   

 (7) 

which defines the thickness of the polymer layers at contact, defined at 0.1 kT, which is 

the limit of sensitivity of TIRM, as described in previous work.149  

 

Particle-particle potentials 
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The pair-potential energy, upp, of sterically stabilized colloids interacting is,150, 

295_ENREF_17 

( ) ( )0.5 exp 2pp Su r r a=  − −    (8) 

where r is the center-to-center separation of the particle. 

6.4 Experimental Section 

Materials 

LC films Chemicals were used as received from the manufacturers without 

additional purification. The nematic LC 4-cyano-4′-pentylbiphenyl (5CB, >99.5%) was 

obtained from Jiangsu Hecheng Advanced Materials Co., Ltd. (Nanjing, China). Reactive 

mesogen 1,4-bis[4-(3-acryloxyloxypropyloxy]-2-methylbenzene (RM257, >95%) was 

obtained from BOC Sciences (Shirley, NY). The photo-initiator, 2-dimethoxy-2-

phenylacetophenone (DMPA, >99%), toluene (≥99.5%), dimethyloctadecyl[3-

(trimethoxysilyl)propyl] ammonium chloride (DMOAP, 42 wt% in methanol), and 

glycerol (≥99.5%) were obtained from Sigma-Aldrich (St. Louis, MO). Fisherfinest 

premium grade glass slides were purchased from Fisher Scientific (Pittsburgh, PA). Copper 

transmission electron microscope grids (286 µm x 286 µm x 18 µm) were obtained from 

Electron Microscopy Sciences (Hatfield, PA). Purification of water (18.2 MΩ cm 

resistivity at 25 °C) was performed using a Milli-Q water system (Millipore, Bedford, MA, 

USA). 

Polymer and Colloidal Probes The commercial PEO141-PPO51-PEO141 (F108) 

copolymer (Mw/Mn=1.2) was donated by BASF. Silica colloids of nominal 2.2 µm 

diameter (Bangs Laboratories) were rendered hydrophobic by coating with 1-octadecanol 
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(Sigma-Aldrich), and will be referred to, hereon, as OD silica for brevity. 

Methods 

Preparation of polymerized LC Films All thin LC films of 5CB were synthesized 

from mixtures of 5CB, RM257, and DMPA (20 wt%  RM257/5CB) placed into the pores 

of a 75 mesh copper TEM grid supported on a DMOAP coated glass slide to promote 

homeotropic surface anchoring at the glass-LC surface. The LC mixture was prepared by 

vortexing 20 mg of RM257, 2 mg of DMPA, 80 µL of 5CB, and 40 µL of toluene (a 

cosolvent to facilitate mixing) in a glass vial. After the solids were dissolved, the vial was 

loosely covered with aluminum foil and left open to atmosphere overnight in a fume hood 

to evaporate off the toluene. Immersion of the supported LC-filled grid under a water-

glycerol mixture (50/50 v/v) imparted planar surface anchoring at the LC-aqueous 

interface. Polymerization of the films was initiated by exposing the sample to long-wave 

ultraviolet (365 nm, Spectroline ® E-Series Spectronics Corporation, Westbury, NY) for 

10 minutes (2.5 mW/m2 at a distance of 5 cm) at room temperature. Films were rinsed with 

additional water (20x volume of 50/50 water/glycerol mixture) after polymerization before 

further analysis. 

Polymer Adsorption on LC film 1000 ppm PEOtb was dissolved in DI water and 

added to vacuum grease-sealed O-rings on the TEM grid with the 5CB LC film and left to 

equilibrate overnight under a coverslip.  

Sedimentation Fractionation of PEGtb-coated OD silica 250 µL of 

hydrophobically modified 2 µm OD silica were added to 2 mL of 1000 ppm PEOtb in DI 

water and left on an inverter overnight. Afterwards, the dispersion was sonicated for 2 

minutes and placed in a clean glass tube with a cap, where it was left to sediment for 1 
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hour. Then, an aliquot at a constant height in the tube was taken and placed in a second 

clean glass tube. The original dispersion was sonicated again, and the volume removed was 

replaced with an equal volume of 1000 ppm PEOtb in DI water. The original tube was left 

to sediment again and fractionation at a constant height was repeated twice to achieve a 

homogenous sample of PEGtb coated particles. 30 µL of these fractionated particles were 

placed in an O-ring on the TEM grid with the polymerized LC film and left to sediment 

around the defect of choice for 5 minutes before recording.  

Optical Examination of LC Films using Cross Polarization The orientation of LC 

films was examined with optical microscopy by using plane-polarized light in transmission 

mode on an Olympus BX41 microscope with two rotating polarizers and a 10.0 MP 

Moticam camera with 4x, 20x, and 50x objectives.  

Optical Examination of LC Films using PolScope A CRI PolScope affixed to a 

separate Olympus BX41 microscope was used to measure the optical retardance of the LC 

films. The samples were illuminated with circularly polarized light (λ = 546.5 nm) and 

collected with a 10.0 MP Moticam camera.  

Optical Examination of Colloids on LC Films using Video Microscopy Videos of 

diffusing colloidal probe tracking of F108-coated silica particles over F108-coated LC 

films were captured using a 63× objective (LD Plan-NEOFLUAR) and a 12-bit CCD 

Camera (Hamamatsu Orca-ER) on an upright optical microscope (Axio Imager A1m, 

Zeiss) [0.75 numerical aperture]. Images were recorded at 16 frames/s for 90 minutes to 

produce image stacks ~89000 frames. 55x41 µm2 images were obtained with 608 x 404 

resolution to produce 100 nm pixels which allowed for centroid location using typical 

particle tracking algorithms described below. 
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Computer Simulations A standard MC algorithm in the canonical (NVT) ensemble 

replicates experimental conditions listed in Table 1.296 The number of particles and 

simulation box size are based on tracked experimental recordings and the simulation is 

constrained to a two-dimensional plane analogous to gravity in experiments. The steric 

repulsion in eq. (8) are accurate for sterically stabilized silica particles from precedent 

literature in both experiments and simulations.149, 297
 Equilibrium distribution functions 

were obtained using 105 steps after an equilibration of 106 steps for initialization or 105 

steps for an iterative simulation. 

The inverse Monte Carlo (MC) algorithm employs iterative forward canonical MC 

simulations with different guesses for ui(x,y) until the simulated ρi(x,y) is in high agreement 

with the experimental ρ(x,y). The pixel size for each bin allocated to an individual ui(x,y) 

value was determined by a 24 x 24 resolution of the experiment or simulation box. To 

ensure rapid convergence to a unique solution, an algorithm was used to generate updated 

guesses for ui+1(x,y) after each iteration i by,294, 296  

( ) ( )
( )

( )
i

1 0.
,

,
,

5, 1i iu kT
x y

x y u x y
x y




+

 
= + − 

 
  (9) 

For the initialization of the algorithm, energy is initialized at 0 (ui=0(x,y) = 0 for all 

positions) and particles start evenly spaced on a hexagonal lattice. The starting positions 

for all iterative simulations are equivalent to the final configuration of the previous run. 

Iterations continue until the root-mean-square error, χ, averaged over all pixels is 

minimized using,294  

( ) ( )( )
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Upon convergence, the simulation energy, ui(x,y), was converted into the simulated 

particle wall potential, ui,pw(x,y), by, 

( ) ( ) ( ), , , ,i pw i Gx y u x yu u x y= −   (11) 

Where uG(x,y) is the gravitational planar tilt energy at every pixel calculated by 

fitting a 2D plane to the simulation energy. This represents the average tilt of the locally 

flat LC surface. 

Weighted Average Energy 

 Theoretical energy profiles that depend on particle-wall separation, h, were 

converted to a weighted average value, <u(h)>, by,  
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 (12) 

where um the most probable energy calculated at the most probably height hm. 

Probability distribution p(h) is calculated by the Boltzmann distribution function,298 

( ) ( )
( ) ( )exp N m m

m

u h u h
p h p h

kT

− 
=  

  .   (13) 

considering net particle-wall potential, uN, from eq. (1). 

LC Interfacial Interaction Models 

 Three unique methods are used to interpret the vdW and repulsive 

interactions between the particles and LC substrate from the converged simulation energy. 

 All models are based on the net particle-wall interaction,  
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( ) ( ) ( ) ( ) ( ), , , , ( , )perp

N VDW V S S Gu x y h X x y u h u h x y u h= +  +  (14) 

with different applications of the vdW fitting parameter, XvdW(x,y), and repulsive 

fitting parameter, ΓS(x,y). Steric potential, uS(h), and gravitational potential, uG(h), are 

given in eq. (6) and eq. (2), while the vdW attraction, uv,perp(h), uses eq. (3). Expected 

parameters from previous particle-wall experiments in Table 1 and considered consistent 

across the entire surface.  

In the first model, the vdW potential at the defect with perpendicular alignment is 

the reference value for the vdW fitting parameter such that ( ), 1VDW ref refX x y =  at the 

defect. The fitting parameter is then adjusted for every pixel in the simulation using the 

weighted average format in eq. (12) referenced to the defect pixel. 

 In the second model, precedent values for parallel and perpendicular vdW 

potentials define the possible range of the vdW fitting parameter. Starting from the net 

potential from eq. (14) and ( ), 1VDW ref refX x y =  at the defect, the maximum and minimum 

simulation energies are used as bounds for a precedent-based vdW fitting parameter. The 

minimum pixel energy, umin, corresponding to the planar LC surface while the maximum 

energy, umax, is located at the defect. The maximum vdW fitting parameter at parallel LC 

interface is then calculated to be, 

( )
( )

40
min

0

40max

0

1.3

nm
plan

vVDW nm

nm
perp

VDW v
nm

u dhX u

X u u dh
= =




 (15) 

for close approach separations between h=0nm and h=40nm and the properties in 

Table 1. For every simulated particle-wall energy pixel, ui,pw, the vdW fitting parameter is, 
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 ( ) ( ) ( ) ( )min

,, 1 1.3 1 ,VDW i pw iX x y u x y u= + −  (16) 

to stay within the bounds of  ( )max 1VDWX u =  and ( )min 1.3VDWX u =  for the extremes of 

perpendicular and parallel LC interfaces. Next, the steric constant, ΓS(x,y), is adjusted in 

eq. (6) used to minimize error at every pixel between the simulated particle-wall energy 

and the weighted average energy calculated from eq.(11)  and eq.(12), respectively. 

 The third and final model considers an adjustable repulsion that varies with 

position. Starting from the XvdW parameter from eq. (16) and net energy is from eq.(14) , 

the steric constant at the defect is fixed to the precedent value of ( ), 1986k

s ref refx y kT = given 

in Table 1. ΓS(x,y) is then adjusted for all other pixels to minimize error between the 

simulated particle-wall energy and the weighted average energy calculated from eq.(11) 

and eq.(12), respectively, for every energy bin. 

6.5 Results & Discussion 

6.5.1 Surface Characterization 

We begin by characterizing the LC surface and the point defects over which 

colloids will be dispersed over in aqueous solution. Fig. 1(a) illustrates optical images 

(from crossed polars) of the LC confined to a copper grid, demonstrating the synthesis of 

polymerized liquid crystals with multiple escaped radial defects due to homeotropic 

anchoring as described in previous work. The orientation of the liquid crystal at the 

aqueous-liquid crystal interface is parallel to the interface and appears bright with dark 

radial lines emanating from defects when viewed with crossed polarizers. Fig. 1(b) shows 

an isolated point defect with an escaped radial configuration that was used for analysis in 

subsequent figures. This image reveals spatially varying optical textures across the LC 
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surface in the vicinity of a surface defect, which previous works have determined arise 

from a near-perpendicular order of LC near the surface defect at the LC-water interface to 

planar order far from the surface defect. Combined with Fig. 1(a), these images also 

demonstrate the birefringence of LC materials which, which in turn can tune the van der 

Waals potentials of materials interacting with these surfaces. Inspection of the 

birefringence map of Fig. 1(c) illustrates additional nuances in the order of LC in the 

vicinity of the defect in Fig. 1(b), enabling quantification of the local average tilt angle 

inside of a liquid crystal film region and identification of potential local asymmetries in 

LC order. Lastly, Fig. 1(d) provides micron-height variations within 50 microns of the 

point defect in the center of the image and an inset with the corresponding AFM 

characterization of surface roughness. It is clear from this figure that the surface near the 

defect is optically diverse and topographically smooth.  

It is important to relate the optical properties of a LC surface with point defects to 

their effects on colloidal interactions. Based on previous work by Abbott et al on examining 

van der Waals interactions near LC defects, patterned orientations of the LCs may be used 

to program van der Waals interactions between the LC films and colloids that approach the 

surfaces of the LC, therefore, accurate modeling on van der Waals interactions is necessary 

to predict ordering and self-assembly of particles near defects. Numerous measurements of 

van der Waals interactions from Israelshvilli,299 Ducker,300-301 and Milling302 consider 

strong interactions between spheres and plates at separation distances where the van der 

Waals interactions are stronger and retardation effects are negligible. However, 

interactions at separations greater than 20 nm, relevant to work in this paper, are retarded 

and much weaker. Additionally, small-scale roughness further weakens the magnitude of 
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van der Waals attraction, as explained in Bevan et al.78 Therefore, the synthesis of 

topographically smooth surfaces near the LC point defect in Fig. 1 eliminates any large-

scale gravitational variations and ensures small-scale smoothness of the surface near the 

defect that can impact measurements of van der Waals potentials between colloids 

dispersed over the LC defect. 

 

 
 
Figure 6-1 Characterization of polymerized liquid crystal interface. (A) The polymerized LC 
sample in TEM grid with grid size of 300 μm imaged by cross-polarizers, with the white box selected 
as a (B) escaped radial point defect imaged by cross-polarizers. (C) Average tilt angle and 
birefringence inside the LC film imaged with a PolScope with the same scale as (B). Measurements 
of the surface height profiles of the LC sample near the defect using optical profilometry (D) with 
the defect located at the center (star), and AFM (inset) for the 1μm by 1 μm region around a similar 
defect over a height scale of 200 nm. 

6.5.2 Diffusing Colloids to Probe Energy Landscapes on Polymerized LC  

Fig. 2 shows a snapshot of levitated concentrated colloids with adsorbed Pluronic, 

from our video microscopy experiment outline above, diffusing freely over and organized 

around the LC defect in Fig. 2(b), with an adsorbed layer of Pluronic, dispersed in DI 

water. Fig. 2(a) qualitatively shows that there may be variations in the density profile of 

50 µm

A B

C D
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colloids over the defect and these particles are largely homogenous in size. Particle tracking 

algorithms generate equilibrium diffusion trajectories over 90,000 frames, corresponding 

to 1.5 hours of PEG-coated particles as shown in Fig. 2(b) and Fig. 2(c). Fig. 2 summarizes 

the density distribution from experimental data divided into pixels of 2μm2 based on the 

location of the particle center. As measured by the optical imaging in Fig. 1, the defect is 

located within the coordinate of (x,y) = (-4, -8) μm, where it is evident that particles are 

less dense on top over the defect, but density increases further from the defect. This 

observation was consistent over time, which supports the significance of these average 

density profiles that show equilibrated Brownian motion and local variations. 

Work by Bahukudumbi et al on imaging energy landscapes with concentrated 

particles explains that tracking freely diffusing particles over surface patterns or features is 

useful for measuring potential energy variations in x,y.294 The observation time required 

for a single particle to statistically sample an entire landscape is long, motivating the use 

of concentrated ensembles to increase sampling of large area and energy profiles greater 

than ~kT. To maximize statistical sampling at the aqueous-LC interface, the particle 

density chosen ensures diffusion over all surface features without overcrowding. We note 

that unsampled areas in trajectory profile in Fig. 2(c) result from deposited particles due to 

unavoidable impurities in the sample that may cause surface heterogeneities. Slight 

variations in particle density over time in Fig. 2(d) cause some particles further from the 

defect to change their position in the focal plane. We believe these changes result from 

minor global gravitation tilt of the TEM slide; therefore, we focus our equilibrium analysis 

on the local density profile near the defect.  
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Figure 6-2 Particles freely diffusing over LC polymerized surface. Representative snapshot of 
particles imaged by optical microscopy (A) before and (B) after tracking particle centers where field 
of view is 60um x 60um. (C) Particle trajectories determined from equilibrium recordings where 
plotting scans from 0 min (blue) to 90 min (red). (D) Density distribution from the 90-minute 
equilibrium recordings where ρ/<ρ> = 0.7 (blue) – 1.3 (red). 

6.5.2.1 Table 1: Experiment and simulation parameters. Values obtained from (a) 

precedent values from silica-silica studies on PEG interfaces149, (b) handbook 

values303, (c) precedent studies on LC interfaces,304-305 and (d) eq. (5). 

Parameter Value unit 

ΓS,si-si 
a 1984 kT 

δ a 0.283 nm-1 

a a 1.09 μm 

ρp 
a 1960 g/cm3 

ρf  
b 1000 g/cm3 

νe 
c 2.83 x 1015 s-1 

κ-a 0.033 nm-1 

ε (silicab, waterb, LC 

planc, LC perpc) 
3, 78, 18.4, 6.8 - 

n (silicab, waterb, LC 

planc, LC perpc) 
1.46, 1.6, 1.71, 1.53 - 

A
total (plan, perp)

d 1.12, 0.89 10-20 J 

Aν=0 (plan, perp)
d 0.21, 0.24 10-20 J 

Aν>0 (plan, perp)
d 0.91, 0.65 10-20 J 
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6.5.3 Potential energy at the LC surface 

Because the density profiles are from non-invasive measurements of equilibrium 

interactions, we can interpret nonuniform distribution near the defect to understand how 

the anchoring and orientation of the point defect impacts interfacial interactions. The 

measured concentrated density profile, p(x,y), in Fig. 2 (d) considers all particles in the 

system, and must be interpreted to determine single particle-wall interactions without the 

presence of multiparticle effects. Inverse MC simulations of the colloidal probe experiment 

are used to determine position-dependent potentials from ensemble behavior from the 

experimental density profile. Using the algorithm described in Methods, iterative 

simulations with density profiles pi(x,y) are compared to the experimental p(x,y) until 

conversion using eq. (9) and eq. (10).  

Initialized by the parameters in Table 1, all energy fluctuations are dependent on 

the pixelized potential energy landscape, ui(x,y). The converged iteration of the simulation 

algorithm is shown in Fig. 3. The simulation rendering (Fig. 3 (a)) shares the same 

qualitative particle distribution as the experiment video (Fig. 2 (a)) with fewer particles 

located near the defect at (x,y) = (4,-8) and more particles in the top-right corner than the 

bottom-left.  High agreement is also observed when comparing the density profiles of the 

simulation (Fig. 3 (b)) and experiment (Fig. 2 (c)) with lower density near the defect and 

an overall density gradient attributed by planar sample tilt. The simulations also capture 

the low density aggregate at (x,y) = (-4,2) demonstrating the diverse ability of the 

simulation method to interpret any feature based on the starting density profile. However, 

since this feature is unrelated to the aqueous-LC interface, we will disregard the density 

and energy variance at this location moving forward. 
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The position-dependent particle-wall energy of an individual colloidal probe, 

ui,pw(x,y), at each pixel determined by the converged simulations is shown in Fig. 3 (c). The 

effect of sample tilt is considered in eq. (11) resulting in a planar energy landscape where 

the significant variations of >1kT occur near the anchoring defect at (x,y) = (4,-8). As 

expected from the Boltzmann relationship, the positions of higher potential energy (Fig. 3 

(c)) directly correlate with less statistically sampled positions from the simulated density 

profile (Fig. 3 (b)). The continuous boundary conditions and time-averaged multiparticle 

interactions in the simulations account for the entropic effects of ensemble particle 

behavior. Therefore, the position-dependent energy profile from the simulation can be 

entirely contributed to particle-wall effects at the aqueous-LC interface with a difference 

of ~4kT for a silica colloid at the given ensemble concentration. In our experimental 

observations, positions with increased particle-wall attraction led to higher measured 

particle densities as individual colloids diffuse to reduce their internal potential energy.  To 

minimize the total free energy of the system, freely diffusing particles would continue to 

sample less attractive regions based on the differences in density and energy.33 Our 

simulated energy landscape agrees with these observations with higher densities and lower 

potentials in the planar LC bulk, and lower densities and higher potentials at the LC defect. 
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Figure 6-3 Simulations of freely diffusing spheres using iMC method to compare 
experimental results in Fig. 2. (A) Representative rendering of a simulation configuration at 
equilibrium. (B) Density distribution from the simulation with ρ/<ρ> = 0.7 (blue) – 1.3 (red). (C) 
Interfacial energy contribution from particle-wall interactions alone ui,pw at each pixel determined by 
eq. (11). 

6.5.4 Interpreting the energy landscape 

Further insights into the particle-LC interaction are found by interpreting the 

simulated energy landscape uMC,pw(x,y) using the net superposition particle-wall potential 

in eq. (1). However, neither the video microscopy technique nor the MC simulations 

include any information on particle height or separation relative to the substrate. In reality, 

the particles are constantly diffusing normal to the substrate based on Brownian motion 

and their particle-wall potential. To capture all sampled separations through theory, we 

consider the weighted average potential energy, <u(h)>, from eq. (12). This method has 

the benefit of allowing for direct comparison between a height-dependent theoretical 

potential to the simulated energy value at each individual pixel. We use this technique to 

compare the measured and theoretical interactions with three different models described in 

Methods and discussed in detail below.  

To understand the position-dependent energy landscape from the simulations, we 

first consider the superposition of attractive gravitational (eq. (2)), van der Waals (eq. (3)

), and repulsive steric (eq. (6)) interactions from physiosorbed PEG on both particle and 
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LC wall, at individual pixels.85 As explained in the first model in Methods, the potential of 

the pixel at the LC defect ((xref,yref) = (4,-8)) is fixed based on previous polymerized LC 

studies and parameters given in Table 1. Using eq. (14), XvdW(x,y) is fit to every simulation 

pixel using ui,pw(x,y) using the weighted average in eq. (12), as in Fig. 4(d). The fitting 

parameter is fixed at the defect pixel to ( ), 1VDW ref refX x y =  and gradually increases to a 

constant value radially.  

In Fig. 4(a), the vdW potential is evaluated for every pixel of 2D energy landscape 

at initial contact between the polymer brushes, calculated by ( ) ( ), 2perp

VDW VX x y u Lo . The 

polymer brush length is the average of the adsorbed PEG on both the microparticle and the 

LC surface, at contact (where the interaction is equal to 0.1 kT, defined as the limit of 

sensitivity of our interaction measurements as described in previous publications (eq. (7)).  

As with the fitting parameter, the vdW landscape varies radially from the defect to a 

constant value at the bulk where the LC orientation is consistantly planar. At all positions, 

the vdW potential is attractive towards the substrate, verifying the need for steric 

stabilization to prevent deposition in this system. Fig. 4 (g) is a height-dependent profile 

of the vdW potential across the defect at y=-8μm. As expected, vdW potentials decay as 

separation between surfaces increase, with the degree of attraction upon approach varying 

based on proximity to the LC defect at x=4μm.  

The validity of this model is supported by the explanation of experimental results 

and selection of fitting parameter. First, the greater vdW attraction in the LC bulk is 

consistent with the higher densities in experiments and simulations. Since gravitational and 

steric interactions are equivalent at all positions in this model, the driving potential energy 

gradient for particle densification is the vdW landscape. Therefore, as individual colloids 
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diffuse towards the planar bulk LC, an effective repulsion of the homeotropic LC defect 

occurs, leading to the density profiles observed in Fig. 2(d) and Fig. 3(b). Through the 

iterative simulation method, these position-dependent density variations are interpreted as 

a vdW potential landscape.  

Adjusting the multiplier for the vdW potential, XvdW, is consistent with changing 

the Hamaker constant, A(l). Because refractive index directly correlates to the Hamaker 

constant of the vdW potential, it is reasonable to assume that LC orientation, which affects 

optical properties, could impact the Hamaker constant as well.295   Previous experimental 

and theoretical studies also calculate variations in Hamaker values based on interfacial LC 

anchoring.293 We observe a continuous change in XvdW  from the bulk to the defect with a 

gradual change from parallel to perpendicular interfacial anchoring. Additionally, images 

from cross polarizer in Fig. 1 show changes in the bulk refractive index with position 

relative the defect. Connecting the LC optical properties, vdW theory, and interfacial 

potentials verifies that changes to XvdW is consistent with a multiplier to the Hamaker 

constant in this case. While the transition of the vdW multiplier with LC orientation is 

consistent with precedent (Xplanar>XvdW(xref,yref)), the magnitude of this change does not 

agree with previous findings (3.2 vs. 1.3, see Methods).293 This inconsistency motivates a 

further investigation on the effect of steric layer thickness and electrostatic repulsion on 

particle-wall interactions at polymerized LC interfaces.  



 

 143 

 

Figure 6-4 Energy landscapes between silica particles and a polymerized LC interface from 
the converged simulation and experimental data. (A, D) vdW component of the particle-wall 
energy from eq. (14) at h = 2Lo with vdW fitting parameter, XvdW(x,y) from 1 (black) to 3.5 (white) 
calculated by fitting eq. (12) to each simulation pixel, calculated at 2Lo. (B, E) vdW component of 
the particle-wall energy from eq. (14) at h = 2Lo with vdW fitting parameter, XvdW(x,y), fixed between 
1 and 1.3, and ΓS=134kT fit for all pixels. (C, F) vdW component of the particle-wall energy from 
eq. (14) where ΓS(x,y) is fit individually to each pixel leading to polymer brush thickness, 2Lo, that 
varies with position by eq. (7). (G-I) Height-dependent vdW energy landscapes at y = -8 μm energy 
from the vdW component of eq. (14) with the dashed line at h = 2Lo from eq. (7). 

In Fig. 4(b,e,h), the simulated energy landscapes are interpreted by considering the 

expected Hamaker and vdW potentials from precedent with an adjustable repulsion as a 

second model for analysis.293 As explained in Methods and in eq. (16), the vdW fitting 

parameter at each pixel, XvdW(x,y), is fixed to known values (Fig. 4(e)) and the polymer 

brush density, ΓS(x,y), is adjusted equally across the entire surface to account for any 

changes in surface repulsion. The resulting energy profile at 2Lo evaluated for every pixel 

using eq. (7), and the height-dependent profile of the vdW potential across the defect at 

y=-8μm in Fig. 4(b) and Fig. 4(h) respectively. As with the previous model, LC with 

parallel orientation is more attractive than the perpendicular defect. Given that gravitational 

and repulsive potentials are equal across the surface, the particles diffuse from areas of 

B   

  D
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higher to lower energy based on the vdW potentials alone, leading to the density profiles 

observed experimentally and through simulation. Compared to the first model, the weaker 

repulsion allows for closer approach of the silica particles to the LC surface leading to 

similar gradients in vdW potentials and equivalent density profiles in experiment and 

simulation at a different separation.  

One interpretation of the adjustable repulsion is due to changes to the polymer brush 

thickness at the aqueous-LC interface. In this first method, we assumed that PEG forms 

equivalent brushes at aqueous-LC interfaces and the aqueous-silica interfaces. However, 

the calculated 2Lo from eq. (7) is much smaller in this case. Numerous studies demonstrate 

the consistency of PEG layer formation on the silica colloids is consistently Lo=17nm.34, 

149 Therefore, the remaining change in 2Lo can be attributed to a short brush thickness of 

Lo=6nm at the aqueous-LC interface. Previous studies on ionic surfactants and 

phospholipids show different brush formation at aqueous-LC interfaces than at aqueous-

solid interfaces due to molecular realignment and penetration at the interface.306-307 Even 

though we do not expect this realignment in our polymerized LC surface, the brush 

formation could still differ at aqueous-LC interfaces. We posit that the difference in 

hydrophobicity between the LC and the octadecanol-functionalized silica colloids may 

create asymmetry in adsorbed mass density of the PEG triblock copolymer. Briefly, the 

adsorbed amount of polymer on a surface and its architecture depends on a balance of 

relative segment, solvent, and surface interactions. Based on our results, it is clear that the 

OD-silica colloids are more hydrophobic than the LC and consistently form 17nm thick 

PEG layers, therefore, lateral crowding of PEG molecules in the adsorbed layer forces the 

PEO tails in the triblock further into solution, while the PPO block remains anchored, 
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compared to the slightly thinner layer architecture on the LC.39, 46  

However, by adjusting repulsion equally across the entire surface, kT-scale error 

exists when comparing theory to simulation. In Fig. 4(c,f,i), the repulsion, ΓS(x,y), is 

individually fit to every simulation pixel given the precedent-based vdW fitting parameter 

from eq. (16), as explained in Methods. This model eliminates all error between theory, 

simulation, and experiment by allowing additional adjustability each pixel.  

Variation in the fitted repulsion can also guide our understanding of how LC 

orientation affects interfacial interactions. Using the precedent-based theoretical vdW 

potentials and the fixed gravitational potential, all remaining changes to particle-wall 

interactions can be attributed to changes in either steric or electrostatic repulsion. In 

general, increased repulsion exists near the defect than in the bulk sample. If all variation 

in repulsion is attributed to steric repulsion, polymer brush thickness, Lo from eq. (7), can 

be examined in Fig. 4(f) with a thicker layer near the defect. Given a thickness of Lo=17nm 

on the silica particle, the defect and parallel bulk LC have polymer brush thicknesses of 

Lo=15nm and Lo=7nm, respectively. We can therefore conclude that interfacial LC 

orientation has a strong effect of hydrophobicity driving competitive adsorption of PEG to 

the defect over the bulk. Changes in the range of repulsion between the parallel and 

perpendicular LC interface could also be attributed to variation in electrostatic repulsion 

through zeta potential. Based on previous work by Mathai and Ottwewill, adsorption on 

nonionic surfactants on hydrophobic surfaces causes a shift in the plane of shear, which 

leads to a decrease in the zeta potential.308-309 However, as new studies on weak interactions 

at aqueous-LC interfaces emerge, any of these models may reveal to be the most accurate. 
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6.5.5 Reproducibility and Applicability 

Three total replicates of the colloidal probe experiment and IMC simulation 

analysis were performed. Each experiment is summarized in Fig. 5 using the energy 

landscape from the third model (as in Fig. 4(i)) and the optical characterization from cross 

polarizer and polscope images (as in Fig. 1(b,c)). Full analyses of the sample in Fig. 5(b) 

and Fig. 5(c) are shown in SI.1 and SI.2, respectively. Each experiment was performed on 

a different polymerized LC defect in an individual TEM grid. The three replicates were 

measured to be topographically smooth and optically diverse with a point defect identified 

by cross polarized profiles. Each sample has a unique polscope measurement that we 

attribute to differences in the number of birefringence orders that occur between the defect 

and the 'far-field' LC for the samples. This difference occurs due to differences in the 

thicknesses of the LC samples. Thicker samples will progress through these additional 

birefringence orders and have more of the concentric black and white fringes in the 

PolScope images. We stress that though these differences in birefringence order through 

the thickness of the LC film may differ, that the LC order nearest the LC-aqueous surface 

encodes differences in vdW potentials.  The vdW attraction and 2Lo profiles are strikingly 

similar among the three cases and characterized by a gradient that decays over ~5μm into 

the parallel bulk LC. 

In our observations, the interfacial interactions decay at approximately the same 

rate from the homeotropic defect to the planar bulk LC regardless of PolScope imaging for 

these equivalently produced samples. Typically, surface-to-surface interactions at small 

separations are only impacted by material properties equivalent distance into the sample.299 

Therefore, bulk realignment creating the gradients in the PolScope image are uncorrelated 
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to the resulting interfacial energy profiles beyond the location of the defect. To further 

support the claim that the surfaces are reproducible, the LC order near the surface is what 

we believe is controlling the van der Waals interactions. We focus on defects and nearby 

regions as these surface regions are where we expect the greatest amount of change in LC 

order and, accordingly, van der Waals interactions. Understanding the connection between 

LC orientation, optical properties and interactions at an aqueous interface are critical to 

developing assembly-based applications. The energy landscapes uncovered in this study 

are on the scale of ~10kT, within the scope of tunable interactions for controlled self-

assembly for colloidal and nanoscale systems.310 While these experiments and simulations 

revealed interesting characteristics of aqueous-LC interfaces, the same method can be 

applied to a wide variety of aqueous surface systems. Given that particles can be sterically 

stabilized, interfacial interactions profiles can be uncovered including gravitational, vdW, 

electrostatic or steric interactions, as discussed previously. For LC interfaces specifically, 

future studies could reveal interactions at other topological defects or with other 

macromolecules adsorbed to the surface. Controlling the LC alignment, surfactant 

concentration, or electrolyte quality during a single measurement could reveal time-

dependent surface features not possible in equilibrium studies. Overall, we reveal 

consistent vdW attraction and steric layer profiles based on molecular orientation at 

aqueous-LC interfaces in three different samples, demonstrating unique insights that drive 

interfacial assembly. 
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Figure 6-5 Experimentally determined potential between silica particles and polymerized 
LC substrate. One quadrant of the energy landscape is plotted such that the cut-out is located at 
the defect and the dashed line is the expected brush thickness, 2Lo, from eq. (7) using the 
method for Fig. 4 (C, F, I). Potentials are shown for the current case (A), and addition 
experiments outlined for (B) in SI.1 and (C) in SI.2. 

6.6 Conclusions 

Diffusing colloidal probe experiments and simulations use concentrated ensembles 

of diffusing silica particles at an aqueous-LC interface to understand the orientation-

dependent surface potentials of the polymerized LC substrate. Colloids were stabilized 

from aggregation and deposition using non-ionic polymers adsorbed to both the particle 

and surface, and then imaged at equilibrium freely diffusing over a LC point defect. Initial 

observations show lower particle densities near the perpendicular defect than the parallel 

bulk LC despite the sample being topographically flat. Replicating the measurements using 

an inverse MC simulation technique reveals a potential energy gradient that decreases from 

a maximum at the defect to a plateaued minimum in the bulk. Each position-based pixel in 

the 2D simulation converges to a potential energy value that describes the density gradient 

of freely diffusing particles at the substrate.  

Given that the net particle-substrate interaction is the superposition of gravitational, 

steric, and vdW potentials normal to the surface, theoretical models provide insight on the 
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effect each interaction on their ordering near the defect. Relative to the defect, vdW 

attraction is stronger for LC interfaces with parallel molecular orientation than 

perpendicular orientation. Additional heterogeneities were attributed to changes in steric 

repulsion due to surface potential changes and subsequent changes in adsorbed layer 

architecture. In general, we observe weaker adsorption of polymer brushes at the aqueous-

LC interface than on the silica colloids due to differences in hydrophobicity. Repulsive 

gradients along the LC interface are also be attributed to variations in molecular 

orientation: hydrophobicity (brush thickness and steric repulsion) and surface charge (zeta 

potential and electrostatic repulsion) both depend on the interfacial anchoring of the 

polymerized LC. Some combination of a thicker polymer layer, stronger surface charge 

and weaker vdW attraction led to a significantly weaker attraction at the LC defect than the 

bulk material. Since the diffusing probe measurements are colloidal-scale systems, the 

same interactions can be applied to nanoscale and micro-scale features where self-assembly 

is determined by potentials on the scale of kT. 
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6.7 Supporting Information 

 

 

Figure 6-6 Summary of diffusing colloidal probe experiment results and findings from the 
sample in Fig. 5.(a). Representative snapshot of particles imaged by optical microscopy (A) and 
rendering from equilibrium simulations (B). (C) Density map constructed from experimental particle 
sampling used to find agreement between experiment and simulation. (D) Pair correlation function 
for all particles in experiment (blue circles) and simulation (red lines). (E) Interfacial energy 
contribution from particle-wall interactions alone at each pixel determined by eq. (11) between ui,pw= 
-6kT (blue) and ui,pw=0kT (red). (F) Polymer brush thickness, 2Lo from eq. (7)., varying by position 
between h=25nm (black) and h=35nm (white). (G) van der Waals component of the particle-wall 
energy from eq. (14) where ΓS(x,y) is fit individually to each pixel between calculated at h = 2Lo 
from -4kT (red) to 0kT (blue). (H) One quadrant of the energy landscape is plotted such that the 
cut-out is located at the defect and the dashed line is the expected particle-wall separation, 2Lo, 
with the cross-polarizer image shown at z=0nm as explained in Fig. 5. (a). 
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Figure 6-7 Summary of diffusing colloidal probe experiment results and findings from the 
sample in Fig. 5.(b). Representative snapshot of particles imaged by optical microscopy (A) and 
rendering from equilibrium simulations (B). (C) Density map constructed from experimental particle 
sampling used to find agreement between experiment and simulation. (D) Pair correlation function 
for all particles in experiment (blue circles) and simulation (red lines). (E) Interfacial energy 
contribution from particle-wall interactions alone at each pixel determined by eq. (11) between ui,pw= 
-6kT (blue) and ui,pw=0kT (red). (F) Polymer brush thickness, 2Lo from eq. (7)., varying by position 
between h=25nm (black) and h=35nm (white). (G) van der Waals component of the particle-wall 
energy from eq. (14) where ΓS(x,y) is fit individually to each pixel between calculated at h = 2Lo 
from -4kT (red) to 0kT (blue). (H) One quadrant of the energy landscape is plotted such that the 
cut-out is located at the defect and the dashed line is the expected particle-wall separation, 2Lo, 
with the cross-polarizer image shown at z=0nm as explained in Fig. 5. (b). 
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Figure 6-8 Summary of diffusing colloidal probe experiment results and findings from the 
sample in Fig. 5.(c). Representative snapshot of particles imaged by optical microscopy (A) and 
rendering from equilibrium simulations (B). (C) Density map constructed from experimental particle 
sampling used to find agreement between experiment and simulation. (D) Pair correlation function 
for all particles in experiment (blue circles) and simulation (red lines). (E) Interfacial energy 
contribution from particle-wall interactions alone at each pixel determined by eq. (11) between ui,pw= 
-6kT (blue) and ui,pw=0kT (red). (F) Polymer brush thickness, 2Lo from eq. (7)., varying by position 
between h=25nm (black) and h=35nm (white). (G) van der Waals component of the particle-wall 
energy from eq. (14) where ΓS(x,y) is fit individually to each pixel between calculated at h = 2Lo 
from -4kT (red) to 0kT (blue). (H) One quadrant of the energy landscape is plotted such that the 
cut-out is located at the defect and the dashed line is the expected particle-wall separation, 2Lo, 
with the cross-polarizer image shown at z=0nm as explained in Fig. 5. (c). 

7 CONCLUSIONS AND OUTLOOK 

 

7.1 Summary and Conclusion 

This dissertation contained three main focuses. First, the fundamental 

understanding of ethylene oxide (PEG) and zwitterionic polymer (ZI) layer solution 

thermodynamics mediated by specific ion or Hofmeister effects. Second, interactions and 

dimensions of PEG and ZI copolymer layers when large blood proteins are added to 

solution. Last, a measure of asymmetric interactions between PEG and ZI coated 

microparticles and adsorbed layers of mucin in various solution conditions. The last chapter 
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presents work done in a collaboration project that led to a first-author publication, however, 

the dissertation conclusions will focus on the three main aims. The following conclusions 

are based on each of these focuses as presented in this dissertation. 

7.1.1 Specific Ion Effects on Dimensions and Interactions of Adsorbed PEG and ZI 

Copolymers 

The effect of divalent salts on dimensions and interactions of zwitterionic 

copolymer coatings compared to PEG was explored. MgSO4, the choice of divalent salt, 

is a known water structure breaker, whereas NaCl does not break water structure therefore, 

specific ion effects are explored using salt mixtures. An assay was developed to 

systematically explore symmetric interactions of PEG, PMAPS, and PMPC with various 

NaCl and MgSO4 salt concentrations. Experimentation and modeling interactions using a 

superposition of attractive and repulsive colloidal interactions reveals unique behavior for 

each copolymer: PEG layer dimensions are insensitive to NaCl (nonspecific effect), but 

collapse at over 200 mM MgSO4, regardless of the initial concentration of NaCl. PMAPS 

layers exhibit typical antipolyelectrolyte effect with NaCl, where increasing NaCl extends 

PMAPS brushes to ~85% of their contour length. PMAPS layers also collapse with 

MgSO4, but the amount of MgSO4 required to collapse PMAPS layers scales 

proportionally with the initial NaCl condition. In stark contrast, PMPC layers are 

insensitive to both NaCl and excess MgSO4, demonstrating a nonspecific effect even with 

salts that typically break water structure. Findings include a significant understanding of 

the balance of polymer brush structure, dipole moments, and the balance between enthalpic 

and entropic contributions of solvent quality mediated interactions. This work 

demonstrates that PEG has a lower dipole moment than ZI polymers and exhibits typical 
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phase behavior with chaotropic salts showing that water structure (entropy) is responsible 

for the phase separation of PEG from water. PMAPS layer collapse demonstrate a 

competition between initial solvation of PMAPS layers with NaCl and the degree of water 

structure breaking required for phase separation. 

7.1.2 Blood Protein Exclusion from Adsorbed PEG and Zwitterionic Copolymer 

Brushes 

We used the two most abundant blood proteins, serum albumin and IgG and found 

that neither protein forms a ‘protein corona’ around adsorbed layers of PEG. We developed 

a carefully controlled experimental assay and performed equilibrium analysis to reveal 

quantitatively and qualitatively interesting behavior for both proteins, even though they 

differ in shape, function, and biophysical properties. Layer thickness and colloidal 

interactions revealed that PEG layer thickness remained constant, and the origin of 

increased attraction is from progressively increasing depletion of the protein from the 

polymer layer. Careful theoretical modeling reveals that depletion attraction can be 

modeled using modified AO theory and systematic adjustments of the osmotic pressure 

difference and excluded volume effects, reflecting the need to adapt traditional models to 

describe soft interactions between the proteins and polymers. Our theoretical models of 

depletion of soft proteins from soft polymer layers show that both proteins can penetrate 

the PEG layer to some degree and may partition between the polymer gap and the bulk 

solution. We used available theory of hard sphere exclusion from hard surfaces 

systematically adjusted the osmotic pressure term and excluded volume term to self-

consistently approximate the origin of weakened blood protein exclusion from PEG 
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brushes.  Our assay is free from surface heterogeneities, and we believe that this could be 

a useful tool for probing polymer interactions with numerous biomacromolecules.  

Ultimately, our results provide a strong foundation to study protein interactions 

with polymer coated surfaces for drug delivery applications with minimal invasiveness and 

maximum sensitivity, and statistical significance. Future work includes developing an 

accurate theoretical model to describe the balance of globular protein exclusion and 

penetration between two soft polymer layers. Additionally, we recognize the importance 

of including a study on the synergistic effects of these proteins, and the effect of grafting 

the polymer layers.  

3D trajectories and kT-scale interactions potentials were also used to examine 

symmetric interactions of adsorbed zwitterionic triblock (ZItb) copolymers, PMPCtb and 

PMAPStb, at high and low molecular mediated by solutions of high molecular weight 

blood proteins, BSA and IgG. BSA, at physiological concentrations, was found to be 

weakly excluded from high Mw PMPCtb but formed an adsorbed layer (corona) on high 

Mw PMAPStb. IgG, an order of magnitude higher Mw than both copolymers lead to the 

formation of defective layers on the particle and wall. Similar symmetric interaction assays 

with lower Mw PMPCtb and PMAPStb confirmed the hypothesis that proteins may be 

displacing zwitterionic copolymers off the surface leading to defective layers that cause 

local binding events on heterogenous surfaces. Normal trajectories show a succession of 

increasing timescales of intermittent binding events until colloids are completely deposited 

at 2.5 g/L IgG and 40 g/L BSA for both copolymers.  
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Our results in this work are significant in that they contrast significantly with 

similarly physiosorbed systems with PEG that did not show desorption, i.e., PEG was 

irreversibly adsorbed to the colloid and wall and the layer was intact at high BSA and IgG 

concentrations. Our results therefore indicate not only a molecular weight-driven 

displacement, which has been suggested I previous literature, but suggests an interplay of 

segment, surface, protein, solvent interactions that favor protein adsorption on the surface 

compared to zwitterionic copolymers. Even though TIRM was not used to measure kinetics 

of displaced layers, equilibrium analysis shows the effect of long-term displacement on the 

intactness of the adsorbed layer and suggests a potential examination of the kinetics of 

zwitterionic polymer-protein displacement. Ultimately, our results show that while 

adsorbed systems are easy, scalable, and seem to form intact layers with PEG copolymers, 

zwitterionic copolymers have more complex, nonnegligible interactions with blood 

proteins and may not be inert to blood proteins at physiological conditions when these 

copolymers are physiosorbed to the surface. 

7.1.3 kT-Scale Repulsion between Polymer-Coated Colloids and Mucin 

We employed three dimensional random walks, with nanometer resolution, from 

super resolution microscopy and evanescent wave scattering couple with equilibrium 

statistical mechanical analysis of polymer-mucin interactions. We found that PEG, PMPC, 

and PMAPS triblock copolymer coated microparticles exhibit net repulsive interactions 

with adsorbed mucin, no intermittent binding indicating any bridges or mucoadhesive 

interactions at the kT-scale. Intensity analysis reveals mucin makes 250 nm thick layers in 

150 mM NaCl. Control experiments show that F108, PMPC, and PMAPS architecture and 

layer thickness are unperturbed by low pH and 100 mM CaCl2. Addition of excess DTT 
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may have stiffened and decreased the thickness of mucin layers according to the steepness 

of the repulsion, but the net measured interactions are consistently repulsive regardless of 

the solvent condition or copolymer molecular weight. 

 

Net repulsive asymmetric interactions between ethylene oxide and zwitterionic 

synthetic macromolecules and mucin indicate PEG, PMPC, and PMAPS are suitable 

mucopenetrating coatings for nanoparticles. pH and calcium may impact the structure/layer 

architecture of adsorbed mucin, i.e., mucin- mucin interactions, but mucin remains 

extended when adsorbed to hydrophobic surfaces. Ultimately, our interactions provide a 

strong foundation for reconciling conflicting views on mucoadhesion and mucopenetration 

and provide a template for designing particles with chemically modified coatings of PEG 

and ZI polymers to employ integrated mucopenetrating and mucoadhesive properties with 

specific interactions mediated by solvent conditions.  

7.2 Future Work 

This dissertation demonstrates our understanding of the molecular scale 

interactions of PEG and zwitterionic copolymer adsorbed layers in various solution 

conditions. We altered ionic strength and valency, added high concentrations of the most 

abundant blood proteins, and introduced asymmetric interactions between these polymers 

and mucus. Our findings lend themselves to interesting future directions in both protein 

and mucus interactions with polymer-coated colloids. 
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7.2.1 An intermediate strategy between grafting and physisorbing 

Well-defined graft copolymers have attracted increasing attention for the 

applications as well as the physical properties. In addition, the grafting technique provides 

a stable platform against desorption and establishes long-term chemical stability because 

of its covalent nature in contrast to surface coating modifications which are unstable over 

time and do not prevent desorption.311 Two methods of forming polymer layers include 

grafting or physisorbing. As mentioned previously, physisorbing is a simple, scalable, and 

industrially realistic method for steric stabilization. However, our results show that not all 

polymer coatings adsorb irreversibly. Therefore, chemically grafting layers seems to be a 

promising and robust solution. However, grafting from and to surfaces is typically much 

more difficult practically to scale up to industrial processes. Grafting-from method has 

limitation that include the difficulty of characterizing the side chains, lack of accurate 

characterization of the number of side chains introduced as well as the degree of 

polymerization and molecular weight distribution which may require the side chains be 

dissected from the backbone polymers. Chemical grafting limitations generally are 

impeded since the synthesis of homopolymer as a by-product may be difficult to extract, 

and harsh chemical are typically used. Moreover, radiation grafting may lead to serious 

degradation and/or decomposition of the polymer.312 Therefore, there is a need to find a 

metho that is a union of grafting and adsorbing.  

Metal catalyzed azide/alkyne ‘click’ reactions represent one of the few highly 

efficient functionalization reactions, combining both high efficiency with a high tolerance 

of functional groups and solvents. The reaction in the context of click reactions on surfaces 

is especially important since over 200 publications have been published and dozens of 
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patents filed using click chemistry to functionalize surfaces.313-316 One of the main 

advantages of click reactions is the tunability of polymeric functional groups. On surfaces 

specifically, a large variety of click reactions on self-assembled monolayers, polymeric 

surfaces, layer by layer assemblies, block copolymer micelles, and liposomes have been 

reported. Click chemistries applied to polymers on surfaces have been applied to both 

grafting-to and grafting-from techniques to enhance the attachment of polymers onto 

surfaces.  

Current work in our group in conjunction with Dr. Margarita Herrera-Alonso’s 

group at Colorado State University involves click chemistry methods to graft zwitterionic 

copolymers onto azido-silane hydrophobic surfaces via a copper-catalyzed click reaction. 

Preliminary data shows that this reaction successfully leads to thick, solvated zwitterionic 

brushes on azide-silane modified glass colloids and slides and has potential to prevent 

desorption when IgG is introduced into solution. Future work includes the robust 

characterization of these layers in more concentrated solutions of IgG and protein mixtures 

to fully evaluate the stability and intactness of these layers against biological 

macromolecules with higher molecular weights and interactions with the solvent and 

surface. Additionally, we can use this chemistry to form robustly stable layers of 

zwitterionic coatings and use a combination of flow assays previously done in our group 

to flow a mixture of blood proteins, i.e. human serum, and be able to understand multiple 

protein-polymer interactions and see what structures are formed. 
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7.2.2 pH-tunable weak attraction between polymer coated colloids and mucins 

By employing Total Internal Reflection Microscopy (TIRM) we will work to 

directly and non-intrusively measure kT and nanometer scale interactions between particles 

and mucus, with and without boronic acid targeting moieties. Boronic acids were 

previously introduced to nanocarriers because of their rapid and reversible reaction with 

1,2- or 1,3-diols and have been demonstrated to be useful in the selective recognition of 

sialic acids. The affinity and selectivity of boronic acids to sialic acids, as well as their non-

immunogenic and chemical versatility, can be harnessed to prolong retention times through 

a mucoadhesive effect. Sialic acids exist as the terminal units of cell surface glycans or 

glycolipids and glycoproteins, making them important molecular targets for delivery to 

cells with altered cellular status and environments. Boronic acid binding affinity and 

kinetics are, however, highly sensitive to the chemical structure of the boronic acid, the 

diol-bearing compound, as well as system pH. Our group will study the combined effects 

of boronic acid chemistry and surface presentation using three types of boronic acid 

derivatives: a Wulff-type boronic acid (WBA), benzoboroxole (BOX), and 3-

phenylboronic acid (3PBA). These differ in the pKa of their acids (5.2, 7.2 and 8.2, 

respectively), hence their complexation pH which is relevant for mucus in various regions 

physiologically that differ in their pH milieu. We will also study the effect of boronic acid 

multivalent presentation on polymer-mucus interaction using different densities of 

peripheral functionality. 

7.2.3 Colloid transport through mucus 

Previous work in the group by Julia Swavola on transport of colloids through mucus 

was motivated by comparing gradient and self-diffusion enables a thorough analysis of 
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governing interactions to determining a complete empirical solution for diffusion. While 

colloidal diffusion is known to many fields, specifically in mucosal drug transport, direct, 

simple, and rigorous experimental techniques to measure diffusion experimentally are 

limited. Preceding work by Swavola elucidated specific and nonspecific interactions that 

affect colloidal diffusion as applied to diffusion of drug delivery particles though mucus 

using fluorescence recovery after photo-bleaching (FRAP) to measure self-diffusion and 

an assembly of a microfluidic device to measure flow at low Reynolds numbers. Swavola’s 

work examined self-diffusion of bovine serum albumin (BSA) and Conconavalin-A 

(ConA) polymers and colloidal probes coated with BSA and Pluronic colloids and 

diffusion into mucus. Future work includes resuscitating this protocol and exploring 

diffusion of PEG and ZI coated particles in mucus in various solution conditions, motivated 

by results that show that net interactions of PEG and ZI coated microparticles with mucin 

layers are net repulsive, and particles remain thermodynamically stable. 

As mentioned previously in Chapter 5, carrier transport rate across mucus is 

enhanced if carriers are small enough to avoid steric blocking, hydrophilic so as to 

circumvent hydrophobic interactions with the non-glycosylated protein regions, and 

electrically neutral. Although mucoadhesion had been explored to facilitate drug delivery 

several decades ago, more recent research has shown that nonadheisve PEG-coated 

particles show enhanced penetration and transport through mucus. Investigating weak 

biding is based on our hypothesis that viruses penetrate and transport through mucus via 

kT-scale attractive interactions that provides a thermodynamic driving force for 

partitioning but is also weak enough to allow for Brownian motion and diffusive transport. 
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Zwitterionic-coated particles are stable in the presence of mucus in various 

conditions, which may affect mucus architecture, and has repulsive interactions with mucus 

in various solution conditions that affect mucus architecture, as we show clearly in Chapter 

5. Our future directions include checking its diffusivity in mucus using FRAP, and we plan 

to then measure diffusion into mucus in the microfluidic device bult by Swavola. These 

experiments would provide a model to attach boronic acids that provide weak attraction to 

mucus based on TIRM measurements, and the check how adding such attraction affects 

thermodynamic driving forces for partitioning of NPs into mucus films across their 

interface.  

On the modeling side, we will use our knowledge of weak interactions to rigorously 

model particle partitioning and diffusion in mucus pores. Based on foundational work by 

Ongston,317-318 Anderson,231 and Radke,236 we will adapt hard sphere partitioning equations 

that include hydrodynamics and excluded volume terms and incorporate weak attractive 

interactions and soft polymer layers and mucus pores to accurately model data and predict 

permeation and diffusion of ZI and PEG coated colloids through mucus. 
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