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ABSTRACT 

PLASMA PROTEINS AND THEIR INTERACTION WITH 

SYNTHETIC POLYMERS AT THE AIR-WATER INTERFACE 

Zhengzheng Liao 

Dr. Ivan J. Dmochowski 

The adsorption of proteins and synthetic polymers at the air-water interface (AWI) has 

broad significance in biomedicine and biotechnology. Protein behavior at the AWI can be 

guided to control the structure of the two-dimensional biopolymer film. In addition, 

synthetic polymers affect how plasma proteins act on implant or drug carrier surfaces, 

and can also decrease the potential for gas embolism. In this thesis, fluorescence 

microscopy was applied in combination with tensiometry and atomic force microscopy to 

study plasma proteins at the AWI alone and under the effect of synthetic polymers. First, 

the morphology of serum albumin layer controlled by the solution conditions was 

explored by fluorescence microscopy. Heterogeneity at the micron scale was observed for 

the protein film during adsorption and at reduced concentrations. Moreover, the 

competition for interfacial area between Pluronic surfactant F-127 and fibrinogen or 

serum albumin was studied by semi-quantitative confocal fluorescence methods. A 

transition stage where F-127 and protein underwent lateral phase separation was found. 

Two competing processes were revealed—the disintegration of protein-rich phase by F-

127 and the coalescence of protein phase. Lastly, the interaction of immunoglobulin and 

the thin film of a widely used polydimethylsiloxane synthetic polymer was studied at the 

AWI. The compression state of the polymer film was shown to significantly affect 
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protein adsorption and guide proteins into circular domain structures. Overall, this work 

has demonstrated the wide utility of fluorescence microscopy to study protein-protein and 

protein-synthetic polymer interactions at the AWI. 
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Chapter 1 Introduction to proteins at the air-

water interface 

Proteins are macromolecules composed of polypeptide chains. Because different amino 

acid side chains have different hydrophobicity (e.g., tryptophan and phenylalanine are 

more hydrophobic than threonine and serine),
1
 after proper folding of the protein, the 

hydrophobic and hydrophilic regions are formed, giving the protein its amphiphilic nature. 

Post-translational modifications such as lipidation or phosphorylation further change the 

amphiphilicity of proteins. Like other amphiphiles, proteins can adsorb at many 

interfaces and self-assemble into higher-order structures to reduce the surface energy. In 

the case of protein adsorption at the air-water interface (AWI), protein assembly serves to 

exclude water molecules from the hydrophobic regions. Exploring how protein behaves 

at this fundamental and widely presented interface is the focus of this thesis. In this 

chapter, the motivation for studying proteins at the AWI will be explained in section I. 

Then a brief description of the experimental techniques used in this thesis and described 

in the scientific publications will be presented in section II, which provides a foundation 

for reviewing protein behavior at the AWI as reported in the literature in section III. 

Finally, the research scope of this thesis will be defined in section IV.  
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I.  Proteins at the air-water interface play crucial roles in many 

scenarios 

a.  Biological and technological relevance of proteins at the AWI   

The surface properties of proteins are of general interest in material science, food 

science and medical science. Much attention has been focused on the proteins 

partitioning at the lipid-water interface in order to understand the mechanism of signal 

transduction and material transportation in and out of cells.
2,3

 Meanwhile, protein 

adsorption at the solid-liquid interface has also been a popular research topic due to the 

desire of developing more biocompatible materials for implants and drug delivery.
4,5

 In 

addition to all the foregoing, proteins at the AWI is an important system that not only 

serves as the basis to understand more complicated lipid-water or solid-liquid interface, 

but also has direct applications to various areas.  

 In material science, for example, ranaspumin identified from frog nest foams has been 

found to adsorb at the AWI and play a crucial role in forming foams composed of 90% 

air and 10% liquid, with excellent mechanical stability.
6
 This bio-foam system has 

potential application as a biochemical reactor in the micro- and nano- scale.
7
 The spider 

silk proteins and their self-assembled structure at the AWI have been studied in order to 

understand how these proteins assemble into filaments of exceptional elasticity and 

extensibility.
8
 Block copolymers sharing characteristics of the silk proteins have been 

designed and synthesized, which are shown to form viscoelastic thin films at the AWI.
8,9

 

Hydrophobin, which is a protein secreted by filamentous fungi, is one of the best studied 

proteins at the AWI due to the potential application in changing the wettability and 
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biocompatibility of implant materials by surface modification.
10

 In food science, the milk 

proteins β-casein, β-lactoglobulin and their interaction with surfactants have been 

investigated because they are essential in the stability of the foam in dairy products, by 

adsorbing at the air-water or oil-water interface.
11,12

 In medical science, lung surfactant 

(also called pulmonary surfactant), which is a mixture of phospholipoprotein and lipids, 

lines the AWI of the alveoli to reduce surface tension. Deficiency of lung surfactant leads 

to the collapse of the alveoli which could further cause respiratory failure.
13

  

b.  Plasma proteins     

Besides the above mentioned proteins, plasma proteins and their interaction with other 

molecules at the AWI have also drawn attention.  There are at least 289 plasma proteins 

detected in blood plasma or serum.
14

 In terms of concentration, serum albumin, 

fibrinogen and immunoglobulin G are among the most abundant species in human 

plasma.
14

 Plasma proteins’ surface properties are of particular interest to researchers due 

to the following reasons: 1) the behavior of plasma proteins at the AWI provides the 

fundamentals, to help elucidate the activities of plasma proteins at solid surfaces without 

the complication of surface charge and morphology of solid surfaces;
15

 2) during air 

embolism, the plasma proteins lining the air bubble surface were tied to air embolism 

pathogenesis, thus intervention or manipulation of such processes requires a greater 

understanding of the composition and structure of the film formed by plasma proteins at 

the AWI;
16,17

 3) with the increasing interest of fabricating antibody based sensors in 

biotechnology, understanding the surface properties of immunoglobulin could aid the 

design and improve the sensitivity.
18

  Because of the above reasons, this thesis focused on 
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the study of the plasma proteins serum albumin, fibrinogen and immunoglobulin G at the 

AWI.    

II.  Experimental methods to study proteins at the air-water 

interface 

a.  Tensiometry and Langmuir trough 

Tensiometry is one of the most commonly used methods to study surface properties of 

amphiphiles. It measures the surface tension (γ) of air-liquid interface. Surface tension is 

a force parallel to the interface caused by the intermolecular forces between solvent 

molecules (Figure 1.1). Surface tension has the unit of Newton per meter (N/m), and 

tends to shrink the surface area of liquid in order to decrease the surface energy. The 

AWI has the highest surface tension in nature because of strong hydrogen bonding. When 

amphiphiles adsorb at the interface, the hydrogen bonds between water molecules are 

disrupted, therefore causing a decrease of γ. The dependency of γ on the concentration of 

surfactants is described by the Gibbs isotherm:  

,

1
 = -

ln T PRT C

 
  

 
                                                    (Eq 1.1) 

R is the gas constant, T is the temperature, Γ is the surface excess (or surface 

concentration), and has the unit as mol/m
2
 or mg/m

2
, while C is the bulk concentration, 

and has the unit as mol/m
3
 or mg/m

3
. The idea of surface excess was explained explicitly 

in Figure 1.2. Clearly, the surface concentration and bulk concentration are different due 

to the enrichment of amphiphiles at the interface. Through tensiometry, one could obtain 
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the surface excess when surface tension γ and bulk concentration C of amphiphile is 

known using Eq 1.1. However, in the case of proteins, the surface excess and surface 

tension usually do not follow the Gibbs isotherm. The reasons are discussed in section 

IIIa. 

Another term frequently used in tensiometry is surface pressure (π), which is the 

difference between the surface tension of solvent (γ0, clean surface) and the surface 

tension of the solution (γ, the surface that has solute molecules adsorbed). The 

relationship between γ and π is defined by Eq 1.2. In the context of aqueous solution, γ0 is 

usually used as the surface tension of pure water at 20 
o
C (72.8 mN/m).

19
 Thus, the 

adsorption of amphiphiles leads to the increase in π.  

0 =  -                                                                                                                (Eq 1.2) 

There are several types of tensiometers including Du Noüy-Padday probe,
20

 Wilhelmy 

plate,
21

 bubble pressure tensiometer,
22

 goniometer
23

 and Du Noüy ring,
24

 each measures 

surface tension/pressure using slightly different principals. Methods used in this thesis are 

described in Chapters 2-4 under the “Material and experimental methods” section.   

Moreover, Du Noüy-Padday probe, Du Noüy ring and Wilhelmy plate methods are 

often coupled with Langmuir-Blodgett (LB) trough to measure the surface pressure at 

different surface concentrations of amphiphiles. In LB trough, the solute molecules 

adsorb at the flat AWI and form a thin layer. Under adsorption equilibrium, the surface 

concentration of solute molecules could be controlled by changing the surface area of the 

2D layer between a pair of barriers through compressing or relaxing as the surface 
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concentration (Γ) is inversely proportional to surface area (A). By moving the barriers 

steadily and measuring the surface pressure by tensiometry at the same time, a surface 

pressure-surface area (π-A) or surface pressure-surface concentration (π-Γ) isotherm 

could be measured. The kinks in the isotherm often indicate lateral phase transitions in 

lipid monolayers as shown in Figure 1.3 (A),
25,26

 but the shape changes in the isotherm 

are absent in protein systems due to the flexibility of protein chains as indicated in Figure 

1.3 (B).
27

 

A prominent advantage of the Langmuir trough is that the interfacial film could be 

easily transferred to solid substrate for further characterization by Langmuir-Blodgett 

(LB) transfer (solid substrate perpendicular to the interface) or Langmuir-Schaefer (LS) 

transfer (solid substrate parallel to the interface), which has greatly expanded the 

application of LB trough.
28

 However, LB trough does have the drawback of being 

compound consuming due to the large sample volume required, therefore is not very cost 

effective to study some proteins which could be expensive or labor-intensive to obtain.   

 

 



7 

 

 

Figure 1.1 Interaction between water molecules at the air-water interface causes surface tension. 

On the surface, the interaction between the neighboring water molecules is limited compared to the bulk, 

which leads to the increase in free energy and decrease in hydrogen bonding between water molecules. 

Figure adapted from Kibron Inc (http://www.kibron.com/surface-tension) 

 

 

 

 

 

 

 

 

http://www.kibron.com/surface-tension
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Figure 1.2 Definition of surface excess. 

X-axis is the concentration, and Y-axis is the distance normal to the phase boundary. Bold curved lines are 

the concentration profiles of the solute (left) and the solvent (right), vertical broken lines are the 

concentrations in the reference system. Chain dotted lines indicate the boundaries of the interfacial layer. 

Bold horizontal line is the dividing surface and dotted horizontal line is another choice for the location of 

the dividing surface. The surface excess is the sum of the shaded areas above and under the dividing 

surface. By choosing the upper dividing surface (a suitable one) the resulting surface excess is zero, 

whereas by choosing the lower one, surface excess is not zero. 

Figure adapted from: Mitropoulos, A. C.: J. Eng. Sci. Technol. Rev. 2008, 1, 1-3. 
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Figure 1.3 Comparison of π-A isotherms of lipid and protein at the AWI. 

(A) The isotherm of dipalmitoylphosphatidylcholine (DPPC) monolayer and schematic diagrams showing 

the lateral phase transitions in the DPPC film at different surface pressures. Gas: gaseous phase, LE: liquid-

expanded phase, LC: liquid-condensed phase, LE–LC: liquid-condensed–liquid-expanded coexistence. 

Collapse: collapse of interfacial film. (B) The isotherm of β-casein and schematic diagrams showing the 

structural changes in the protein film.  

Figure 1.3 (A) is adapted from: Wüstneck, R. et al.; Adv. Colloid Interface Sci. 2005, 117, 33-58. 

Figure 1.3 (B) is adapted from: Nino, M. R. R. et al.; Colloid Surf. B-Biointerfaces 1999, 12, 161-173. 
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b.  Fluorescence microscopy 

Fluorescence microscopy was first applied to study molecules at the AWI in lipid 

monolayer systems in the 1980s,
29,30

 and was soon applied to study the interaction 

between protein and lipids.
31,32

 Thus, the application of fluorescence microscopy in 

studying protein films at the AWI is a natural extension of these works.
33,34

 Fluorescence 

microscopy has sub-micron spatial resolution and high signal-to-noise ratio, hence is 

ideal for imaging the film morphology. Besides, the millisecond to a few seconds 

temporal resolution of fluorescence microscopy could be utilized to study dynamic 

processes occurring at the interface. Fluorescence microscopy could be used 

independently or coupled with other methods such as Langmuir trough for in situ 

measurement.   

With the development of fluorescence microscopy itself, its application in studying 

interfacial phenomenon is further expanded. Confocal laser scanning microscopy (CLSM) 

greatly enhanced the spatial resolution of widefield fluorescence microscopy with the 

added optical sectioning capability. The optical aperture in CLSM eliminates out of focus 

light, hence reducing image degradation. Besides, the sectioning ability allows 

researchers to image the plane perpendicular to the AWI as shown in Figure 1.4. From 

the change of fluorescence intensity, one can obtain semi-quantitative information about 

the amount of dye-labeled amphiphiles at the AWI.
35
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Figure 1.4 Vertical imaging of molecules at the AWI by CLSM. 

(A) Procedures for obtaining vertical fluorescence intensity profile. a) scanning the xy plan with CLSM; b) 

stacking 2D images c) processing the image stack to get a fluorescence intensity profile along z-axis. (B) 

Fluorescence image stacks of FITC-labeled pullulan (not surface-active) and FITC-labeled cholesterol-

bearing-pullulan (surface-active) at the AWI.  

Figure adapted from: Gluck, G. et al.; Chem. Lett. 1996, 209-210. 
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c.  Atomic force microscopy 

Atomic force microscopy (AFM) is a powerful tool to directly image the topography of 

thin films with nanometer resolution. It has been adapted to study protein layers formed 

at the AWI first by Gunning et. al.
12,36,37

 They imaged the layer of β-casein at the AWI 

and bovine serum albumin (BSA) at the hexadecane/water interface and demonstrated 

that the AFM could resolve the detailed structure as small as a few protein molecules.
36

 

However, AFM also has obvious drawbacks: to measure the thickness or image the 

morphology, an extra step is required to transfer the film onto a solid substrate from the 

AWI. The type of solid substrate and change of hydration state may alter the film 

structure after transfer.
38

 As a result, the transfer quality is crucial for the correct 

interpretation of the film structure by AFM measurements. Complementary methods, 

which could confirm the transfer quality and compare the film before and after the 

transferring step, are desired.
33

  

d.  Other methods 

Besides the above mentioned methods, several other techniques have been developed 

and applied to study molecules at the AWI. Although these approaches were not directly 

used in the research projects covered in this thesis, results here are often compared to 

those reported in the literature using different techniques. A brief introduction of the 

other methods is hence included in this section to facilitate data interpretation. 

Interfacial sheer rheology (ISR) is a technique to study the flow properties of interfacial 

layers. It measures the storage moduli (G’) and the loss moduli (G’’) of the 2D layer 

during shear deformation, and extracts information on elasticity and viscosity.
39

 Because 
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elasticity measures the strength of intermolecular forces, while viscosity measures the 

diffusion of molecules in the layer, this technique could provide useful information about 

the organization of molecules at the AWI.
40

 Depending on the size of the probe, ISR 

could be divided into macroscopic and microscopic. Macroscopic rheology measures the 

average elasticity and viscosity,
39

 while the microscopic rheology could resolve the 

heterogeneity in the 2D layer in the micrometer scale, which was demonstrated to be 

especially useful in the case of protein films.
41

  

Reflectometry and ellipsometry are useful techniques in measuring the thickness and 

density of thin films. Reflectometry encompasses neutron reflectivity and X-ray 

reflectivity, which differ in the type of incident beams used but share similar principles. 

In reflectometry and ellipsometry, the signal is generated by the reflection and/or 

refraction of the electromagnetic wave by the substances in the interfacial film,
42,43

 and 

these methods do not require any exogenous probes such as the dyes used in fluorescence 

microscopy or the rheometer sensor used in ISR. However, the thickness and the surface 

concentration have to be obtained by regression analysis using hypothesized models, thus, 

prior knowledge of the interfacial film is required in order to make precise 

measurements.
43

      

Brewster angle microscopy (BAM) is a technique to image 2D layers at the AWI. 

When the p-polarized light beam is directed at the air-liquid interface at the Brewster 

angle, all light is refracted. If there are any additional materials at the AWI, a small 

amount of light will be reflected, creating contrast for BAM imaging.
44

 BAM is also a 

non-invasive method, and is capable of resolving micrometer-scale structure.
45,46
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 Sum Frequency Generation (SFG) is a non-linear spectroscopic technique suited to 

study the conformation of molecules at interfaces. Because the second-order nonlinear 

process is forbidden in centrosymmetric media, signals only come from the molecules at 

the interface, where the symmetry is broken.
47

 SFG could scan wavelengths across the 

vibrational spectrum, giving information on specific chemical bonds such as the C-H 

bond, to deduce how the proteins are oriented at the interface.
48

     

III.  Protein behaviors at the air-water interface 

a.  Adsorption, conformation and structure of protein assembly at the AWI 

Different from small-molecule surfactants, during protein adsorption, the increase in 

surface pressure and surface excess is often not simultaneous and their correlation does 

not follow the Gibbs isotherm.
49

 This is caused by two distinct characteristics of protein: 

1) The proteins in the surface layer could slowly change conformation at the AWI, 

leading to continuous change in surface pressure.
49

 2) Protein could form multilayers at 

the interface at high bulk concentrations;
50

 because surface pressure is dominated by the 

surface layer, the surface excess could increase without an obvious change in surface 

pressure.
51

 As a result, the surface pressure and surface excess are not correlated, and the 

two parameters need to be measured independently. Due to the large structural and 

compositional variance in proteins, the adsorption kinetics for different proteins needs to 

be studied on a case-by-case basis.  

It is still controversial whether protein adsorption at the AWI is reversible.
52,53

 But a 

slow desorption rate of protein from the interface has been commonly observed, which is 

primarily due to the change of conformation in the surface layer.
54

 In solution or the sub-

http://en.wikipedia.org/wiki/Centrosymmetric
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layers where the proteins are surrounded by water molecules, the folded structure of the 

protein will tend to bury hydrophobic regions within the interior of the molecule and 

expose hydrophilic regions at the protein surface, which reduces the solvation energy.
55

 

When protein adsorbs at the interface, it will partially unfold and expose its hydrophobic 

regions in order to reduce surface energy, therefore may undergo some structural 

distortion. This process could last for hours or even days, demonstrated by the continuous 

increase of surface pressure after surface excess reached equilibrium due to the change of 

conformation.
49

 Conformational change may lead to denaturation depending on the 

stability of the protein.
56

 

Intermolecular forces, which include the chemical, electrostatic and hydrodynamic 

interactions between protein molecules, could further drive the proteins into assemblies 

and networks. Rheological studies showed that the shear viscosity of 8 different protein 

films kept increasing over 30 hours aging time, which indicates a continuous increase in 

intermolecular cohesion or covalent bonding.
40

 Structural differences of the films formed 

by different proteins were reported as a result of the different conformation and stability: 

Previous AFM studies showed that the globular shape of BSA was kept in the interfacial 

film while a more disordered network was observed in β-casein film shown in Figure 

1.5.
36

 Heterogeneity in the protein film formed by a single component was also reported 

by imaging studies. Powers et al. reported microdomains with various geometry in a 

synthetic amphiphilic peptide at the AWI using fluorescent imaging.
57

 BAM imaging also 

showed domains were formed when globulin 11S adsorbed to the AWI.
58

 Mechanical 
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heterogeneity in the micrometer scale was also observed in β-lactoglobulin film at the 

AWI by microrheology indicating domain formation.
41
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Figure 1.5 AFM images of interfacial film of BSA or β-casein transferred onto mica. 

(A, B) BSA prepared at the hexadecane/water interface, (C) β-casein prepared at the AWI. Height in gray 

scale (black to white) (A) 0-7.6 nm, (B) 0-7.0 nm, (C) 0-2.7 nm. Scale bar: 100 nm 

Figure adapted from: Gunning, A. P. et al.; J. Colloid Interface Sci. 1996, 183, 600-602. 
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A representative plasma protein, serum albumin has a heart-shaped structure resolved 

by crystallography (Table 1.1), but an ellipsoid shape has been historically used in 

hydrodynamic studies.
59

 It was thought to undergo structural elongation after absorption 

at the AWI,
60

 but is not fully denatured due to the stability of the intramolecular 

scaffold.
56

 The degree of conformational change is dependent on serum albumin bulk 

concentrations. It was found by SFG that the higher the surface coverage of BSA, the less 

change in structure that was observed.
61

 Recent microrheology study showed that in 

albumin films, surface elasticity did not increase accordingly with viscosity, indicating an 

annealing mechanism instead of covalent bonding between albumin molecules.
62

  

The shape of fibrinogen could be simplified as three balls connected linearly by two 

sticks (Table 1.1), so the packing density of fibrinogen at the interface is limited 

geometrically.
63

 Fibrinogen aqueous solution was shown to have moderate surface 

activity.
63

 In accordance with the geometric estimation, ellipsometry of fibrinogen layers 

at the AWI indicate high water content.
64

 Studies using BAM and SEM showed fibrils are 

formed during organization at the AWI.
65

     

  IgG is a Y-shaped antibody (Table 1.1). It was found to form a monolayer at the AWI 

even at high bulk concentration, and the orientation of the molecule changed from side-

on to end-on when the surface area was reduced or the bulk concentration was 

increased.
66

 Study using fluorescent antigen binding showed that after adsorption at the 

interface, IgG underwent partial unfolding.
67
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Table 1.1 Crystal structures and geometric dimensions of serum albumin, fibrinogen and IgG. 

 

 [*] Ferrer, M. L. et al.; Biophys. J. 2001, 80, 2422-2430. [**] Hall, C. E. et al.; J. Biophys. Biochem. 

Cytol. 1959, 5, 11-16. [***] Zhao, X. et al.; J. R. Soc., Interface 2009, 6, S659-S670. 
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b.  Interactions between proteins  

In biological systems, there is usually more than one type of protein present in solution, 

and the same is also true at biological interfaces. Signaling proteins interact with each 

other through specific recognition at the water-lipid interface.
68

 For plasma proteins, the 

competition for the available interfacial area is the dominant interaction. The competition 

process could be separated into two steps: the diffusion rate, which decides how fast the 

protein reaches the interface from the bulk, and the affinity of the protein to the interface, 

which decides the most stable protein interfacial assembly.
15,69

 Because the size of 

molecules decides the diffusion rate to the interface, smaller proteins arrive first at the 

interface but can be later replaced by larger proteins with higher affinity to the interface. 

This is the so-called Vroman effect, which was first discovered by Vroman et al. in blood 

protein adsorption on solid surfaces.
70

 Among the few reported studies on protein-protein 

competition at the AWI, Krishnan et al. measured the surface tensions of blood plasma 

and serum proteins, and found that different samples exhibited nearly identical 

concentration dependence.
15

 Therefore just from tensiometry, it is hard to resolve the 

composition of different protein species at the AWI. Moreover, when different proteins 

adsorb at the interface, the mechanical properties of the interfacial film are strongly 

affected by the interaction between different species. Rheological study found that 

mixing serum albumin into IgG greatly reduced the elasticity of the interfacial film, 

indicating that serum albumin intercalated into IgG and weakened the intermolecular 

interactions in the film.
39

 Overall, the competition between proteins at the AWI is 

challenging to study.  
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c.  Interaction with polymers 

Due to the wide application of synthetic polymers in biomaterials, biosensors, and drug 

delivery,
71

 understanding and controlling the interaction between synthetic polymers and 

proteins at interfaces has become an important topic. New methods have been reported 

for incorporating antibody into polymeric thin films for immunosensing,
72-74

 demanding 

deeper understanding of protein-polymer interactions at biological interfaces.  

Many polymers—particularly copolymers—are surfactants,
75

 and tend to adsorb at 

interfaces, thus able to compete with protein adsorption. Surfactants are known to interact 

with proteins at the AWI to reduce significantly the surface tension and change the 

rheological behavior of the surface layer.
76

 It is proposed that surfactants displace 

proteins heterogeneously from the AWI, as described by an “orogenic” model from 

previous AFM studies by Morris et al.
12

 However, direct proof from in situ measurements 

has only been provided by BAM studies,
77

 and aspects of dynamic transitions remain 

under-explored.   

On the other hand, if polymer layers were pre-spread at the AWI, the polymer film 

could modulate the interfacial energy and encourage protein adsorption to the interface. 

Enhanced protein adsorption on polymer films has been accomplished by making 

superhydrophobic polymer surfaces or incorporating specific protein ligands into the 

polymer.
4
 More recently, tunable adsorption of proteins on polymer films has been 

achieved by preferential adsorption on spatially separated chemical components that 

differ in hydrophobicity,
78,79

 or by changing the surface charge of polymer thin films.
80,81

 

Understanding how a polymer thin film at the AWI can act as a template for protein 
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assembly could further expand the chemical toolbox for controlling protein adsorption 

and assembly.      

IV.  Research scope 

Work in this thesis utilized fluorescence microscopy alone or in combination with 

tensiometry and AFM to study plasma proteins and their interaction with polymers at the 

AWI, contributing to methodological development as well as understanding interfacial 

behavior of these plasma proteins. The morphological study of human serum albumin 

(HSA) self-assembly controlled by solution conditions will be presented in Chapter 2. 

Semi-quantitative study of the adsorption and competition between plasma proteins and a 

block copolymer Pluronic F-127 at the AWI will be presented in Chapter 3. The 

interaction between Polydimethylsiloxane film and serum proteins will be investigated in 

Chapter 4. Finally, conclusions and future directions are summarized in Chapter 5.   
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Chapter 2 Morphology of protein self-assembly at 

the air-water interface controlled by solution 

conditions—a study by confocal laser scanning 

microscopy
*
  

I.  Introduction 

The AWI is a unique tool to guide proteins as small building units into larger, self-

assembled structures. Proteins are naturally occurring biopolymers with unsymmetrical 

distribution of buried and solvent-exposed active sites, electrostatic charges and 

hydrophobic/hydrophilic residues. These features, combined with geometric constraints, 

dictate the structures of folded proteins and their larger assemblies. A strategy in 

assembling complex biological or synthetic systems is to promote interactions in just one 

or two dimensions. Liquid interfaces are particularly useful in this regard, based on the 

anisotropic forces residing therein and two-dimensional spatial confinement.
1-3

 Besides 

the special characteristics of liquid interfaces, factors that commonly control self-

assembly are the chemical and structural complementarity of the building blocks.
4
 For 

macromolecules such as proteins, the active site, geometric structure, electrostatic and 

hydrophobic interactions are greatly affected by the surrounding solvent molecules and 

                                                 

*
This chapter was adapted from Liao, Z.; Lampe, J. W.; Ayyaswamy, P. S.; Eckmann, D. M.; Dmochowski, 

I. J.: Protein Assembly at the Air-Water Interface Studied by Fluorescence Microscopy. Langmuir 2011, 27, 

12775-12781. 
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other solutes.
5,6

 Thus, solution conditions provide a convenient handle for controlling 

protein assembly at the AWI. 

Previous tensiometry, reflectometry and ellipsometry studies explored the change in 

surface excess and structural conformation of proteins at the AWI in relation to solution 

conditions such as subphase concentration, pH and ionic strength.
7-10

 These techniques 

provide ensemble-averaged properties of adsorbed proteins over a macroscopic scale. To 

study assembled structures at the AWI on the nanometer-to-micron scale, imaging 

techniques such as atomic force microscopy (AFM), Brewster angle microscopy (BAM) 

and fluorescence microscopy have been applied.
11-13

 AFM affords nanometer spatial 

resolution, but involves transferring interfacial films onto a solid surface, which leads to 

potential loss of structural fidelity and temporal resolution.
11

 BAM coupled with 

Langmuir trough is a widely used in situ method, but offers lower spatial resolution (2 

μm) than many diffraction-limited optical imaging techniques, and offers little kinetic 

information.
12,14

 Earlier studies by Gluck et al. on polysaccharide adsorption at the AWI 

showed the potential of fluorescence microscopy to serve as a facile in situ imaging tool 

for studying macromolecular self-assembly at the AWI.
15

 By this technique, Powers et al. 

discovered medium-dependent micron-size phase domains of an amphiphilic peptide self-

assembled at the AWI.
16

 The observations made in this landmark study have not yet been 

generalized to protein systems. Here, we demonstrate for the first time the ability to 

control the microstructure of protein self-assembly at the AWI through systematic 

variation of solution conditions.  

http://en.wikipedia.org/wiki/Polysaccharide
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In this chapter, human serum albumin labeled with Texas Red (HSA-TR) was used as a 

model protein, and the microstructure of its self-assembly was studied by in situ 

fluorescence microscopy under various solution conditions. Human serum albumin (HSA) 

provides a useful model protein system as its biophysical properties have been very well 

studied.
17,18

 Besides the background information on serum albumin reviewed in chapter 1 

section III a, HSA is known to be composed of a single polypeptide chain with 585 

amino acids, which include 35 cysteines and 59 lysines. Thirty-four cysteines form 17 

intramolecular disulfide bridges while the single reactive Cys34 is extremely sensitive to 

redox state.
17,19

 X-ray crystallography confirmed that HSA has alpha-helical secondary 

structure, and identified a heart-shaped or equilateral triangular tertiary structure under 

physiological conditions with 80 Å on a side and 30 Å in thickness,
17

 as shown in Table 

1.1. Reflectometry studies also found the thickness of a serum albumin layer at the 

interface to be 30–40 Å, but the proteins were approximated as an ellipsoid with long axis 

of 140 Å parallel to the interface, and a perpendicular short axis of 40 Å.
18

  

The current study applied in situ fluorescence microscopy to study protein assembly at 

the AWI in a small imaging chamber with ~10 L solution, while limiting competitive 

protein adsorption at the liquid-solid interface by covalently attaching a PEG layer to the 

glass surface. A stable AWI was formed, with negligible evaporation, which allowed 

both static and dynamic information of protein behavior at the AWI to be obtained with 

sub-micron spatial resolution and on time scales of milliseconds to hours. Our results 

revealed micro-scale protein assemblies formed at the AWI and highlighted the role of 

solution conditions, including ionic strength and reduction potential, in controlling the 
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assembled structures. Kinetic transitions of phase separation at the AWI were also 

observed.  

II.  Material and experimental methods 

a.  General reagents 

For all steps, deionized water (DI water, Mar Cor Premium Grade Mixed Bed Service 

Deionization, 18.2 megohm-cm resistivity at 25 °C) was used. The phosphate-buffered 

saline (PBS) solution used for fluorescence microscopy was made by dissolving 

NaH2PO4 and NaN3 in DI water and then adjusting to pH 7.2 with 1 M HCl, the final 

concentration is 10 mM of phosphate and 30 mM of NaN3 throughout the study. The 

ionic strength of PBS was adjusted by addition of NaCl. Dithiothreitol (DTT) was 

purchased from Fisher Scientific. 

b.  Protein labeling 

Commercially available HSA (Sigma-Aldrich) was labeled with amine-reactive 

fluorophore Texas Red-X succinimidyl ester (Invitrogen). Texas Red-X was first 

dissolved in dimethylformamide (10 mg/mL), then a small volume of this concentrated 

dye solution was slowly added into the aqueous protein solution (2 mg/mL HSA in in 0.1 

M NaHCO3 buffer, pH 8.3) while stirring. The molar ratio of dye to protein was 10 to 1 

upon mixing. The reaction solution was covered with aluminum foil and stirred 

continuously for 1 h at room temperature. Then the unreacted dyes were removed by 

running the reaction solution through a 10-DG column (Bio-Rad). The labeled proteins 

were eluted with PBS, and further concentrated and purified by 3 kDa cutoff molecular 

weight centrifugal filter units (Millipore) at 9 krpm for 30 min at 4 ºC and dialyzed by 10 
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kDa dialysis cassettes (Thermo Scientific) against 1 L of 10 mM phosphate buffer for 1 

week at 4 ºC covered by alumni foil. The final concentration of labeled protein was 

determined by Lowry assay (Thermo Scientific) using bovine serum albumin (BSA, 

Thermo Scientific) as the standard. The product solution was aliquoted and stored under -

20 ºC for further use. 

c.  Dye-to-protein ratio (DPR) measurements 

DPR was measured by both UV-Vis spectrometer and MALDI-TOF MS. For UV-Vis 

measurement, labeled proteins were diluted to appropriate concentration and the 

absorbance values at 280 nm and 595 nm were measured. DPR was calculated from the 

following equation:  

595 280 595

595 280

0.18
TR HSA

A A A
DPR

 

    
    
   

                                            (Eq 2.1) 

where A595 and A280 are the absorbance at 595 nm and 280 nm measured using a diode-

array Agilent 89090A spectrophotometer, ε is the extinction coefficient of TR or HSA 

provided by manufacturer (Invitrogen) and from literature,
20

 and 0.18 is a correction 

factor to account for the contribution of the dye absorbance at A280.
21

  

d.  MALDI-TOF MS of HSA and HSA-TR 

MALDI-TOF MS measurements were performed with a Bruker Daltonic Ultraflex III 

MALDI-TOF-TOF mass spectrometer, in a mass range from m/z 10,000-160,000. 

Labeled proteins were diluted with HPLC grade water before loading onto sample plate. 

The protein solution (1 μL) was mixed with 1 μL of matrix solution (saturated sinapinic 

acid in 50% CH3CN, 49.9% HPLC grade H2O and 0.1% TFA, in volume percentage) by 
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repeated pipetting. After sample droplets were dried, on-plate washing was performed by 

spotting 0.1% TFA solution on dried sample spot for 10 s then removing excess liquid.  

e.  Circular dichroism (CD) measurement 

CD measurements were carried out on a Chirascan CD spectrometer with a Peltier 

temperature controller. HSA and HSA-TR were diluted to 0.10 mg/mL with 10 mM NaCl 

in 10 mM phosphate buffer (pH = 7.2) then transferred to a 0.1 cm pathlength cuvette. 

Far-UV CD spectra of HSA and HSA-TR were collected at 25 ºC over the wavelength 

range of 190-260 nm at scan rate of 0.5 nm/s with a slit bandwidth of 1.0 nm. CD signal 

was converted into mean residue ellipticity [θ] following Eq 2.2.
22

  

[θ], in deg·cm
2
·dmol

-1
 = (millidegrees × mean residue weight)/(pathlength in 

millimeters × concentration in mg·mL
-1

)                                                            (Eq 2.2) 

Thermal denaturation curves were recorded between 25-95 ºC with a 2 ºC increase and 

120 s equilibration time for each step. Melting temperature Tm was obtained by 

converting data points in thermal denaturation curves following  Eq 2.3, 2.4 and fitting 

into Eq 2.5
23

 using Matlab:  

[ ] [ ]

[ ] [ ]

N

D

K
 

 





                                                                        (Eq 2.3) 

( ) lnG T RT K                                                                           (Eq 2.4) 

( ) (1 / ) [ ln( / )]m m p m mG T H T T C T T T T T                                            (Eq 2.5) 
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where [θ]N is ellipticity value of the protein under native conditions (θ25ºC is used as 

[θ]N), [θ]D is the ellipticity value of the protein under fully denatured conditions (θ95ºC is 

used as [θ]D), and [θ] is the measured ellipticity value at temperature T. K is the 

equilibrium constant, △G(T) is the Gibbs free energy at temperature T, R is the gas 

constant, Tm (melting temperature) is the midpoint of the thermal denaturation, and △Hm 

is the enthalpy change at T = Tm. 

f.  Surface pressure measurement in LB trough and film transfer 

Surface pressure was measured using a MicroTroughX Langmuir trough with a Du 

Noüy-Padday probe (Kibron, Inc.). HSA or HSA-TR (0.10 mg/mL) in 10 mM PBS was 

pipetted into the microtrough. Surface pressure was recorded over 1 h after immediate 

AWI formation. Then the layer at the AWI was transferred onto a freshly cleaved mica 

surface using the Langmuir-Schaefer technique via a Kibron Microtrough S controller.
24

 

A rinsing step was performed with DI water to wash away excess salt on the sample 

surface. The sample was left drying in air before being studied by AFM. 

g.  AFM characterization of transferred film 

 The transferred protein layers formed by the labeled or unlabeled proteins at the AWI 

were measured using tapping mode AFM (Digital Instruments) and processed by 

NanoScope IIIa software (v. 5.12; Digital Instruments). Ultrasharp cantilevers (NSC16, 

MikroMasch) were used. AFM images were analyzed using WSxM software (Nanotec) 

to determine film thickness.
25
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h.  Sample chamber fabrication and surface modification 

The sample chamber for fluorescence microscope imaging was assembled by placing a 

thin piece of polydimethylsiloxane (PDMS, 1 cm × 1 cm, ~0.5 mm thick) in between two 

pieces of cover glass. The cover glass was cleaned by sonication in acetone for 5 minutes 

followed by sonication in DI water 3 times. Then the surface –OH group of the cover 

glass was prepared by sonicate the cover glass in 200mM KOH for 20 minutes.  The 

cover glass was subsequently rinsed by DI water 3 times, and sonicated in ethanol for 

5min and left dry in air.  

PDMS is fabricated using a commercially available PDMS kit (Sylgard 184, Dow 

Corning), the elastomer and curing reagent are mixed at weight ratio of 10:1. After 

thorough mixing and degassing, the liquid PDMS was poured into a Petri dish and cured 

at 80 °C for 2.5 h. The thin slab of PDMS after curing was peeled off the dish and cut 

into 1 cm × 1 cm pieces. A 0.7-cm diameter cylindrical hole was punched through the 

middle of the PDMS. The PDMS pieces were washed with di-water thoroughly, then 

blown dry with compressed air. It was put onto the center of a cleaned cover glass. 

Bonding between PDMS and cover glass could be seen immediately. This chamber 

serves as the sample holder of protein solutions, and leaking was prevented by conformal 

contact between the PDMS and the bottom cover glass.   

The inner-chamber surface of the bottom cover glass was modified with mPEG-silane 

(Laysan Bio, Inc., MW 5000) in order to reduce protein adsorption.
26

 And inner-chamber 

PDMS surfaces were oxidized and subsequently modified with the same mPEG-silane 

reagent, using solution phase surface modification method.
27

  The surface modification 



42 

 

steps are as following: mPEG-silane was stored in -20°C freezer and warmed to r.t. 

before use. It was dissolved in 5% acetic acid/ methanol solution at 250 mg/mL. A glass 

pipet was used to add mPEG-silane solution into the chamber. Another cover glass was 

put on top of it to prevent evaporation. The whole assembly was incubated at 40°C for 30 

min. The top cover glass was discarded and the chamber was rinsed with ample DI water 

and blown dry with argon and stored at –20 ºC until used for imaging.  

i.  Confocal and epi-fluorescence imaging.  

Confocal images were captured using an Olympus IX81 inverted microscope. Epi-

fluorescence images were captured by a hyperspectral CCD (CRi Nuance FX) camera 

coupled to the Olympus IX81 system. The objective lens (40X, water immersion, 1.15 

NA) imaged the sample solution from below by exciting the dyes with a 543 nm laser or 

by a mercury lamp with excitation filter of 530-550 nm bandpass. Emission was collected 

in the 575-655 nm range. Images were analyzed using ImageJ software.
28

 

III.  Results and discussion 

a.  Characterization of HSA-TR in comparison with HSA 

Although fluorescent probes are widely used to study protein behaviors, concerns have 

been generated about the perturbation of exogenous fluorophores on the conformation of 

proteins.
29

  It is especially important in surface related studies to carefully characterize 

the dye-labeled protein in comparison with the native protein, because the dye molecules 

could both alter the conformation and change the hydrophobicity of the protein.  
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In our study, we tried to achieve minimal labeling by adjusting the amount of dye and 

protein in the labeling reaction, and characterized the DPR by UV-Vis spectroscopy and 

MALDI-TOF MS. DPR was 1.3 measured by UV-Vis spectroscopy, and 1.5 measured by 

MALDI-TOF MS shown in Figure 2.1. Proteins were charged by receiving protons from 

the matrix. From left to right, the peaks are assigned to A + 2H
+
, A + H

+
, and 2A + H

+
 for 

HSA and HSA-TR, respectively, where “A” represents the protein molecule. Using A + 

H
+
 peaks of HSA and HSA-TR the mass difference (△m) = m(HSA-TR) - m(HSA) = 

1119 g/mol. Because MW(TR) = 723 g/mol, thus DPR = △m/MW(TR) = 1.5.  

The secondary structures of HSA and HSA-TR were compared by circular dichroism 

(CD) spectroscopy shown in Figure 2.2. Far-UV CD spectra of HSA and HSA-TR 

overlap with each other well (Figure 2.2 A), indicating that TR does not cause detectable 

changes to the characteristic α-helical structure of HSA. In thermal denaturation curves 

(Figure 2.2 B), HSA-TR appears to be more thermally stable. The melting temperature of 

HSA-TR is 5 ºC higher than that of HSA. We hypothesize that Texas Red dye can 

interact with ligand binding sites in HSA as reported in literature, and thus enhance the 

structural stability of the protein.
30

  

The surface pressure curves of HSA-TR and HSA were also measured to compare their 

surface activities. In Figure 2.3, the surface pressure of HSA is slightly higher than that of 

HSA-TR. However, the difference is within 1 mN/m, which is in the range of 

experimental error. Thus the perturbation of Texas Red on HSA surface activity is quite 

small if there was any.   
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By AFM, we imaged the HSA-TR or HSA layer formed at the AWI at similar solution 

conditions (C = 0.1 mg/mL at neutral pH) reported in the literature for a study on BSA
31

 

to compare the interfacial layer structure at standard conditions. The morphology of both 

transferred films showed connected small spherical dots which resembled that of BSA 

shown in literature.
31

 Section analysis of the AFM image showed that the thickness of the 

protein layer is around 3 nm, which is in accordance with the “height” of a HSA 

molecule when it is lying flat at the AWI by neutron reflectivity study
18

  

Thus, by CD, tensiometry and AFM, we conclude that minimally labeled, near-native 

HSA provides a useful model protein sample for studying assembly at the AWI by 

fluorescence microscopy.  
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Figure 2.1 MALDI-MS spectra of HSA and HSA-TR 

Black line is the spectra of HSA, and red line is the spectra of HSA-TR. From left to right, the peaks are 

assigned to A + 2H
+
, A + H

+
, and 2A + H

+
 for HSA and HSA-TR, respectively, where “A” represents the 

protein molecule. 
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Figure 2.2 Characterization of HSA and HSA-TR by CD spectroscopy 

(A) Far-UV CD spectra of HSA (black) and HSA-TR (red) at 25 °C. (B) Thermal denaturation curves of 

HSA (black) and HSA-TR (red). The melting temperature Tm is 71 °C for HSA and 76 °C for HSA-TR. 

Thermal denaturation curves were recorded between 25-95 ºC with a 2 ºC increase and 120 s equilibration 

time for each step. 
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Figure 2.3 Surface pressure of HSA and HSA-TR 

Cprotein = 0.10 mg/mL in 10 mM PBS buffer, pH = 7.2. Each curve is the average of two independent 

experiments.  
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Figure 2.4 AFM images of HSA and HSA-TR films formed at the AWI and transferred onto mica 

surface 

Initial subphase concentrations were 0.10 mg/mL, pH = 7.2. Top row: AFM images of (A) HSA, (B) HSA-

TR. Scale bar: 1.0 µm. Bottom row: height of protein films plotted along yellow dashed line drawn in (A, 

black) and (B, red).  
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b.  Effect of surface modification of imaging chamber with PEG 

The imaging chamber is a microliter size reservoir of protein solution, in which the 

adsorption of proteins onto the solid surfaces will strongly compete with adsorption at the 

AWI. So we use mPEG-silane to covalently modify exposed hydroxyl groups on the 

inner chamber surfaces with a layer of PEG chains to reduce protein adsorption as shown 

in Figure 2.5.  

The efficiency of reducing HSA-TR adsorption was subsequently monitored by 

confocal microscopy. In Figure 2.6, before surface modification with PEG, adsorption of 

HSA-TR on solid-liquid interface was observed as a small peak of fluorescence intensity 

from HSA-TR at solid-liquid interface (Figure 2.6 A2). After surface modification, no 

surface excess was observed at the solid-liquid interface by confocal imaging (Figure 2.6 

B2). Same effects were observed on the PEG modified PDMS surface as shown in Figure 

2.6 A3 and B3.  
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Figure 2.5 Covalent modification of surface hydroxyl groups by mPEG-silane. 
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Figure 2.6 Confocal fluorescence images of HSA-TR in sample chamber before and after surface 

modification. 

XZ-plane images of HSA-TR solution (C(HSA-TR) = 0.10 mg/mL in PBS buffer) in unmodified (A1) and 

modified (B1) sample chamber. (A2, B2) Intensity plot along z-axis of A1-B1. XY-plane images focused at 

the edge of unmodified (A3) and modified (B3) chamber (C(HSA-TR) = 0.50 mg/mL in PBS buffer).  
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c.  Imaging protein assembly at the AWI by CLSM 

As shown in Figure 2.7 A, HSA-TR was imaged in a specially designed, sealed 

chamber where the protein aqueous phase (10 L in volume, 100-200 μm in thickness) 

coexisted with a layer of air, also 100-200 μm thick. The AWI formed in this chamber 

was parallel to the XY plane formed by the microscope stage. Images were collected by 

focusing either at the interface (called “XY plane images”) or scanning perpendicular to 

the interface with a step size of 0.1 μm/step (called “XZ plane images”). HSA-TR was 

dissolved in PBS (ionic strength = 193 mM). When the concentration of HSA-TR ([HSA-

TR]) was greater than or equal to 0.050 mg/mL, a uniform fluorescent layer was observed 

by confocal microscopy as shown in Figure 2.7 B. At optical resolution of ~0.2 μm, the 

4X zoom image (Figure 2.7 C) showed no particular structure at the interfacial layer. 

However, when [HSA-TR] was less than or equal to 0.025 mg/mL, highly heterogeneous 

structure at the interface was observed as shown in Figure 2.7 D. The zoomed-in image 

(Figure 2.7 E) showed HSA-TR assembled into fractal structures of micrometer size. XZ-

plane images further confirmed the different structures, where a fluorescent layer with 

uniform thickness was observed in Figure 2.7 F, while a discontinuous fluorescent layer 

was observed in Figure 2.7 G. Our results implied a surface-saturating bulk-solution 

concentration (CB
sat

) which fell between 0.025 mg/mL and 0.050 mg/mL under the 

condition of ionic strength at 193 mM in PBS. Below CB
sat

, the adsorbed proteins could 

not cover the AWI entirely, thus allowing the formation of protein domains at the 

interface. Previous reports using tensiometry and ellipsometry found that the critical 

concentration of BSA for covering the AWI is between 10
-2

 and 10
-1

 mg/mL,
7
 which 

matches well with our results.  
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Although researchers in the field of protein adsorption generally accept the concept of 

CB
sat

,
32,33

 very few studies have revealed the microstructure of assembled proteins at 

concentrations below CB
sat

.
16

 The study by Lee et al. using microrheology suggested that 

mechanical heterogeneity was present in a β-lactoglobulin layer at the AWI at a 

comparably low concentration.
34

 It was predicted by early two-dimensional lattice-based 

simulations that fractal networks could be formed by diffusion-limited aggregation at low 

concentration.
35

 The XY-plane images at the AWI (Figure 2.7 E), confirm the existence 

of fractal assembly at the AWI and a heterogeneous protein layer at the AWI at low 

subphase concentration. 
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Figure 2.7 XY and XZ plane fluorescent images of protein assembly at the AWI 

(A) Sample chamber and inverted microscope setup. (B-G) Confocal images of HSA-TR in PBS at pH = 

7.2, ionic strength = 193 mM, at the AWI. (B, C) XY-plane images of HSA-TR (0.050 mg/mL) or (D, E) 

HSA-TR (0.025 mg/mL).  Images (C) and (E) use 4X optical zoom. XZ-plane image across the AWI of (F) 

HSA-TR (0.050 mg/mL) or (G) HSA-TR (0.025 mg/mL). Scale bar: 20 µm.  
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d.  Protein assembly controlled by ionic strength and reducing agent 

We then varied the ionic strength and redox state of the solution and monitored the 

protein assemblies formed at the AWI. After pipetting solutions into the chamber, 

interfaces were left to age for 1 h before being imaged. A sample of 0.010 mg/mL HSA-

TR in PBS (ionic strength = 53 mM) exhibited both fractal assembly (Figure 2.8 A) and 

interconnected “Swiss cheese” structures (Figure 2.8 B) at different locations at the 

interface. A Z-stack of XY plane images showed a high-resolution three-dimensional (3D) 

image of the interfacial protein layer (Figure 2.8 C) under the same conditions. The 3D 

image is an overlay of multiple XY plane images of size 45.0 µm × 45.0 µm, which were 

collected along the Z axis above and below the AWI, 10 m in each direction (200 x 0.1 

µm steps). This confirmed the “Swiss cheese” structure at the interface and showed 

almost no fluorescent signal from the subphase. Although the optical resolution along the 

Z-axis is ~2 m for the confocal image, which is much larger than the estimated protein 

layer thickness (30-40 Å), the Z-stack image clearly indicated that protein domains only 

form at the AWI and assembly in the Z-direction was constrained compared to the 

hundreds-of-micron size domains formed in the XY plane.  

Keeping the protein concentration constant, we increased the ionic strength of buffer to 

530 mM. After 1 h aging time, we observed a homogeneous fluorescent layer (Figure 2.8 

D), indicating an increased surface excess and shorter equilibration time. And in samples 

that had 30 mM DTT in the buffer, small fractal structures were observed (Figure 2.8 E), 

indicating a weaker interaction between adsorbed proteins.  
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We also studied the kinetics of interfacial layer formation when HSA-TR was dissolved 

in PBS, at high ionic strength (530 mM). A clear transition from crowded fractals (Figure 

2.9 A) to “Swiss cheese” structure (Figure 2.9 B), and finally to a homogeneous 

fluorescent layer (Figure 2.9 C) was observed. In about 30 min, the AWI achieved 

equilibrium to form a homogeneous fluorescent layer. A recent study by Dhar et al. found 

a dramatic increase of surface viscosity over time in a BSA layer, and deduced a change 

in the organized structure.
36

 Our study directly showed the morphological transition from 

fractals to a homogeneous, organized layer, which could serve to explain the observed 

increase in resistance to shear.  

Our results indicated that solution conditions can modulate the structure of protein self-

assembly. The isoelectric point of HSA is around 4.7.
17

 Thus, at pH 7.2, HSA-TR is 

negatively charged. Electrostatic repulsion strongly affects the aggregation of HSA-TR at 

the AWI, leading to a low packing efficiency as shown in Figure 2.8 A, B. The co-

existence of fractal and “Swiss cheese” structures indicates a non-equilibrium state, 

which is due to slow adsorption of proteins from the subphase hindered by the repulsive 

force from charged proteins already present at the interface. At higher ionic strength, 

where electrostatic repulsion between charged protein molecules is more effectively 

shielded, HSA-TR adsorbs faster to the interface and is able to pack more closely, thus 

forming a more uniform layer. As shown in Figure 2.9, full coverage of the AWI was 

achieved below CB
sat

. The value of CB
sat

 between 0.025 mg/mL and 0.050 mg/mL was 

determined at a lower ionic strength (193 mM) after 1 h of adsorption time. At higher 

ionic strength (530 mM), the adsorption of bulk solution protein to the AWI was faster 
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due to less repulsion between adsorbed proteins and proteins from the bulk. In addition, 

the packing of protein molecules at the interface was more efficient, thus higher protein 

coverage was achieved.   

It has been reported that proteins adsorbed at the AWI can form intermolecular 

disulfide bonds, which stabilize the protein network and enhance the elasticity of the 

adsorbed layer.
37

 HSA has one reactive cysteine, Cys34, which could readily form a 

disulfide bond with adjacent proteins at the AWI. And post adsorption conformation 

change could result in the breaking of intramolecular disulfide bonds, providing more 

reactive sites for the formation of intermolecular disulfide bonds. Reducing agents such 

as DTT inhibit the formation of intermolecular disulfide bonds, thus only small 

aggregates remain, which are presumably held together by hydrophobic interactions. 

Vogler et al. have applied interfacial rheology to study HSA at the AWI, and found that 

adsorbed layers exhibit both viscous and elastic properties.
38

 However, microrheology 

studies with BSA identified a primarily viscous protein film, without strong 

intermolecular-bond formation.
36

 Our results support the hypothesis that elasticity arises 

from a network of intermolecular interactions.  

It is worth mentioning that we also studied the effect of solution acidity on the protein 

assembly structure at the AWI. However, PDMS elastomer was not stable at acidic 

conditions, and leaching of PDMS oligomers was found to cause interesting features in 

the interfacial film. Detailed studies on PDMS and plasma proteins interactions were 

presented in Chapter 4.  
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Figure 2.8 Morphology of protein assembly varied with ionic strength and addition of reducing 

agent 

Self-assembly of HSA-TR (0.01 mg/mL) at the AWI in (A, B) PBS, pH = 7.2, ionic strength = 53 mM, (C) 

Rendered Z-stack of confocal images corresponds to (B) in the scanned volume of 45.0 µm × 45.0 µm × 

20.0 µm. (D) PBS, pH = 7.2, ionic strength = 530 mM, (E) PBS with 30 mM DTT, pH =7.2, ionic strength 

= 53 mM. Scale bar: 20 µm. 
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Figure 2.9 Epi-fluorescence images showing transition of heterogeneous domains into 

homogeneous layer. 

C(HSA-TR) = 0.01 mg/mL, in PBS, pH = 7.2, ionic strength = 530 mM. (A) 3 min, (B) 8 min, (C) 36 min 

after protein solution introduced into chamber.  Scale bar: 50 µm. 
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IV.  Conclusions 

In conclusion, we have applied fluorescence microscopy as an in situ method to study 

protein behavior at the AWI, on timescales of milliseconds to hours. We found that below 

surface-saturating bulk-solution concentration, self-assembly of a model protein HSA-TR 

shows varied morphologies at the AWI in response to changes of solution condition 

including protein concentration, ionic strength and redox state. The static and dynamic 

behavior of HSA-TR at the AWI is detected by our method. Our method should be easily 

accessible and applicable to study of other macromolecular self-assembly at the AWI. By 

the same approach, it is possible to study also the glass-water interface, and this could 

potentially be used to monitor competitive adsorption of surface-active species at both 

gas-liquid and solid-liquid interfaces. Our study shows the potential of controlling protein 

assembly at the AWI for biomaterials applications. 
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Chapter 3 Semi-quantitative confocal laser 

scanning microscopy method to study 

plasma protein adsorption in competition 

with Pluronic F-127 at the air-water 

interface
†
 

I.  Introduction 

Pluronic® F-127 (F-127), also known as poloxamer 407, is an A-B-A-type tri-block 

copolymer, which has the chemical structure of PEOm-PPOn-PEOm. The molecular 

weight of F-127 is ~12500 g/mol, in which the polyethylene oxide (PEO) constitutes ~70% 

and contributes to the hydrophilicity, while the polypropylene oxide (PPO) contributes to 

the hydrophobicity.
1
 Clearly, F-127 is a non-ionic surfactant. A special property of F-127 

is that its self-assembly is thermo-responsive—it undergoes phase transition from 

micellation to gelation as temperature increases.
2
 This property has attracted many 

researchers’ attention due to the application of F-127 as drug delivery vehicle to control 

the release of encapsulated small molecules, peptides and proteins inside of F-127 gels,
3
 

and it has also been approved for pharmaceutical use by the U.S. Food and Drug 

                                                 

†
 This chapter is adapted from (1) Lampe, J. W.; Liao, Z.; Dmochowski, I. J.; Ayyaswamy, P. S.; Eckmann, 

D. M.: Imaging macromolecular interactions at an interface. Langmuir 2010, 26, 2452-2459. (2) Liao, Z. 

Z.; Lampe, J. W.; Ayyaswamy, P. S.; Eckmann, D. M.; Dmochowski, I. J.: Protein Assembly at the Air-

Water Interface Studied by Fluorescence Microscopy. Langmuir 2011, 27, 12775-12781. 
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Administration (FDA).
4
 F-127 has a direct connection with plasma proteins because it 

has been shown to reduce air embolism after administration into rat vessels or human 

blood samples.
5-7

 It is hypothesized that F-127 not only lowers the surface tension of the 

AWI but also reduces plasma protein adsorption at the bubble surface as a mechanism for 

reducing endothelial damage.
8
 However, direct evidence of F-127 decreasing plasma 

protein adsorption at the AWI has not been reported to our knowledge and the interaction 

between the two moieties at the AWI is not well-understood.    

Meanwhile, it is proposed that surfactants displace proteins from the AWI 

heterogeneously described by an “orogenic” model from previous studies of milk 

proteins and surfactants used in food additives.
9-11

  The orogenic model describes a 

mechanism that surfactant localizes at the defects in the heterogeneous protein film, and 

then aggregates at these sites which leads to compression of the protein network. When 

the surfactant domains grow large enough, they push the proteins back into the bulk 

phase, effectively displacing proteins from the AWI.
11

 The experimental evidence mostly 

comes from AFM and fluorescence images of transferred films of protein and surfactant 

mixtures.
10,12

 In situ measurements have only been reported by Brewster Angle 

Microscopy,
13

 and aspects of dynamic transitions remain unexplored.  

In this chapter, we have applied semi-quantitative CLSM fluorescence methods to 

study plasma-protein adsorption at the AWI in competition with F-127. A ratiometric 

method enables semi-quantitative measurement of the amount of protein at the interface 

based on differences in the fluorescence intensity in the bulk and at the interface. 

Moreover, kinetic information and morphology of HSA and F-127 mixture at the AWI is 
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also revealed. Our study identifies pitfalls of this method, and limitations in the precise 

measurement of surface protein concentration. 

II.  Material and experimental setup 

a.  General reagents 

Phosphate buffered saline (PBS) was used as the buffer throughout this chapter unless 

otherwise stated. The PBS buffer solution was made by dissolving 136 mM NaCl, 8.1 

mM Na2HPO4, 2 mM KCl, 1.5 mM KH2PO4, and 31 mM NaN3 in DI water. The PBS 

buffer was maintained at pH 7.4 and stored at room temperature. Human fibrinogen 

labeled with Oregon Green (HFib-OG, Cat# F7496) was purchased from Life 

Technologies. Human serum albumin (HSA, Cat# A3782) was purchased from Sigma 

and used without further purification. Proteins were dissolved in PBS by votexing, then 

filtered by sterilized Millex® Syringe Filter Units (Cat# SLGV004SL, Millipore) with 

0.22 μm pore size. Pluronic F-127 10% solution in water (MW~12500, Cat# P-6866) was 

purchased from Life Technologies. HSA was covalently labeled by fluorophores 

following the same steps described in Chapter 2 IIb. Concentrations of protein or dye-

labeled protein stock solution were measured by Lowry assay (Thermo Scientific).    

b.  CLSM setup 

The CLSM setup is the same as described in Chapter 2. The Oregon Green dye was 

excited by the argon laser (488 nm, 30 mW), Texas Red was excited by HeNe laser (543 

nm, 1 mW). Fluorescence recovery after photobleaching (FRAP) experiments were 

carried out on the same confocal microscope with an Olympus SIM scanner unit that 

allowed selectively bleach multiple regions in the same frame. A 351 nm laser at 100% 
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power was used to photobleach small regions of the protein layer at the AWI for 20 s. 

The confocal images of the regions were captured before, during, and after 

photobleaching using a 543 nm laser with a dwell time of 2 μs/pixel.  

III.  Results and discussion 

a.  Methodology  

We initially developed the semi-quantitative method in a droplet system, shown in 

Figure 3.1 A. The droplet of interest, which was 10 μL in volume, was deposited on the 

coverslip of the MatTek Petri dish. The lid was kept closed after addition of droplet. The 

space surrounding the coverslip area was filled by a donut-shaped sponge wetted with DI 

water to control the humidity and reduce the evaporation of sample droplet. The Petri 

dish was cleaned with HPLC grade ethanol and water between each use. The focal plane 

was about 150 μm above the bottom coverglass to reduce light scattering from the glass 

surface. A representative fluorescence image of a HSA-TR droplet was shown in Figure 

3.1 B. The bright rim between the dark gas phase and the weakly fluorescent liquid phase 

was the AWI where HSA-TR was concentrated due to adsorption. Then a rectangular 

region of interest (ROI) was chosen with length of 200 pixels along the radial axis of the 

droplet, and width of 50 pixels (noted as x-axis and y-axis respectively in Figure 3.1 B). 

Fluorescence intensity was first averaged by pixels along the y-axis and then plotted 

along the x-axis (Figure 3.1 C).  

Using this method, we studied HFib-OG in competition with F-127 at the AWI by 

comparing the intensity profiles. In Figure 3.2, two concentrations of HFib-OG were 

chosen. Without F-127, the intensity peak of HFib-OG at both concentrations at the 
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interface was observed, showing that HFib-OG was prone to adsorb at the interface. With 

the addition of F-127 to 80 μM, the intensity peaks at around 7 μm from the origin of the 

ROI disappeared, indicating that HFib-OG was competed off the interface. This 

interesting finding encouraged us to develop further the CLSM method to investigate 

how F-127 competes with plasma proteins at the AWI. Applying the imaging setup 

described in Chapter 2, we studied both the adsorption competition of the protein/F-127 

mixture and phase behavior of the interfacial layer.  

The semi-quantitative method was further developed in the home-built imaging 

chamber system. The advantage of the imaging chamber was that the AWI could be 

studied by both XY scan (morphological information) and XZ scans (semi-quantitative 

intensity information). The fabrication of the imaging chamber was detailed in Chapter 2 

and is omitted here. An XZ plane image taken in the imaging chamber is shown in Figure 

3.3 A. The image is equivalent to the ROI in Figure 3.1 B rotated clockwise by 90 

degrees. Images were analyzed with MATLAB to enable facile analysis of multiple 

frames (all original codes included in Appendix I), following the main algorithm shown 

in Figure 3.3 B. A single image or multiple images were first loaded into MATLAB 

using the program named “readtif”. Then the main calculations were done by the program 

named “PC”. In this program, TIFF format RGB images were converted into grayscale 

images and background intensity was subtracted from ROI for intensity analysis. 

Intensity was plotted along the z-axis (Figure 3.3 B).  

The total intensity Itotal in ROI is determined to be: 
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                                                                                                            (Eq 3.1)     

Ij is the averaged intensity of pixel j along x-axis, n is the total number of pixels along 

z-axis of ROI. Then average bulk intensity Iavgbulk is:  
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                                                                                                  (Eq 3.2) 

m is a starting pixel chosen from the bulk region, which is at the right shoulder of the 

interface intensity peak. Then bulk intensity Ibulk and interface intensity Iint were 

calculated by: 

( 1)bulk avgbulkI I n z                                                                                            (Eq 3.3) 

int total bulkI I I 
                                                                                                     (Eq 3.4) 

z is the first pixel at the left shoulder of the interface intensity peak where Iz ≥ Iavgbulk. 

Finally, partition coefficient (P) which represents the partitioning of dye-labeled 

protein between bulk phase and interface phase was determined: 

int

avgbulk

I
P

I
                                                                                                              (Eq 3.5) 

The definition of P is analogous to the definition of surface excess. Surface excess is a 

two-dimensional quantity, while P here is unitless. Assuming the bulk concentration 

change is minimal after protein adsorption at the interface, the surface concentration (a 
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three-dimensional quantity) could be roughly correlated to P × Cbulk. The reasons that P × 

Cbulk cannot precisely quantify the surface concentration are discussed in the last section 

of this chapter.  
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Figure 3.1 Experimental setup and data analysis of the droplet system to study protein adsorption 

at the AWI. 

(A) Cartoon showing the imaging setup. The horizontal dashed line indicates where the image slice was 

taken. (B) A representative image of the AWI of a BSA-TR aqueous droplet. Yellow box indicates the 

region of interest (ROI) selected for intensity analysis. Scale bar: 20 μm. (C) Intensity profile of the ROI. 

The pixel intensity was averaged along the y-axis in ROI then the intensity profile was plotted along the x-

axis.  
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Figure 3.2 Intensity profiles of F-127 and HFib-OG mixtures show that F-127 blocks protein 

adsorption. 

Plot shows four intensity profiles measured at 1 h near the droplet edge.  
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Figure 3.3 Analysis of an XZ plane image to obtain partition coefficient. 

(A) An XZ plane image, 100μm in depth, scanning across the AWI of a HSA-TR sample in imaging 

chamber. (B) Calculating partition coefficient from the intensity profile. Interfacial fluorescence is the sum 

of the orange area re-assigned to a single pixel, while bulk fluorescence is the average pixel intensity of the 

green area. Partition coefficient is the ratio of interfacial fluorescence (orange dashed line) to average bulk 

fluorescence (green dashed line). 
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b.  HSA-TR/F-127 adsorption competition at AWI 

HSA-TR was used in our study because it is the most abundant protein in human 

serum,
14

 and also because the surface activity and protein conformation before and after 

labeling were well characterized in our studies. We first measured the partition 

coefficient of HSA-TR at different bulk concentrations as the standard curve. P dropped 

dramatically from 0.05 mg/mL to 0.25 mg/mL, and slowly decreased above 0.5 mg/mL 

(Figure 3.4). This is in accordance with the assumption that the energy barrier for 

proteins to adsorb at the interface increases with increasing surface coverage. Once full 

coverage of the interface by protein is achieved, the proteins adsorb loosely in the sub-

layer, reflected in a small change in P. From earlier microscopy studies mentioned in 

Chapter 2, we learned that at 0.05 mg/mL, a uniform layer was observed by CLSM at the 

AWI. However, from the partition coefficient trend, we could deduce that HSA-TR 

doesn’t form a densely packed interfacial layer until the concentration reaches ~0.5 

mg/mL. 

Next, we measured the partition coefficient of the HSA-TR/F-127 mixture. In Figure 

3.5, the concentration of HSA-TR was fixed at 0.1 mg/mL and 0.5 mg/mL, respectively, 

while the concentration of F-127 in solution changed. P was measured 1h after the 

introduction of solution into the chamber. Addition of F-127 from 0~0.01 mg/mL slightly 

decreased P compared to the value measured in HSA-TR-only samples indicated by the 

red dashed lines. As concentration of F-127 further increased, phase separation was 

observed in the XY-plane images, and P became an averaged value of multiple different 

areas. At concentrations above the range where lateral phase separation was observed, 
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fluorescence intensity at the interface was completely lost, which resulted in P dropping 

to 0 and showed that HSA-TR was completely competed off the interface. Higher 

concentration of HSA-TR required higher concentration of F-127 to cause the lateral 

phase separation and drive the proteins off the interface.  

Furthermore, the morphology of the interfacial layer was observed to change with 

concentration of surfactant and time. Observed at 10 min after AWI formation (top row 

in Figure 3.6 from left to right), interfacial structures changed from an evenly fluorescent 

layer at low surfactant concentration (Figure 3.6 A) to a fluorescent layer with “cracks” 

(Figure 3.6 B); and with further increase in the amount of F-127, the dark area in the 

interfacial layer expanded while the fluorescent regions shrank into small “islands” 

(Figure 3.6 C and D). With even higher concentrations of F-127, the strong fluorescent 

signal from the interface was completely lost. The initial interfacial layers were 

heterogeneous, formed by the premixed solution with the protein/surfactant ratio n(HSA-

TR)/n(F-127) between 4-1. After a longer aging time of the interface, the overall 

fluorescent signal was reduced in the bottom row compared to the top in Figure 3.6, and 

the boundary between the bright and dark regions became blurry. The disappearance of 

the sharp boundary indicates better mixing due to diffusion of protein and F-127 in the 

film. In HSA-TR at 0.50 mg/mL mixed with F-127 solution, the range of n(HSA-TR)/n(F-

127) in which phase separation was observed at 10 min after interface formation was 6-2. 
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Figure 3.4 Partition coefficient of HSA-TR as a function of bulk concentration. 
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Figure 3.5 Change of partition coefficient P with increase in F-127 concentration. 

Red dashed lines indicate P of HSA-TR at the same bulk concentration without F-127 present. Shadow 

areas indicate the concentration range where phase separations were observed at the AWI.  P was measured 

1h after the introduction of solution into the chamber. 
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Figure 3.6 Phase separation in adsorbed HSA/F-127 layer at the AWI. 

The bulk concentration of HSA-TR was constant at 0.10 mg/mL, while the bulk concentration of F-127 

increased from 0.001-0.020 mg/mL. The corresponding molar ratio of HSA-TR/F-127 is listed in Error! 

eference source not found..  

 

Table 3.1 concentration of F-127 and molar ratio of HSA-TR/F-127 corresponding to Figure 3.6 
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c.  FRAP experiments of HSA-TR/F-127 mixtures 

Proteins form viscoelastic networks at the AWI, causing the protein to have molecular 

mobility two orders of magnitude smaller than that of protein-surfactant mixtures.
15

 Thus, 

we expect that the fluorescence recovery rate of protein-rich regions should be much 

slower than for surfactant-rich regions. To test this hypothesis, we conducted a 

fluorescence recovery after photobleaching (FRAP) experiment to assess the mobility of 

the interfacial layer with an HSA-TR/F-127 solution of HSA-TR at 0.10 mg/mL and F-

127 at 0.0050 mg/mL. Two circular regions in strongly fluorescent and weakly 

fluorescent regions were bleached simultaneously with near-UV laser beam for 20 s 

shown in Figure 3.7. Images were taken both before and after bleaching using an 

attenuated 543 nm laser as excitation source. Ninety seconds after irradiation, the 

bleached region on the strongly fluorescent side became smaller, and after 25 min, the 

intensity almost fully recovered, while the bleached region on the weakly fluorescent did 

not change shape or intensity over time. A FRAP control experiment was performed at 

the interfacial layer of HSA-TR: after 520 s there was no change in the photobleached 

region (Figure 3.8). It could be deduced that the large difference in the intensity recovery 

rate indicated segregation of “protein-rich” and “surfactant-rich” regions at the interface. 

The regions with stronger fluorescence intensity were mostly composed of HSA-TR, 

while regions with weaker fluorescence intensity were composed of HSA-TR mixed with 

F-127. Proteins in the surfactant-rich region were separated by surfactant molecules and 

more free to diffuse, making the lateral mobility of HSA-TR much higher than in the 

protein-rich region. However, mass transport in the surfactant-rich domain was not 

homogeneous, indicated by the change of shape of the bleached region during 
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fluorescence recovery. This also prevented us from deriving the diffusion coefficient 

from the FRAP experiment. 
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Figure 3.7 FRAP experiment of the mixed HSA-TR and F-127 interfacial layer. 

ROIs (yellow circles) are the selected photobleached areas. ROI-1 is in surfactant-rich domain, ROI-2 is in 

HSA-TR-rich domain. The initial subphase concentration was C(HSA-TR) = 0.10 mg/mL, C(F-127) = 

0.0050 mg/mL. Scale bar: 20 µm. 

 

Figure 3.8 FRAP experiment of the HSA-TR interfacial layer. 

ROI-2 (red circle) is the selected photobleached area. C(HSA-TR) = 0.10 mg/mL. Scale bar: 10 µm. 
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d.  Dynamics of the phase behavior in HSA-TR/F-127 layer 

We found that in the HSA-TR/F-127 mixtures, the protein-rich regions exhibited time-

dependent morphological changes, which motivated us to study this dynamic 

phenomenon in greater detail. The results shown in Figure 3.9 are images taken by 

focusing at the AWI with HSA-TR (0.50 mg/mL) mixed with F-127 (0.015 mg/mL). 

Figure 3.9 A shows three images focused at the same region from 35 min to 60 min after 

pipetting solution into the chamber. Protein islands in small circular shapes with areas of 

10-100 µm
2
 were seen. The ROIs (yellow boxes in Figure 3.9) highlight some interesting 

observations: In ROI-1, small protein islands coalesced with surrounding protein islands 

to form a larger island at 50 min compared to the image at 35 min. In ROI-2 small black 

holes could be seen starting from 50 min, indicating F-127 replaced HSA-TR at these 

spots and formed cavities inside the protein-rich regions. In ROI-3, movement of the 

frontier of surfactant-rich region could be observed. It is evident that as time elapsed, the 

surfactant-rich regions continuously expanded. And in ROI-4, small protein islands 

merged into mesh-like networks. We analyzed the size distribution of protein islands 

using ImageJ (Figure 3.9 B).
16

 Area fraction was defined as the sum of surface area of 

protein islands of the same size, divided by the total area of protein islands. A clear 

increasing trend in the island size distribution is shown in Figure 3.9 B. The average area 

of protein islands grew from 24 µm
2
 (35 min) to 57 µm

2
 (60 min). The movement of 

protein islands was also observed by using a faster scan rate of 30 frames/s, and the 

protein islands were observed to exhibit Brownian motion.  

The observation of surfactant perforating the protein domains and the expansion of the 

surfactant-rich region is in accordance with the orogenic model.
11

 This model states that 
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surfactants displace proteins from the interface by first perforating the protein layer, 

forming defects or holes. Then as the surfactants continue to accumulate in these regions, 

the surfactant regions expand and the protein layer is forced to buckle and extend into the 

subphase until the protein layer eventually collapses.
12

  A different displacement 

mechanism has been shown in lung surfactant/polyethylene glycol/albumin mixtures, 

which suggests that the competitive adsorption process may be system-dependent.
17

 

Theoretical models have been developed to explain the adsorption kinetics and 

equilibrium states of mixed protein/surfactant solutions in surface tension and surface 

rheology studies.
18

 Complementing these studies, our work provides more detailed 

information about the location of protein and surfactant at the interface and the structure 

of the assembly. The coalescence phenomenon observed in our study shows that 

neighboring protein domains have a tendency to reform a connected network whereas 

other protein is being displaced by surfactant, thus highlighting two competing processes 

of protein domain coalescence and protein displacement by surfactant in HSA-TR/F-127 

mixtures. 



86 

 

 

Figure 3.9 Coalescence of protein islands over time. 

(A) Confocal fluorescence images taken at 35, 50 and 60 min after introduction. Scale bar: 20 μm. (B) 

Histograms of protein island size distribution. The initial subphase concentration was C(HSA-TR) = 0.50 

mg/mL, C(F-127) = 0.015 mg/mL. ROI-1 indicates region (yellow box) where small protein islands 

coalesced with surrounding protein islands to form a larger island; ROI-2 demonstrates that small black 

holes formed in the region; ROI-3 indicates movement at the frontier of a surfactant-rich region; ROI-4 

shows where small protein islands merged into mesh-like networks.  
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e.  Validation and limitation of partition coefficient 

First, to confirm that labeling protein with fluorophore did not change the surface 

activity, surface pressures of BSA vs. BSA-TR and HFib vs. HFib-OG at the same bulk 

concentration were measured (Figure 3.10). The surface pressure curves of BSA and 

BSA-TR at 0.01 mg/mL were nearly identical. The surface pressure of HFib-OG was 

slightly lower than that of HFib. Because the number of OG dyes covalently attached to 

HFib (DPR = 13) was much higher than the number of TR on BSA (DPR = 3), further 

reducing the DPR may diminish the change in surface pressure after labeling.   

Next, to link the fluorescence intensity with protein concentration, the parameters in the 

following equation were examined:
19

  

2

int int int int

2

int

bulk

bulk bulk bulk bulk

I OD n c

I OD n c




                                                                              (Eq 3.6) 

where OD is the optical density, n is the refractive index of the medium at the interfacial 

layer and the bulk. Φ is the quantum yield of the fluorophore.  

The interface is crowded with labeled proteins due to adsorption, thus the inner filter 

effect could play a part in changing the fluorescence intensity at the interface.
19

 To keep n 

and Φ the same and just test the effect of optical density, we measured the intensity of 

dye-labeled protein in solution over a hundred-fold range of concentrations. Eq 3.6 could 

be written as: 

1 1 1

2 2 2

I OD c

I OD c
                                                                                                         (Eq 3.7) 
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or,   

1

1 1

2 2

2

I
c OD

I OD
c

 
 
  
 
 
 

                                                                                               (Eq 3.8) 

Images of the bulk were taken, and the intensity was quantified and plotted in Figure 

3.11. A linear fit passing through the origin is found in both BSA-TR solution and HFib-

OG solution at different laser power and photomultiplier sensitivity (Table 3.2). The 

different settings were chosen to ensure the intensity is above detection threshold and 

below saturation. At the same settings, n

n

I
c

is the same, so the OD was constant within 

the range we tested (0.05-5 mg/mL).   

The change of refractive index of protein solution as a function of concentration has 

been thoroughly studied by ellipsometry previously, and a linear correlation between n 

and C is reported:
20

  

watern k c n                                                                                                         (Eq 3.9) 

nwater is the refractive index of water which equals 1.33. k is the refractive index 

increment, which is ~1.8 × 10
-4

 mL/mg for proteins.
20

  Due to the small value of k, the 

change of refractive index is less than 7% even when the protein concentration reaches 

500 mg/mL, thus could be treated as a constant.  

Last but not the least, the quantum yield is highly dependent on the micro-environment 

where the fluorophore resides. Because of the potential for protein unfolding as well as 

the change in orientation at the interface greatly affect the quantum yield,
21,22

 Φ is hard to 



89 

 

be defined precisely during the course of protein adsorption at the AWI. Thus Eq 3.6 

could only be simplified as far as: 

int int int

bulk bulk bulk

I c
P

I c




                                                                                            (Eq 3.10) 

Therefore, partition coefficient contains both information on conformational change 

and surface concentration. If we define P × Cbulk as the apparent surface density with a 

unit of mg/mL, then we could compare our data to surface excess (mg/m
2
) values 

reported in the literature, by dividing P × Cbulk by the pixel resolution in Z-direction 

(lpixel). Using BSA-TR as an example, we measured P at different BSA-TR bulk 

concentrations and converted it to apparent surface excess (Γ
’ 
) through Eq 3.11: 

' bulk

pixel

P c

l


                                                                                                          (Eq 3.11) 

Figure 3.12 indicates that although the apparent surface excess estimated by the CLSM 

method falls in the same range of the surface excess measured by neutron reflectivity and 

radioactivity, the trend of surface excess change is inconsistent at lower protein 

concentrations (0.05-0.2 mg/mL), which is likely due to the change of quantum yield of 

fluorophores induced by the change of conformation of BSA at the AWI.  The lower the 

bulk concentration, the larger the conformational change of proteins at the interface, due 

to the small surface coverage of proteins.
23

 Hence, it complicates the interpretation of P, 

and highlights the limitation of this method. The information on the either surface 

concentration or conformation is only reliable when the other parameter is known or the 

change is minimal.  
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Figure 3.10 Surface pressures of proteins vs. dye-labeled proteins at 0.01 mg/mL. 

Solid line: dye-labeled protein, dashed line: protein, red: BSA and BSA-TR, green: HFib and HFib-OG. 
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Figure 3.11 Correlation between fluorescence intensity and dye-labeled protein concentration. 

Red circles: BSA-TR, green triangles: HFib-OG. Open symbols: data measured under high power settings, 

closed symbols: low power settings. 

 

Table 3.2 CLSM settings used to investigate fluorescence intensity 
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Figure 3.12 Surface excess of BSA-TR calculated from CLSM methods compared to values 

measured by other methods reported in the literature. 

Squares: CLSM data from our measurement; dots: neutron reflectivity data; triangle: radioactivity from the 

literature. 

Neutron reflectivity data were adapted from: Lu et al., J. Colloid Interface Sci., 1999, 213, 426–437. 

Radioactivity data were adapted from: Graham et al., J. Colloid Interface Sci., 1979, 79, 415-426 
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IV.  Conclusions 

In summary, we have applied CLSM to study the adsorption competition and 

microstructure of interfacial layers at the AWI formed by protein/F-127 mixtures. It was 

shown that F-127 leads to a lateral phase separation in the interfacial layer then competes 

protein off the interface. The semi-quantitative CLSM method described here could 

potentially be used to determine an effective F-127 dose in the prevention of gas 

embolism. Phase separation of the interfacial layer into protein-rich domains and 

surfactant-rich domains was observed, in which mobility of protein molecules differed 

substantially. Utilizing the high temporal resolution of confocal microscopy, we observed 

and analyzed morphological changes of the protein islands at the AWI, showing that 

micron-sized protein islands formed at the AWI and coalesced with each other over time. 

This is the first report of phase separation and dynamic morphological change of 

protein/surfactant interfacial layers observed in situ at sub-micrometer resolution. These 

findings illustrate new mechanisms of protein/surfactant interactions at the AWI in 

addition to the orogenic model.  
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Chapter 4 Measuring interactions between 

polydimethylsiloxane and serum proteins at the 

air-water interface 

I.  Introduction 

The study of polymer-protein interactions at interfaces informs the ever-increasing 

application of synthetic polymers in biotechnical environments. Polydimethylsiloxane 

(PDMS) is widely used in lubricants due to its distinctive viscoelasticity, optical clarity, 

and low water-solubility. These properties also favor PDMS in creating microfluidic 

devices for demanding biotechnological and industrial applications.
1
 PDMS elastomer 

has been widely applied in fabricating microfluidics for cell culture systems in drug 

discovery. Related silicone materials find increasing use in medical applications as 

bioengineered fluids, implant materials and drug delivery vehicles. Silicone oil (SO), 

which is often composed of linear PDMS, has been employed as a temporary vitreous 

substitute in retinal detachment.
2
 However, it was discovered recently that contact with 

silicone materials inhibited human corneal endothelial cell and mouse mammary 

fibroblast proliferation,
3,4

 thus raising concerns about biocompatibility. Moreover, SO 

was found to induce aggregation of proteins in aqueous solution.
11

 This focuses attention 

on SO used in pharmaceutical devices such as preloaded syringes for insulin or antibody 

drugs.
5-7
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Despite the prevalence of PDMS in biomedical applications, there are few studies that 

explore the interaction between PDMS and biopolymers from a physical-chemical 

perspective. The interaction between PDMS and proteins in deposited films consisting of 

the two components has been studied, but limited structural information could be 

extracted.
8,9

 Besides deposited thin films on solid substrates, another approach is to use 

Langmuir monolayers to investigate thin-film structures at the air-water interface (AWI). 

Bernardini et al. applied this approach coupled with Brewster Angle Microscopy (BAM) 

to investigate the mixed film of PDMS and polymethylmethacrylate (PMMA) at the AWI 

and found that at low percentage, PMMA served as a contrast enhancer and highlighted 

the layering transition of PDMS.
10

 How these synthetic polymers interact with protein, 

however, has not been studied. Here, we investigated the interaction of serum proteins 

with PDMS at the AWI. 

Thin film structures of PDMS and IgG were formed at the AWI in order to elucidate 

the interaction between these two components. Using the Langmuir monolayer approach, 

we could control the amount of PDMS spread at the AWI and the amount of protein 

injected into the subphase. IgG was chosen as the model protein for the reason that it is 

the most abundant antibody isotype in human serum, while human serum albumin (HSA) 

was also used to confirm that the effect of PDMS was not specific to IgG.
11

 To track the 

distribution of proteins in the interfacial film with optical microscopy, IgG was labeled 

with Texas Red. Combining surface pressure measurements, in situ fluorescence imaging 

and topographical studies of Pt-C replica of the films transferred onto a glass surface by 

scanning electron microscopy (SEM) and atomic force microscopy (AFM), the structures 
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of PDMS and mixed PDMS + protein films were investigated. Based on our findings, we 

propose a mechanistic interaction model. 

II.  Material and experimental methods 

a.  Reagents  

PDMS was purchased from Fisher Chemical (Cat# S159-500). The number average 

molecular weight (Mn) of PDMS sample was determined by gel permeation 

chromatography (GPC) to be 6800 g/mol, with polydispersity index (PDI) of 1.6, using 

PMMA as standard, and tetrahydrofuran as solvent. Stock solution of SO was prepared 

by adding 5.0 L of SO into 5.0 mL chloroform (Fisher Chemical Cat# C606-1). For 

fluorescence imaging, 0.2 mg/mL stock solution of BODIPY 493/503 (Life Technologies, 

Cat# D-3922) was added into PDMS solution to make a final concentration of 3.8 M 

BODIPY in PDMS chloroform solution. In the case where Sulforhodamine 101 (Life 

Technologies, Cat# S359) was used, the final concentration of Sulforhodamine 101 was 

4.9 M in SO stock solution.  

IgG and HSA (Sigma-Aldrich, Cat# I4506, A3782, respectively) were labeled with an 

amine-reactive fluorophore, Texas Red-X® succinimidyl ester (Life Technologies, Cat# 

T-20175). Texas Red-X® succinimidyl ester was first dissolved in dimethylformamide at 

the concentration of 10 mg/mL, and then a certain volume of the dye solution was slowly 

added into the aqueous protein solution at 10:1 dye-to-protein molar ratio while stirring. 

Protein solution was made by dissolving proteins (either IgG or HSA) at 2 mg/mL in 0.1 

M NaHCO3 buffer at pH 8.3. The vial was covered with aluminum foil and stirred 
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continuously for 2 h at rt. Unreacted dye was removed by running the reaction solution 

through an Econo-Pac 10DG column (Bio-Rad). The labeled proteins were eluted with 10 

mM phosphate buffer, pH = 7.4, and further concentrated and purified by 10 kDa cutoff 

molecular weight centrifugal filter units (Millipore) at 7 krpm for 30 min at 4 ºC and 

dialyzed by 10 kDa dialysis cassettes (Thermo Scientific) against 1 L of 10 mM 

phosphate buffer for 1 week at 4 ºC while the container was covered by aluminum foil. 

The final concentration of labeled protein was determined by Lowry assay
12

 (Thermo 

Scientific) using bovine serum albumin (Thermo Scientific, Cat# 23209) as the standard. 

Number of dyes per protein was determined by the absorbance at 280 nm and 595 nm by 

UV-Vis, using ε280 = 203,000 cm
-1

M
-1 

for IgG absorbance (or 36,000 cm
-1

M
-1 

for HSA 

absorbance) and ε595 = 80,000 cm
-1

M
-1

 for Texas Red absorbance according to the 

protocol provided by Life Technologies. The value was typically 0.6-2.1 depending on 

the loss of reactivity during the storage time of the dye solution. The labeled protein 

solution was aliquoted and stored at -20 ºC for further use. 

b.  MALDI-TOF Mass Spectrometry  

PDMS elastomers were cut into small pieces and swelled in toluene in glass vials 

overnight while stirring. The solvent was evaporated under vacuum to concentrate the 

extract.  Then 10 L chloroform was added into the tube to re-dissolve the extract. 

Dithranol was dissolved in chloroform at 0.25 M as the matrix, and silver trifluoroacetate 

dissolved at 1.25 M as the salt. The polymer/matrix/salt mixture was in volume ratio 

2/1/1, and 1 L of sample was applied onto MALDI plate and dried. MALDI-TOF MS 
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measurements were performed with a Bruker Daltonics Ultraflex III MALDI-TOF/TOF 

mass spectrometer, in a mass range from m/z 0-4,000. 

c.  Langmuir-Blodgett Trough Experiment  

The π-Csurf isotherm and titration experiment was performed with a MicroTroughXS 

system (Kibron Inc.). The metal trough was designed for fluorescence imaging; it has a 

quartz glass window in the center. Surface pressure was measured by the Du Noüy-

Padday technique
13

 using the DyneProbe provided by Kibron Inc., while the surface area 

was controlled by a pair of Teflon barriers. Before each measurement, the trough was 

wiped with chloroform, then washed with deionized water and ethanol sequentially. This 

procedure was repeated three times, and the surface pressure was calibrated with 

deionized water. The trough was then filled with buffer and π-Csurf isotherms of the 

buffer were measured before each measurement to ensure that the increase in π was 

smaller than 0.2 mN/m, which indicated that surface-active contaminants had been 

eliminated.  

d.  Fluorescence Imaging 

The fluorescence images were taken using an inverted fluorescence microscope (IX71, 

Olympus) with a long working distance objective (60× W/IR, NA 0.90, Olympus 

LUMPlanFL) equipped with an EM CCD camera (Hamamastu). DualView imaging 

system (DV2, Photometrics, Tucson, AZ) was mounted in front of the CCD camera to 

enable simultaneous dual-color imaging. The excitation source was a continuous 

wavelength mercury lamp. For Texas Red or Sulforhodamine fluorescence, an excitation 
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filter (540-580 nm) and emission filter (593-668 nm) were selected. For BODIPY, the 

excitation filter (450-490 nm) and emission filter (500-550 nm) were chosen. 

e.  Fluorimetry 

Steady-state fluorescence data were collected on a Varian Cary Eclipse fluorescence 

spectrometer. IgG-TR was dissolved in 10 mM phosphate buffer at 100 μg/mL, and 

diluted to concentrations ranging from 0.1-10 μg/mL in Eppendorf tubes. The solutions 

were frozen in liquid nitrogen and lyophilized under vacuum. 1.0 mL of silicone oil (pure 

linear polydimethylsiloxane in liquid state) was added to each tube to re-dissolve the 

protein. Solutions were sonicated to ensure protein was completely dissolved. The 

fluorescence intensity was measured using a 0.9 mL quartz cell (Starna Cells) at 

excitation wavelength 550 nm (excitation slit 5 nm) and collected at 580-700 nm range 

(emission slit 5 nm) at 20 °C, PMT voltage = 1000 V.  

f.  π-Csurf Isotherm Measurement 

15.0 mL of 10 mM phosphate buffer at pH = 7.4 was used for the π-Csurf isotherm 

measurement. The surface area of buffer was first compressed to 7000 mm
2
, then 4.3 L 

of 0.96 mg/mL PDMS dissolved in chloroform was spread carefully at the air-buffer 

interface. After waiting 20 min for chloroform to evaporate, the barriers were relaxed to 

the full trough area, and then compressed while the π-Csurf isotherm of the PDMS was 

recorded. For PDMS + IgG-TR systems, 250-1000 L of 0.020 mg/mL IgG-TR aqueous 

solution was injected into the subphase behind the barriers at 20 min after the PDMS 

chloroform solution was spread at the interface. Then the barriers were relaxed to full 
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trough area and the system was allowed to sit for 1 h for the protein to adsorb to the 

interface. All π-Csurf isotherms were measured by compressing the barriers at 10 mm/min.  

g.  Titration Experiment 

Same buffer as the isotherm measurement was used for the titration measurement. 0.5-

10 L of 0.96 mg/mL PDMS in chloroform solution was spread at the interface and 

solvent was allowed to evaporate for 20 min, then the surface area was compressed to 

3000 mm
2
. IgG-TR in phosphate solution (250 L, 0.02 mg/mL) was injected into the 

subphase every hour until the final concentration of protein in the solution reached 1.3 

μg/mL after 4 injections. Fluorescence images were collected every 1 h after the protein 

injection.  

h.  Film Transfer onto Cover Glass 

Cleaned cover glass (Fisher Scientific, Cat# 12-545-80) was used for film transfer. 

Cover glasses were sonicated for 10 min in acetone and ethanol sequentially and rinsed 

with ample deionized water. Then the cover glass was blown dry with compressed air. 

The sample film was first prepared at the AWI through the methods mentioned above, 

and then transferred onto the cover glass through the Langmuir-Schaefer method by 

approaching the AWI from the air phase and touching the interface for 5 s then pulling up 

slowly. Excessive solution on the glass was removed by a piece of Kimwipe paper gently 

touching the side of the cover glass and then the sample film on the cover glass was left 

to dry in the air covered by a petri dish. The transferred film was imaged under the 

fluorescence microscope to check transfer quality before further characterization.  
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i.  Pt-C Replication and SEM Imaging  

The Pt-C replication was done following a standard procedure detailed in the 

literature.
14

 A 2.9 nm thick Pt film was deposited and then backed by 9.0 nm thick C film 

at 45
o
 angle deposition with the specimen stage rotating in a vacuum evaporator. The 

replica was released from the cover glass by floating the cover glass on 10% HF acid, 

which dissolves the glass after 2-3 h. Then the replica was washed by floating on highly 

diluted (10
-6

 by volume) household soap solution for 5 sec, on bleach solution (also 10
-6

 

by volume) for 30 min and on water sequentially and finally mounted on clean 1 by 1 cm 

prime grade silicon wafer (Silicone Quest International Cat# 808-007). The purpose of 

soap solution was to reduce the surface tension difference between HF and water to 

prevent the breakage of the replicas, and the bleach served to further dissolve organic 

materials including PDMS and protein.
15

 Scanning electron microscope (SEM) images 

were taken with a Quanta 600 FEG Mark II system at 15 kV accelerating voltage. 

j.  AFM Imaging  

Pt-C replicas of PDMS and PDMS + IgG-TR films were also measured by atomic force 

microscope (Dimension 3100, Veeco/Bruker) in tapping mode with aluminium reflex 

coating cantilevers (Budget Sensors, Cat# Multi75AI). The AFM cantilever had a 

resonant frequency at 75 kHz and a force constant of 3 N/m. Height profiles were 

analyzed using WSxM 5.0 software,
16

 and 3D AFM images were constructed using 

Gwyddion software.
17
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III.  Results and Discussion 

a.  Leaching of PDMS oligomers at acidic conditions 

In Chapter 2, we used PDMS elastomer to create a chamber with a flat air-water 

interface for optical imaging of fluorescently labeled proteins.
18

 Lateral heterogeneity 

was described at the AWI that occurred in aqueous protein solution (Cprotein = 10
1
-10

2
 

μg/mL) at neutral pH and on timescales of minutes to a few hours. Later, we discovered 

that under acidic conditions (pH = 5.0) and reduced protein concentration (Cprotein = 10
-1

-

10
0
 μg/mL), unusual circular domains formed at the AWI in 1 h with dye labeled HSA or 

IgG (Figure 4.1). At neutral pH, the circular domains formed more slowly, only 

appearing after overnight incubation. Such phenomena, not observed at 1 h in the 

solution free of contact with PDMS, but seen reproducibly in the PDMS chamber at pH = 

5.0, led us to hypothesize that the circular domains were initiated by oligomers leaching 

from PDMS elastomer into aqueous solution, with potential for protein interaction at the 

AWI. MALDI-TOF mass spectrometric analysis of toluene-extracted residues from the 

PDMS chamber confirmed the presence of oligomers, as shown in Figure 4.2. PDMS was 

identified with △ m/z of 74 between neighboring peaks indicating the repeating 

(CH3)2OSi unit. Although PDMS degradation is generally considered to be a slow 

process, it is known to be affected by UV irradiation, pH, and temperature.
19

 Acidic 

conditions could catalyze hydrolysis of linear high-molecular-weight PDMS,
20

 thus 

releasing oligomers into solution that subsequently adsorb at the AWI and compete with 

surface-active proteins. This effect is negligible in the chamber setup described in 

Chapter 2 and 3 since leaching at the neutral pH used in previous studies was very slow, 
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and the time frame during which we characterized these interfacial layers was kept within 

1 h. However, in the applications where continuous use of PDMS is common and low 

concentration of proteins in the μg/mL range is desired such as in ultrasensitive 

immunosensing, the interaction between PDMS and proteins at the interface could have a 

profound effect. To investigate this phenomenon in greater detail, we explored PDMS-

protein interactions at the AWI under well controlled conditions. 
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Figure 4.1 Domains observed at the air-water interface with dye-labeled serum proteins. 

(A) HSA-TR at 2.0 g/mL and (B) Immunoglobulin G labeled with Texas Red (IgG-TR) at 1.0 g/mL in 

10 mM acetic acid/sodium acetate buffer (pH = 5.0), 1h after addition of protein sample. Scale bar: 20 m. 
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Figure 4.2 MALDI-TOF mass spectrum of extracted residues from PDMS elastomer by toluene. 

△m/z of 74 between neighboring peaks indicates the repeating (CH3)2OSi unit.  
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b.  Surface Pressure-Surface Concentration Isotherms of PDMS and IgG-TR in 

Langmuir Trough.  

Surface pressure (π)‒surface concentration (Csurf) isotherm measurements were 

performed on PDMS and PDMS + IgG mixtures. The π-Csurf isotherm of PDMS is shown 

in Figure 4.3 A. Two marked increases in surface pressure were observed in the PDMS 

sample, similar to previously published results.
21-23

 Two transition surface concentrations, 

determined from the local maximum of the first derivative of π with respect to Csurf, are 

identified as C1 and C2. The π-Csurf isotherm of PDMS was divided into four regions, and 

corresponding conformational models of PDMS chains have been proposed in the 

literature,
23,24

 as summarized briefly here: In region I, Csurf was low and polymer chains 

were well spaced. In region II, as Csurf increased, the chains compacted and likely came in 

contact. The highly flexible Si-O chain allowed the polymer to adopt more ordered 

conformations with the more hydrophilic oxygen atoms immersed in the subphase and 

hydrophobic silicone-methyl groups sticking into the air. While most researchers agree 

on the chain conformation model of regions I and II, more controversy surrounds regions 

III and IV. Earlier studies using reflected infrared spectroscopy proposed the helix model: 

upon further compression from region III to IV, the helices slide onto each other, forming 

“standing helices”, which leads to the second increase in surface pressure.
23,25

 The helical 

structures of PDMS chains in regions III and IV are analogues of the structures found by 

X-ray diffraction and NMR of PDMS crystals.
26,27

 On the other hand, Lee et al. found 

that the ellipticity of the PDMS film at the AWI changed abruptly from region III to 

region IV, not exhibiting a continuous transition as suggested by the helix model. Instead, 

the abrupt increase in ellipticity was proposed to indicate the formation of a multilayer 
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structure.
28

 This alternative model of chain conformation was further strengthened by 

Kim et al., who found that the vibrational sum frequency intensity in region IV was not 

diminished as would be expected for standing helices. Thus, they identified the Si-O 

chain conformation in regions III and IV as a horizontal folding model on top of the 

monolayer.
24

 Depending on whether the chain adopts helical structure or horizontal 

folding, C2 resembles the transition of chain conformation from helices to standing 

helices or from single-folded layer to folded multilayer.  

Using C1 and C2 as the measurement of conformational transition, we studied how the 

two values changed with addition of protein. Figure 4.3 B shows the π-Csurf isotherms of 

PDMS with IgG-TR added to the subphase. PDMS was first spread at the air-buffer 

interface at 0.4 mg/m
2
, where surface pressure remained 0 mN/m. Protein was then 

injected into the subphase and the trough was left to equilibrate for 1 h. The small 

increase of π after 1 h indicated by the arrow in Figure 4.3 B showed that the proteins 

adsorbed to the interface and resulted in a mixture of proteins and PDMS at the 

interfacial layer. The interfacial layer was then compressed at 10 mm/min, while surface 

pressure was recorded. Three parallel experiments were averaged to give each trace 

shown. Comparing π vs. [IgG-TR] in four different regions in Figure 4.3 C, increasing 

concentration of IgG-TR in the subphase led to pronounced increase of π in regions II 

and IV, and moderate increase in region I. In contrast, the surface pressure in region III 

experienced minimal change over the range of IgG-TR concentrations studied. 

Furthermore, we extracted the Csurf of SO (C1 and C2), as well as the surface pressure at 

these transition points to evaluate the effect of IgG-TR on the phase transition of SO. 



112 

 

Increasing subphase concentration of IgG-TR shifted C1 and C2 to smaller values (Figure 

4.3 D). The trend in decreasing C1 and C2 values indicated that IgG-TR in the interfacial 

layer likely reduced the available area for PDMS, and thus decreased the amount of 

PDMS at the interface that was necessary to undergo conformational transitions. 
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Figure 4.3 π-Csurf isotherms of PDMS and PDMS + IgG-TR. 

(A) π-Csurf isotherm of SO. The isotherm shown is the average of four trials. Vertical dashed lines divide 

the curve into four regions, I-IV, corresponding to different proposed conformations.
24

 Insert shows the 

first derivative of the isotherm, where C1 and C2 correspond to the local maxima in regions II and IV. (B) 

Surface pressure of PDMS (spread at the air-water interface) + IgG-TR (injected into subphase) systems. 

Each trace of PDMS + IgG-TR is the average of three trials. (C) Surface pressure at fixed surface 

concentration of SO in regions I-IV changed by subphase concentration of IgG-TR. The surface 

concentrations of PDMS corresponding to each line are Region I: 0.50 mg/m
2
, region II: 0.67 mg/m

2
, 

region III: 1.0 mg/m
2
, region IV: 2.3 mg/m

2
. (D) Transition surface concentration of PDMS changed by 

subphase concentration of IgG-TR.  
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c.  Circular Domains under Fluorescence Microscopy in Langmuir Monolayer.  

In parallel with the isotherm study, we applied fluorescence microscopy coupled to the 

Langmuir trough to study phase changes at the AWI. Circular domains with micrometer 

diameters were found in region IV during compression, as shown in Figure 4.4 A. The 

same phenomenon was also observed in the PDMS + HSA-TR system. The total 

interface fluorescence intensity (Iinter) shown in Figure 4.4 B was determined from the 

average intensity of each pixel (Iavg) times the total surface area (Area) of the film during 

the compression. Three images of randomly selected area at the AWI were analyzed to 

determine Iavg, while the total surface area was recorded by the trough system. The four 

regions defined by the surface pressure were indicated by dashed lines. The average 

intensity curve remained flat in regions I-III, and then jumped significantly in region IV, 

a four-fold increase. As the quantum yield of fluorophores is often solvent dependent, we 

measured the fluorescence intensity vs. the concentration of IgG-TR dissolved in SO to 

see how the change in Iinter would correlate to the amount of IgG-TR in the interfacial 

layer, which is composed mostly of SO. We found that the quantum yield decreased after 

the concentration of dye-labeled protein reached ~5 g/mL (Figure 4.5). Because IgG-TR 

at the interface was in a layer of PDMS film, the solvent environment was comparable to 

the dye-labeled protein in SO. Thus, the quantity of protein at the interface in region IV 

exceeded that in regions I-III by at least four-fold, considering the fluorescence 

quenching effect at higher concentrations. The large error bars shown in Figure 4.4 B 

reflect significant sample heterogeneity at the AWI in region IV.  
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Combining the π-Csurf isotherm with fluorescence imaging provided information about 

PDMS-protein interactions at the AWI. IgG-TR partitioned into the interfacial layer in 

region I, occupying available surface area between loosely packed silicone chains. The 

moderate increase of surface pressure in region I could be explained by minimal contact 

between PDMS chain and protein. In region II, proteins and PDMS came into closer 

contact with each other, thus competing for the available surface area. Because Si-O 

chains are highly flexible and able to reorient themselves to occupy the surface area, they 

likely pushed proteins into the sub-layer and formed a PDMS monolayer at the interface 

in region III. This was demonstrated by the finding that surface pressures of PDMS + 

IgG-TR mixtures were close to that of the pure PDMS film in region III (Figure 4.3 C). 

The protein likely remained in the sub-layer close to the interface, as the total 

fluorescence intensity from IgG-TR remained essentially constant throughout regions I-

III. The increase of surface pressure and fluorescence intensity in region IV indicated that 

upon further compression, a change in silicone chain conformation promoted the 

localization and interaction of proteins at the interface, especially at the circular domains. 
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Figure 4.4 Fluorescence microscopy study of PDMS + IgG-TR film at the air-water interface 

during compression. 

(A) Epi-fluorescence image of the film from Texas Red channel in region IV. (B) Change of fluorescence 

intensity of IgG-TR at the interface with compression of PDMS + IgG-TR (0.33 μg/mL) film.  Scale bar: 

20 m. 
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Figure 4.5 Fluorescence intensity of IgG-TR at different concentrations in phosphate buffer and in 

silicone oil. 

Phosphate buffer: 10 mM phosphate (pH = 7.4). Stead state fluorescence was measured at excitation 

wavelength 550 nm (excitation slit 5 nm) and collected at 580-700 nm range (emission slit 5 nm) at 20 °C, 

PMT voltage = 1000 V. 
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d.  Titration of IgG-TR into the Subphase.  

To test the hypothesis that the circular domains identified by fluorescence imaging in 

PDMS + IgG-TR mixtures in region IV were induced by the PDMS film as a template 

and then labeled by preferential adsorption of protein, we carried out a titration 

experiment, where PDMS was first spread at the interface at Csurf = 3.2 mg/m
2
; π 

increased to 9.0 mN/m. Then IgG-TR was injected into the subphase, and later adsorbed 

onto the PDMS film. We selected free BODIPY, which was known to preferentially 

stains hydrophobic moieties,
29,30

 to trace the distribution of SO at the AWI. Indeed, in 

region IV, the circular domains were observed with BODIPY in the film (Figure 4.6 A). 

Similar domain structure of PDMS (Mw = 10,000 g/mol) film on water was reported by 

Mann et. al using Brewster Angle Microscopy.
31

 The domains should correspond to 

locations with standing helices or multilayers. After injection of IgG-TR into the 

subphase to the concentration of 0.33-0.67 μg/mL, proteins preferentially localized to the 

circular domains at the interface (Figure 4.6 B). Zoomed-in images showed heterogeneity 

in IgG-TR fluorescence within some of the domains. However, the overlay of BODIPY 

and IgG-TR images showed that IgG-TR tends to localize at the outer edge of SO circular 

domains (Figure 4.6 C-E). With further increase in the amount of IgG-TR injected into 

the subphase, the domain features disappeared and the interface became more 

homogenous and dominated by TR fluorescence (Figure 4.7).  

We hypothesize that preferential adsorption of IgG-TR to the circular domains was due 

to the greater hydrophobicity of the domains in this region. It is known that proteins 

preferentially adsorb to more hydrophobic surfaces.
32

 On films made of polymer blends, 
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proteins such as concanavalin A  have been observed to adsorb preferentially to the most 

hydrophobic regions.
33

 For PDMS films in region IV, where the circular domains likely 

consist of highly compacted polymer chains, increased hydrophobicity in the domain 

should favor protein adsorption. Although BODIPY used here provided contrast between 

domain regions and peripheral regions, a recent study showed BODIPY could undergo 

photo-conversion upon irradiation and change affinity from liquid-ordered phase to 

liquid-disordered phase,
34

 thus confusing the the interpretation of our results. A more 

hydrophilic dye, Sulforhodamine 101, was also used to trace the distribution of polymers 

at the AWI, which was similarly excluded from the circular domains in PDMS films in 

region IV (Figure 4.8), indicating that the domain region was more hydrophobic. This 

likely resulted from the high density of polymer chains in the domain. 

 

 



120 

 

 

Figure 4.6 Fluorescence microscopy study of PDMS-only film and PDMS + IgG-TR film at the air-

water interface. 

(A) PDMS in region IV: Csurf(PDMS) = 3.2 mg/m
2
, π = 8.9 mN/m. (B) with IgG-TR injected into subphase 

underneath PDMS film: Csurf(PDMS) = 3.2 mg/m
2
, [IgG-TR] = 0.33 μg/mL, π = 9.0 mN/m. (C-E) Zoomed-

in micrograph of domains with BODIPY, TR and images overlaid. Scale bar: 20 m. 
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Figure 4.7 Titration of IgG-TR into the subphase underneath PDMS layer at the A/W interface. 

Fluorescence microscopy images of two areas of the interfacial layer of (A-B) PDMS + 0.33 g/mL IgG-

TR in subphase, (C-D) PDMS + 1.3 g/mL IgG-TR in subphase. Csurf(PDMS) = 2.6 mg/m
2
. Buffer: 10 mM 

phosphate, pH = 7.4. Scale bar: 20 m. 
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Figure 4.8 Fluorescence microscopy images of PDMS film (region IV) stained with BODIPY or 

Rhodamine 101. 

(A) PDMS stained with BODIPY (B) PDMS stained with Rhodamine 101. Scale bar: 20 m. 
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e.  Characterization of the Micro-structure of Region IV Domains.  

To characterize the micro-structures of domains observed in region IV, PDMS and 

PDMS + IgG-TR films formed at the AWI were transferred to solid substrate and 

replicated with a thin platinum-carbon (Pt-C) layer for SEM imaging. The PDMS or 

PDMS + IgG-TR films were transferred to glass coverslips through Langmuir-Schaefer 

approach and air-dried. The transferred samples were first imaged by fluorescence 

microscopy to confirm the transfer efficiency of the film for both samples (Figure 4.9 A-

B). The fluorescence images showed moderate shape distortion after the transfer step, and 

domains were often observed at higher density close to the edges of the cover glass than 

in the center. Nevertheless, most features of the film were preserved on the glass 

substrate. Following transfer, the samples were coated with a 2.9 nm platinum film and 

backed with a 9.0 nm thick carbon continuous film at 45
o
 angle deposition with the 

specimen stage rotating. After replication, the Pt-C replica was gently separated from the 

cover glass and transferred to a clean silicon wafer surface for SEM imaging. The Pt-C 

replication for electron micrograph method has been established and applied to study 

polymer films, protein films and cellular components such as actin filaments in 

cytoskeleton.
35,36

 This method is most suitable for specimens with non-periodic features, 

thus it served well in our system where the domains were scattered on the films. Figure 

4.9 C and D show the SEM images of domains in the Pt-C replica of PDMS and PDMS + 

IgG-TR films, respectively. 

 Moreover, the Pt-C replica facilitated AFM imaging as we attempted to measure the 

height of the domains. Direct measurement of the domains in PDMS or PDMS + IgG-TR 
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film on cover glass proved challenging due to the low density of domains and the high 

flexibility of Si-O chains. Using low magnification SEM images of the Pt-C replica as a 

reference map, we were able to locate the domains more reliably under the optical 

channel of the AFM probe. The AFM height images of the replica of PDMS and PDMS + 

IgG-TR films are shown in Figure 4.10. Compared to PDMS, PDMS + IgG-TR samples 

showed increased roughness, presumably due to protein adsorption on the polymer film. 

Figure 4.10 E summarizes multiple domain heights measured by AFM in Pt-C replica in 

a histogram. The height measured is the height difference between the domain and the 

peripheral area, as the Pt-C forms a continuous conductive layer on the PDMS, with or 

without IgG-TR film. In Figure 4.10 E, the domain height for the case of PDMS + IgG-

TR showed a much larger variance than that of the PDMS film, which is likely due to 

differing amounts of protein partitioning in the domains. The population of <20 nm 

domains in PDMS + IgG-TR was significantly larger than observed in PDMS film, likely 

due to one or two layers of IgG-TR. The emergence of >75 nm domains was also 

apparent in the PDMS + IgG-TR samples, which indicated further aggregation of IgG-TR. 

Nevertheless, even in the replica of PDMS-only film, the domain height difference 

indicated multi-layer polymer chains inside the domain comparing to the thickness of 

PDMS monolayer which is ~0.7 nm.
21,28

 No previous reports have shown the domain 

height compared to the peripheral area of PDMS film in region IV to our knowledge. 

Using ellipsometry and neutron reflectivity, Mann et. al reported the overall film 

thickness of PDMS to be ~1.4 nm.
21,31

 We also estimated the average thickness of PDMS 

film from our data, by combining the AFM height measurement and fluorescence 

microscopy results. The average domain height difference was 36 + 10 nm. By 
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quantifying the area percentage of domains in fluorescence images of PDMS films 

formed at the AWI, we found the domain area accounted for 6 + 2 % of the total surface 

area at Csurf(PDMS) = 3.2 mg/m
2
. This produced an overall film thickness of 2.8 nm, 

which is twice the thickness measured by neutron reflectivity.
28

 The largest source of 

error could be from the area percentage of domains quantified from fluorescence imaging 

as well as potential exaggeration of height differences by Pt-C coating. 

From the π-Csurf isotherm, fluorescence imaging, SEM and AFM imaging of Pt-C 

replica of transferred films, we propose the following mechanistic model of SO/IgG-TR 

interaction at the AWI: In region I, proteins adsorbed to the free surface area between 

randomly oriented silicone chains. The silicone chains started to adopt more ordered 

structure in region II, and proteins were less exposed to air, as they were squeezed out of 

the monolayer at the interface by ordering silicone chains. In region III, proteins stayed in 

the sub-layer beneath the film formed by silicone chains. In region IV, as heterogeneity in 

the film of standing helix structure or multilayer domains was increased by further 

compression, proteins preferentially adsorbed to circular PDMS domains that formed. 
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Figure 4.9 Characterization of transferred films on cover glass substrate. 

(A-B) Fluorescence microscopy images of (A) PDMS and (B) PDMS + IgG-TR film transferred on glass. 

(C-D) SEM images of Pt-C replica of (C) PDMS and (D) PDMS + IgG-TR transferred onto glass.  
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Figure 4.10 AFM height images and height analysis of Pt-C replicas. 

AFM images of (A-B) PDMS and (C-D) PDMS + IgG-TR C/Pt replicas. (E) Domain height histogram of 

PDMS and PDMS + IgG-TR Pt-C replicas. X-axis is the height of domains, and y-axis is the % of domains 

analyzed. 



128 

 

IV.  Conclusions 

In summary, we have characterized synthetic polymer-protein interactions in 

PDMS/IgG-TR and PDMS/HSA-TR films. This study sheds light on the complex 

interplay between PDMS and these proteins, and should apply broadly to other proteins 

and PDMS interactions in general. Our study indicates that IgG adsorption favored the 

condensed domain region in the PDMS film. By keeping the surface concentration of 

PDMS below the limit required to form domain structures in region IV (~1.6 mg/m
2
), it 

was possible to reduce significantly the amount of protein adsorbed at the interface, 

thereby reducing protein loss and denaturation at the interface. This work also provides a 

cautionary tale about the use of PDMS in biotechnology applications, particularly 

involving low concentrations of protein. The findings in this chapter does not contradict 

with the results in previous chapters, because the PDMS oligomers formed by leaching 

from the PDMS chamber was negligible at neutral pH and in 1h time frame. Nevertheless, 

PDMS can have a profound effect on protein surface behavior, and should be utilized 

with discretion in situations where interfacial phenomena dominate.  
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Chapter 5 Conclusions and future directions 

In this thesis, I have applied fluorescence microscopy in combination with tensiometry, 

AFM and several other methods to study the behavior of plasma proteins at the AWI. The 

main conclusions are summarized as following: 

 Protein films formed were laterally heterogeneous at the AWI. Heterogeneity in the 

micrometer scale was observed under fluorescence microscopy during adsorption 

or at concentrations below the critical bulk concentration required to cover the AWI.  

 The morphology of protein assembly at the AWI was affected by the solution 

conditions including ionic strength and redox potential of solution.   

 Partition coefficient measurement by CLSM was developed as a semi-quantitative 

method to estimate the surface concentration of proteins, and determine the 

concentration of surfactants, such as F-127, required to completely replace proteins 

at the AWI.   

 Pluronic F-127 caused phase separation and reduced the viscosity of proteins in the 

interfacial layer. Dynamics study showed that during the competition of protein and 

surfactant for the interfacial area, domains in the protein-rich phase tended to 

coalesce.   

 PDMS film spread at the AWI was shown to affect plasma protein adsorption at 

protein bulk concentrations in the μg/mL range. Protein adsorbed at the circular 

domain regions in the polymer film where PDMS chains were densely packed.   
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In future work, physical parameters controlling the assembled structures could be 

further investigated, and applications of these thin bio-films may be developed.  In the 

course of my thesis studies, progress was made on three additional projects, which are 

summarized below, and similarly represent areas for further investigation.  

I.  Two-dimensional domains formed by multivalent 

interaction between two proteins at the lipid-water interface 

The formation of liquid droplets in solution results from a phase transition driven by 

weak interactions between molecules. It has been discovered in recent years that some 

RNAs and proteins form liquid droplets in solution through multivalent interactions 

between binding partners.
1
 Many biopolymers possess repetitive complementary 

sequences that favor intermolecular interactions.
1
 These assemblies are often involved in 

important biological functions, such as the SRC Homology 3 (SH3) domains of protein 

Nck interacting with the proline rich motif (PRM) of protein N-WASP, which promotes 

the formation of actin filament in cells.
2
 It is possible to transform the 3-D droplets into 

2-D domains at the AWI to study the factors that control the assembly structure through 

direct measurement of the physical parameters such as line tension.
3,4

 However, the high 

solubility and the change of conformation of these proteins at the AWI have made it 

challenging to realize this idea directly.  

Meanwhile, a monolayer of lipid anchors such as biotinylated lipids or nickel-chelating 

lipids, could recruit proteins modified with streptavidin or histidines to the lipid-water 

interface and reduce protein denaturation.
5
 This strategy has been used to obtain 2-D 



136 

 

crystals of proteins that were otherwise hard to crystalize, such as RNA Polymerase II.
6
 

By mixing lipid anchors with non-interacting lipids in the monolayer, there is the 

potential to enrich the protein content at the interface without losing the dynamic 

characteristics of a fluid sublayer beneath the lipid monolayer.  

In our experiment, repeating PRM or SH3 sequences were linked in tandem to generate 

PRMn or SH3n (where n is the number of repeat units), thereby tuning the strength of the 

PRM-SH3 binding interaction. Both PRM and SH3 domains were designed with a 

cysteine and a His6-tag at the C-terminus. The cysteines were used for covalent labeling 

with fluorophores. PRM5 and SH35 were expressed in E. coli, isolated and purified by 

Chih-Jung Hsu and Wan-Ting Hsieh in the Baumgart laboratory. SH35 was labeled with 

Alexa594 (A594), and PRM5 was labeled with Alexa488 (A488). Details of these 

proteins can be found in Wan-Ting Hsieh’s thesis.
7
  

The lipids used were: 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl) 

iminodiacetic acid)succinyl] (nickel salt) (DGS-NTA(Ni)); lipophilic tracer DiD and 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC). The components of the lipid monolayer 

tested were 3-30% (molar percentage) DGS-NTA(Ni) + 0.2% DiD + DOPC. DGS-

NTA(Ni) is the lipid anchor that chelates with the His6-tags engineered in SH3 and PRM 

sequence. DiD was doped into the lipid to give fluorescence contrast to locate the 

interface prior to the introduction of proteins. DOPC is a charge neutral lipid that 

constitutes for the rest of the lipid components in the monolayer. The buffer for the 

subphase was 4 mM phosphate, with 138 mM NaCl, pH = 7.4.  
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The experimental setup was illustrated in Figure 5.1. The lipid monolayer was formed 

by spreading 10 nmol of lipid mixture in chloroform at the air-buffer interface. After 20 

min, when the solvent was evaporated, the monolayer was compressed to increase the 

surface pressure to 20 mN/m. PRM5 and SH35 were pre-mixed in solution at 

concentrations (< 1 μM) much lower than the bulk phase separation concentration (~10
1 

μM)
2
 and then injected into the subphase to a final concentration of 10-67 nM. Samples 

were left to equilibrate for 1 h to overnight.  

Domains were observed in fluorescence images of the interfacial layer as shown in 

Figure 5.2 A and B, with 3% DGS-NTA(Ni) in the lipid monolayer. Both the PRM5-

A488 and SH35-A594 fluorescence showed stronger intensity in domains, indicating a 

concentrated phase with both proteins. Control experiments using the same lipid 

monolayer but only SH35-A594 showed a homogeneous sublayer (Figure 5.2 C). In 

contrast, with only PRM5-A488, it showed small aggregates in the sublayer (Figure 5.2 

D), which was likely due to the self-association known for polypeptides with proline 

periodicity.
8
 Nevertheless, the domain structure in PRM5-A488 and SH35-A594 mixture 

was distinctly different from the aggregates formed in PRM5-A488-only system at the 

lipid-water interface. The self-association of PRMn could be reduced by decreasing the 

repeating unit n. Gene truncations have been carried out for PRMn, and the sublayer 

structure in trough still needs to be tested. It is also worth mentioning that at higher lipid 

anchor concentrations, a homogeneous layer was observed in both fluorescence channels 

for the SH35-A594 and PRM5-A488 mixture.  
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Moreover, the domain morphology was controlled by compressing and relaxing the 

barriers, and surface pressure was monitored simultaneously. The structure of domains 

changed between near-circular domains to fractals depending on the surface pressure of 

the film (Figure 5.3). The change of morphology was reversible which confirmed the 

phase separation was caused by reversible binding between SH35 and PRM5 through 

electrostatic interactions. 

Nevertheless, the interaction between SH35 and PRM5 was so strong that it greatly 

reduced the fluidity of the domains, thus the measurement of line tension was not feasible 

even at lower surface pressure (~20 mN/m). Also, challenges remained in expressing and 

purifying the proteins in large quantities for the trough experiment, while PRM’s 

propensity to self-associate made it difficult to calibrate the molar concentration precisely. 

In future work, efforts could be directed to reducing the repeating unit n of both proteins 

to decrease the intermolecular force between SH3n and PRMn. Besides, because the same 

system could be tested in a model vesicle system,
7
 which requires much less proteins, it 

makes sense to explore the phase diagram in vesicle system using properly calibrated 

protein and lipid conditions, and then use a Langmuir monolayer to test the physical 

parameters such as line tension and film viscosity.  
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Figure 5.1 A cartoon showing the side-view of the experimental setup with lipid monolayer and 

protein mixtures. 

The lipid mixture was spread at the AWI confined by a pair of barriers (indicated by the two squares), 

while the proteins (PRM5 and SH35) were first injected under the lipid monolayer, then recruited to the 

sublayer due to the chelating of NTA(Ni) and His6-tag. The surface area could be controlled by moving the 

barriers.   
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Figure 5.2 PRM5 and SH35 protein domains observed in Langmuir monolayer. 

(A) A594 fluorescence and (B) A488 fluorescence of the lipid-water interface of PRM5-A488 (C = 67 nM) 

+ SH35 –A594 (C = 67 nM) mixture. (C) SH35 –A594 only (C = 67 nM). (D) PRM5-A488 only (C = 67 

nM). Lipid monolayer content: 3% DGS-NTA(Ni) + 0.2% DiD + 96.8% DOPC. 
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Figure 5.3 Reversible change of domain morphology. 

Protein content: PRM5-A488 (C = 33 nM) + SH35 –A594 (C = 33 nM). Lipid monolayer content: 3% DGS-

NTA(Ni) + 0.2% DiD + 96.8% DOPC. Fluorescence images was collected in the A594 channel.  
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II.  Spectral imaging of molecular rotor PZnn in vesicles and 

cells
‡
 

Spectral imaging employed in this project is a fluorescence imaging technique that 

combines tunable optical filters and linear unmixing of spectral data, so that individual 

spectra of multiple fluorophores could be resolved. Instead of a single image slice in the 

XY plane, the data set of spectral imaging is a 3-D matrix with the third dimension being 

the wavelengths of fluorescence emission (Figure 5.4 A). Thus, comparing to the 

multicolor confocal images (Figure 5.4 B) where two or three emission filters were used 

and the intensity overlaid in one image, the unmixing of the image cube yields a stack of 

images that show different intensity distributions in each frame collected at different 

emission wavelengths over a broad range (Figure 5.4 C). Thus spectral imaging can 

better resolve spectral overlap and is more sensitive to spectral changes of fluorophores. 

Meanwhile, in recent years, researchers have used the emission change of organic 

fluorophores or quantum dots to monitor the mechanical force exerted on materials with 

high spatial and temporal resolution.
9,10

 These fluorescent reporters are very sensitive to 

environment, thus the local stress in the materials could be reflected in the emission 

change.
11

 Multi(porphyrin)-based near infrared fluorophores were previously 

incorporated in polymersomes to make self-assembled soft materials for in vivo 

imaging.
12

 The meso-to-meso ethyne-bridged (porphinato)zinc(II) oligomers (PZnn), are 

                                                 

‡
 Part of this section was adapted from Kamat, N. P.; Liao, Z. Z.; Moses, L. E.; Rawson, J.; Therien, M. J.; 

Dmochowski, I. J.; Hammer, D. A. Proceedings of the National Academy of Sciences of the United States 

of America 2011, 108, 13984. 
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a group of molecular rotors with excellent sensitivity to change in environment, which is 

due to the change of the torsional angle between the covalently connected porphyrin 

rings.
13

 As shown in Figure 5.5, the emission peaks of PZn2 and PZn3 shifted about 40 nm 

away from the peak in THF solution to the peak in polymersome membranes with 20% 

loading.   

Utilizing the spectral properties of PZnn, we applied spectral imaging to study the 

emission change of PZn2 during polymersome rupture. These polymersomes were found 

to be photoresponsive upon irradiation.
14

 The advantage of using spectral imaging is that 

local stress changes in the micro-scale could be detected, and monitored in realtime. 

Image cubes were collected with a hyperspectral CCD (CRi Nuance FX) camera coupled 

to an inverted fluorescence microscope (Olympus IX81). The imaging camera has an 

electronically tunable liquid crystal emission filter that allows collection of emission 

spectra in nanometer steps across a broad spectral range within seconds to minutes. The 

pixel resolution is 0.692 μm∕pixel. Samples were excited with a mercury lamp with an 

excitation band-pass filter (530–550 nm). PZn2 emission was collected by the camera 

from 660 to 720 nm with a 3-nm step size. Spectral unmixing was carried out using the 

real component analysis method included with the Nuance 2.10 software. Different 

spectral components in the same image cube were identified and reassigned pseudocolors 

to distinguish the environmental heterogeneity in the unmixed image.  

As shown in Figure 5.6, localized disruption in photoactive polymersomes led to 

increased membrane fluidity in a region of the membrane. In Figure 5.6 A, even before 

the rupture of the polymersome, blue shift at the lower right of the vesicle was detected, 
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highlighted by the green and yellow coloration of the membrane-localized emission. 

Membrane rupture subsequently occurred in this region (Figure 5.6 B), and the emission 

spectra blue-shifted throughout the polymersome membrane, indicating a released tension 

after the membrane rupture. This encouraged us to explore further the correlation 

between membrane tension and emission shift of PZn2 in vesicle membranes using 

micropipette aspiration. In Figure 5.7, increasing the tension in the polymersome 

mebrane caused the emission sprectra of PZn2 to blue shift. The membrane tension could 

be converted from the membrane area change, and a linear correlation was established 

between the menbrane tension and the intensity ratio of PZn2 at two wavelengths 

representing the planar and twisted conformation of PZn2.
15

    

Similar spectral properties of PZnn should apply to nano-vesicles loaded with 

multi(porphyrin)-based near infrared fluorophores, which could be utilized to detect the 

drug releasing efficiency of these nano-vesicles. In the future, the application of PZnn as a 

stress (or viscosity) sensor could be further expanded to other polymeric materials and 

biological systems. For example, PZnn could be loaded into elastomers in order to detect 

the viscosity change and defect formation during the curing process. Also, we have done 

some preliminary cell studies to show that PZn2 dissolved in DMSO and subsequently 

mixed with cell media could be readily taken up by macrophages without obvious 

toxicity (Figure 5.8). However, since the endocytosis is the dominant uptake method in 

macrophages, the interpretation of the spectral information was complicated as it 

reflected the environment of the endocytotic vesicles instead of cytosol. Other cell lines 
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could be tested in the future and modifications of the PZnn chemical structure could be 

made to help PZnn readily pass through the cell membrane.  
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Figure 5.4 Principals of spectral imaging. 

(A) Spectral image data set as an image cube. (B) A multicolor confocal image and (C) a lambda stack of 

unmixed images from an image cube of fixed cells stained with multiple synthetic dyes. 

This figure is adapted from Carl Zeiss AG 

http://zeiss-campus.magnet.fsu.edu/articles/spectralimaging/introduction.html 

 

 

 

 

 

 

 

 

 

http://zeiss-campus.magnet.fsu.edu/articles/spectralimaging/introduction.html
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Figure 5.5 Porphyrin-based fluorophore emission showed spectral shift in different environment. 

(A) Structures of PZn2 and PZn3. Arrows indicate the rotation of porphyrin rings. (B) PZn2 exhibits an 

emission peak at 699 nm (blue) in THF; and this emission peak is dependent upon its concentration in the 

polymersome membrane, and ranges up to 735 nm (red) in 3800 Mr PEO-b-PBD polymer membranes at 20 

mol% loading. (C) PZn3 exhibits an emission peak at 787 nm (blue) in THF; this emission peak shifts 

bathochromically with increasing concentration in the polymersome membrane and ranges up to 825 nm 

(red) in PEO-b-PBD polymer membranes at 20 mol % loading. 
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Figure 5.6 Unmixed spectra (upper row) and overlay of pseudo-color images (lower row) of a 

vesicle before and after photo-activated rupture. 

(a) Spectral change in the vesicle upon photo-activation. (b) Ruptured vesicle after extended light exposure. 

Irradiation time is 5 minutes. 
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Figure 5.7 Emission spectra of PZn2 identified by spectral imaging during micropipette aspiration. 

From A to C, the tension in the polymersome membrane was (A) 0.8 dyne∕cm (B) 1.7 dyne∕cm (C) 4.7 

dyne∕cm. Scale bar: 30 μm. 
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Figure 5.8 Uptake of PZn2 by macrophage. 

(A) Overlay of CLSM image of PZn2 fluorescence and DIC image. (B) Zoom-in image of a single cell 

showing that PZn2 was contained in endocytotic vesicles.  
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III.  Imaging fluorescent anesthetics 1-aminoanthracene and 

photoactive analogue 1-azidoanthracene in vitro and in vivo
§
 

Previously, our group identified a fluorescent molecule, 1-aminoanthracene (1-AMA) 

to be a general anesthetic. It was shown to immobilize reversibly tadpoles, potentiate 

GABAergic transmission, and localize to neuronal tissue.
16

 Dr. Xinjing Tang from our 

group found that the emission of 1-AMA shifts to longer wavelength in more polar 

solvents (unpublished data). Utilizing the emission shift of 1-AMA in different 

environment, we applied spectral imaging to study the distribution of 1-AMA in neuronal 

cells as shown in Figure 5.9. Culture media of mouse neural progenitor cells was pipetted 

out and replaced by PBS buffer saturated with 1-AMA (~33 μm), then imaged 

immediately. As shown in Figure 5.9 A, 1-AMA showed stronger intensity in the cells 

than in the buffer. After unmixing, the emission peak of 1-AMA was at ~550 nm in 

cytosol compared to ~490 nm in PBS buffer (Figure 5.9 B and C). We also observed a 

few bright spots with emission peak at ~520 nm in the cells, which were likely from 1-

AMA in the mitochondria. This distinct feature may have a strong potential in probing 

the biosystems involved in signal transduction and metabolism.   

 To identify the molecular targets and binding sites, Dr. Olena Taratula from our group 

synthesized the photoactive analog 1-azidoanthracene (1-AZA), which generates a 

reactive nitrene upon UV photolysis and crosslinks with the protein targets (Figure 5.10 

                                                 

§
 Part of this section was adapted from: Emerson, D. J.; Weiser, B. P.; Psonis, J.; Liao, Z.; Taratula, O.; 

Fiamengo, A.; Wang, X.; Sugasawa, K.; Smith, A. B., 3rd; Eckenhoff, R. G.; Dmochowski, I. J.: Direct 

modulation of microtubule stability contributes to anthracene general anesthesia. J Am Chem Soc 2013, 135, 

5389-98. 
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A). We tested the photolysis of 1-AZA in vitro as shown in Figure 5.10 B. 30 μL of 1 

mg/mL 1-AZA ethanol solution was mixed with 3.0 mL of 1.0 mg/mL horse spleen apo 

ferritin (HSAF) Tris-HCl buffer solution (20 mM, pH = 7.4). The solution was covered 

under aluminum foil and incubated at 4 °C for 1 h. Then the emission spectrum of 1-AZA 

was taken by before, during and after photo-activation using a near-UV transilluminator 

(9 mW/cm
2
 at 365 nm, distance 1 cm).  The emission spectra of 1-AZA are shown in 

Figure 5.10 B. Under these experimental conditions, 1-AZA was completely photo-

converted after 15 s of irradiation, and the fluorescence intensity at 520 nm increased 

about 3-fold after photolysis. After purification of the photolysis product by desalting 

column, the protein still showed an emission peak at 480-520 nm (Figure 5.10 C), 

indicating that covalent cross-linking or strong binding was achieved.  

Moreover, we established that 1-AZA upon photolysis could immobilize tadpoles as 

shown in Figure 5.11. The detailed experimental steps were included in Appendix II. 1-

AZA can only immobilize tadpoles after UV irradiation. It took the tadpoles longer time 

to regain mobility compared to 1-AMA. This effect was consistent with the phenomenon 

observed with a photoactive analogue of propofol.
17

 However, it was also found in the 

immobilization experiment that photolyzed 1-AZA was toxic to tadpoles, and ~50% of 

tadpoles in our test did not regain mobility. The dead tadpoles were not included in the 

immobilization results.    

Nevertheless, 1-AZA is a photoactive anesthetic analogue that has potential use for in 

vivo imaging to elucidate anesthetic mechanisms. We applied 1-AZA in the in vivo 

imaging of two types of model animals: C. elegans nematodes and X. laevis tadpoles as 
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shown in Figure 5.12 and Figure 5.13. The steps of preparing C. elegans nematode for 

imaging are included in Appendix III.  Photo-activation was achieved by irradiating the 

sample with the same near-UV illuminator mentioned above. It was observed that after 

photolysis, the fluorescence intensity increased significantly especially in the nerve ring 

of the nematode, demonstrating that 1-AZA localized in the central nervous system (CNS) 

in C. elegans (Figure 5.12). Enhanced fluorescence intensity of 1-AZA post-photolysis 

was also observed in tadpoles as shown in Figure 5.13. Two regions in the hindbrain and 

the forebrain were examined by zooming in with higher magnification. In Figure 5.13 C 

and D, the neuron cells with long axons could be clearly distinguished from the 

surrounding tissue. Lastly, the selective photo-activation of the forebrain in tadpoles was 

also demonstrated in our study. In Figure 5.14, the fluorescence intensity in the tadpole 

forebrain was quantified during the photolysis process. Intensity nearly doubled after 

irradiation.       

Subsequent studies carried out by other researchers from our group and our 

collaborators found that β-tubulin was the one of the most prominent cross-linked 

proteins by 1-AZA after photolysis in tadpole brain, and microtubule stabilizing reagents 

were shown to affect the anesthetic effects of 1-AMA.
18

 In the future, the connection of 

general anesthesia and microtubule function could be further explored by studying the 

dynamics of microtubule formation under the influence of general anesthetics.   
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Figure 5.9 Spectral imaging of 1-AMA in mouse neural progenitor cells. 

(A) Image cube of cells in PBS that contains 33 μm 1-AMA. (B) Unmixed image. Assigned pseudo-color 

corresponds to (C) unmixed spectra of 1-AMA, with the emission shift in cytosolic vesicles and cytosol.   
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Figure 5.10 Structure and photochemical properties of 1-AZA. 

(A) Photo-activation of 1-AZA. (B) Emission spectra of 1-AZA upon photolysis. (C) Emission spectra of 

labeled protein purified in desalting column.   
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Figure 5.11 Time course comparison of immobilization effects of 1-AMA and 1-AZA on X. laevis 

tadpoles. 

Dashed line indicates when the tadpole forebrains were irradiated by 351 and 364 nm laser for 20 s. [1-

AZA] eq = 4.6μM ± 1.8μM, [1-AMA] eq = 7.5μM ± 2.1μM. Number of tadpoles: 30 of 1-AZA group, 13 

of 1-AMA group. 
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Figure 5.12 Fluorescence image of 1-AZA in C. elegans before and after photo-activation. 

Nematode incubated 30 min in 25 μM 1-AZA M9 buffer solution in dark and imaged by CLSM with 488 

nm laser. Nematode was subsequently irradiated 1 min (9 mW/cm
2
 @ 365 nm) and imaged again by CLSM. 
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Figure 5.13 In vivo imaging of photo-activated 1-AZA in X. laevis tadpoles. 

(A) Fluorescence image of photo-irradiated tadpole (B) DIC image of photo-irradiated tadpole. (C) 

Fluorescence image of ROI-1 in hind-brain showing neuronal cells were strongly fluorescent. (D) 

Fluorescence image of ROI-2 in forebrain.  Tadpole was irradiated 30 s using the same near-UV 

illuminator mentioned above.  
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Figure 5.14 Photoactivation of 1-AZA in vivo. 

Representative confocal fluorescence images of 1-AZA in a tadpole brain: before (A), during (B) and after 

(C) near-UV laser photolysis of a tadpole forebrain. The forebrain area was irradiated for 10 s by 351 and 

364 nm lasers (100% power). Bottom plot shows the average fluorescent pixel intensity over time under 

488 nm laser excitation. 
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Appendix 

I. Matlab code for calculating partition coefficient 

function [y1, y2, y3]=PC(tif, num) 

  
%----------------------------------------------------------------------

---- 
% This function find the partition coefficient (y1),interface intensity 

(y2), and average bulk intensity (y3)  
% "tif" should be the name of the image or image-stack 
% "num" is the number of images in the stack 

  
for i=1:num 
    image=rgb2gray(tif(:, :, :, i)); % convert RGB color image to 

grayscale image 
    figure, imshow(image); % display the image to let the user find 

coordinate of the ROI by moving the cursor 
    rect=input('input coordinate of ROI: '); % imput value should be: 

[starting_x_coordinate, starting_y_coordinate, length, height] 
    disp('select background region'); % allow user to hand-select the 

background area 
    bg=imcrop(image); % bg is the background area 
    [r c]=size(image); 
    bg_int=mean(mean(bg)); % find average intensity of backgound area 
    bgmatrix=ones(r, c)*bg_int;  
    minus_bg_image=double(image)-bgmatrix; % subtract background from 

original image 
    RefROI=imcrop(image, rect);  
    figure, imshow(RefROI); % display ROI for the user's reference 
    ROI=imcrop(minus_bg_image, rect); % crop ROI from image after 

subtracting background intensity   
    [p(i), I_inter(i), I_avgbulk(i)]= partition3(ROI); % find p(i)-

partition coefficient, I_inter(i)-interface intensity, I_avgbulk(i)-

average bulk intensity     
end; 

  
figure, subplot(1, 3, 1) 
plot(p, 'o'); 
title('Partition Coefficient'); 

  
subplot(1, 3, 2) 
plot(I_inter, 'o'); 
title('Interface Intensity'); 

  
subplot(1, 3, 3) 
plot(I_avgbulk, 'o'); 
title('Average Bulk Intensity'); 

  
y1 = p; 
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y2 = I_inter; 
y3 = I_avgbulk; 

  
%----------------------------------------------------------------------

---- 
%Copyright Zhengzheng (Katie) Liao 
%last edited on May 3rd, 2013. 

 

 
function [y1, y2, y3]=partition3(signal) 

  
%----------------------------------------------------------------------

---- 
% this function calculate partition coefficient using a vector "signal" 
% y1 is partition coefficient, y2 is interface intensity, y3 is average 

bulk intensity. 

  
avg_y=mean(signal); % average the intensity along each column 
[h, w]=size(avg_y); % find the width of the averaged signal matrix 

  
for i=1:w; 
    if avg_y(:, i)<0 
       avg_y(:, i)=0; % set baseline as zero 
    else avg_y (:, i)=avg_y (:, i); 
    end 
end 

  
figure, plot(avg_y); % plot the intensity profile for the user to find 

the divding point between interface and bulk by cursor 
disp('find dividing point between interface and bulk from intensity 

plot'); 
x1=input('input x coordinate of dividing point: '); 
bulksig=avg_y(x1:w);  
avgbulk=mean(bulksig); % find average bulk intensity 
z=find(avg_y > avgbulk, 1, 'first'); % z is the starting point where 

bulk contribution counts  
bulk = zeros(h,w); % initialize bulk matrix 
bulk(:, z:w) = avgbulk; % set value to bulk matrix 
inter = avg_y - bulk; % find interface intensity by subtracting bulk 

contribution 

  
figure, plot(avg_y), xlim([1 w]), ylim([-10 256]) 
hold on 
plot(x1, avg_y(x1), 'x', 'Color', 'r') 
plot(bulk, '--', 'Color', 'y') 
hold off 
% plot signal intensity, red cross marks cutting point between 

interface and bulk while yellow dash line shows bulk contribution 

  
y1 = sum(inter) / avgbulk; % find and output partition coefficient 
y2 = sum(inter); % output interface intensity 
y3 = avgbulk; % output average bulk intensity 
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%----------------------------------------------------------------------

---- 
% Copyright Zhengzheng(Katie) Liao 
% last edited on May 3rd, 2013. 
 

 

function y=readtif(n); 

  
%----------------------------------------------------------------------

---- 
% this function reads TIFF images stored in the images folder and store 

them as image-stack matrixs  

  
files=dir('C:\Documents and Settings\Katie\My 

Documents\MATLAB\images\*.tif'); 

  
for i=1:n 
    str=strcat('C:\Documents and Settings\Katie\My 

Documents\MATLAB\images\', files(i).name); 
    tif(:, :, :, i)=imread(str); 
end; 

  
y=tif; 
 

 

 

 

II. Experimental steps of photoactivated immobilization of 

tadpoles by 1-azidoanthracene 

1.  The 1-AZA is dissolved in ethanol (Cat. No. 459836, anhydrous, ≥99.5%, Sigma-

Aldrich) as concentrated solution at around 7 mM.  

2.  The exact concentration is measured by UV absorbance of 100 fold diluted ethanol 

solution at 373 nm. Then the concentrated ethanol solution is mixed with ethanol and 

artificial pond water (3 mM NaCl, 30 μM CaCl2, 6 μM NaHCO3 in deionized water) to 

dilute 1-AZA to desired concentration in 0.5% ethanol. Due to the low solubility of 1-

AZA in water, the concentration is later calibrated again in Step 5.  
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3.  Each tadpole is incubated in 5.0 mL of above solution for 30 min covered under 

aluminum foil. The standard initial concentration of 1-AZA is 15 μM. Mobility of 

tadpole is checked every five minutes by poking the tadpole with a plastic spatula for a 

30 min period.  

4. The tadpole is transferred to a home-made imaging dish, which has a tapered channel 

lined by low-melt agarose (1% in deionized water, Cat. No. 161-3111, Bio-rad). The 

channel has the width and depth similar to the size of a tadpole, thus could reduce the 

movement of tadpole during laser manipulation.  

5.  Meanwhile, 1.0 mL of the incubation buffer was taken to measure absorbance at 383 

nm immediately to determine equilibrium concentration [1-AZA]eq.  

6.  A circular region of interest in the forebrain was irradiated with 351 nm and 364 nm 

lasers for 20 s then tadpole was transferred into 5.0 mL of fresh pond water.  

7.  The mobility of the tadpoles is continuously checked every 5 minutes after switching 

incubation buffer to fresh pond water.  

8.  1-AMA is used as the control of the experiment under the same conditions (incubation 

of 1-AMA in 0.5% ethanol, then near-UV irradiation, and incubation of tadpoles in fresh 

pond water). The concentration of 1-AMA is increased to match the potency (% 

immobilization) of 1-AZA. 
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III. Preparing C. elegans adult worms for fluorescence 

imaging with 1-aminoanthracene or 1-azidoanthracene 

1.  Prepare M9 buffer: weigh 3 g KH2PO4, 6 g Na2HPO4, 5 g NaCl and add 1 mL of 1 M 

MgSO4, add DI-water to 1 L and autoclave solution. 

2.  Prepare 1-AMA solution: add a small scoop of 1-AMA to 5mL M9 buffer, sonicate 

for ~30 min. Filter the solution using a 0.2 µm PTFE filter and measure absorbance at 

380 nm. The saturation concentration is ~33 μM.  

3.  Look for densely worm-populated area on the agar plate. Pipette 50-200 µL M9 buffer 

to plate. Gently aspirate buffer and worms, and transfer to a clean Petri dish. 

4.   Remove as much remaining buffer as possible then add 200 µL 1-AMA solution to 

worms.  

5. Repeat Step 4 twice, so that the 1-AMA concentration in buffer solution is close to the 

saturation concentration.  

6.  Incubate for 30 min at room temperature, then image the worms under fluorescence 

microscopy. 

7. The steps for using 1-AZA are similar. 1-AZA solution is prepared by mixing M9 

buffer with 1-AZA ethanol stock solution. 

 


