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Abstract

Protein assembly at the air-water interface (AWI) occurs naturally in many biological processes,
and provides a method for creating biomaterials. However, the factors that control protein self-
assembly at the AWI, and the dynamic processes that occur during adsorption are still under-
explored. Using fluorescence microscopy, we investigated assembly at the AWI of a model
protein, human serum albumin minimally labeled with Texas Red fluorophore. Static and dynamic
information was obtained under low subphase concentrations. By varying solution protein
concentration, ionic strength, and redox state, the microstructure of protein assembly at the AWI
was changed accordingly. Addition of pluronic surfactant caused phase segregation to occur at the
AWI, with fluid surfactant domains and more rigid protein domains revealed by fluorescence
recovery after photobleaching experiments. Protein domains were observed to coalesce during this
competitive adsorption process.

1. INTRODUCTION

Protein behavior at the air-water interface (AWI) is well known to be important in food
science for enhancing foam stability and in protein crystallization for guiding ordered
assembly.1:2 It is also relevant in many biotechnology applications, for example, how
protein solutions behave on flat surfaces and in fluidic devices, where protein adsorption can
be significant at both the solid-water and air-water interfaces.® In medicine, the competitive
adsorption between lung surfactant and serum protein on the aqueous alveolar lining layer
has been investigated extensively for its role in acute respiratory distress syndrome.*® It is
also significant in gas embolism that within blood, gas bubbles can recruit proteins to their
surface, and result in reduced blood flow and oxygen delivery to the affected area (i.e.,
embolism), as well as clotting.5 Intervention or manipulation of such processes requires a
greater understanding of the assemblies that proteins can form at the AWI.
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From another perspective, 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.”-2 Besides the special
characteristics of liquid interfaces, factors that commonly control self-assembly are the
chemical and structural complementarity of the building blocks.1® For macromolecules such
as proteins, the active site, geometric structure, electrostatic and hydrophobic interactions
are greatly affected by the surrounding solvent molecules and other solutes.1:12 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.23-16 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.1”-19 AFM affords nanometer spatial resolution, but involves
transferring interfacial films onto a solid surface, which leads to loss of structural fidelity
and temporal resolution.1” BAM coupled with Langmuir trough is a widely used in situ
method, but offers lower spatial resolution (2 um) than many diffraction-limited optical
imaging techniques, and offers little kinetic information.18:20 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.21 By this technique, Powers et al. discovered medium-dependent micron-size phase
domains of an amphiphilic peptide self-assembled at the AWI.22 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.

In the present study, 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, in solution and at the AWI.16:23 s relevance comes from the fact that HSA is the
most abundant protein (3.5-5.0 g/dL) in human blood plasma, where it serves to maintain
plasma oncotic pressure and transport ligands. When gas emboli are introduced into blood
vessels, plasma proteins such as HSA adsorb and aggregate at the gas-blood interface.?4
These interfacial protein layers are suspected to affect the bubble adhesion to the endothelial
surface and initiate blood clotting through interaction with macromolecules on the
endothelium or platelet surfaces.?

HSA is 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.23:26 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 A on a side and 30 A in thickness.23 Reflectometry studies also found the thickness of a
serum albumin layer at the interface to be 30-40 A, but the proteins were approximated as
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an ellipsoid with long axis of 140 A parallel to the interface, and a perpendicular short axis
of 40 A 16 Spectroscopic and rheological methods have previously identified a single-layer
HSA viscoelastic film at the AWI, with the protein retaining its secondary structure,16:27.28

The current study applied in situ fluorescence microscopy to study protein assembly at the
AWI in a small imaging chamber with ~10 uL solution, while limiting competitive protein
adsorption at the liquid-solid interface. A stable interface 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 in controlling the assembled structures. Kinetic
transitions of phase separation at the AWI were also observed.

2. EXPERIMENTAL SECTION

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 appropriate
amount of NaH,PO,4 and NaN3 in DI water and then adjusting to pH 7.2 with 1 M HCI, the
final concentration is 10 mM of phosphate and 30 mM of NaNj3 throughout the study. The
ionic strength of PBS was adjusted by addition of NaCl. Pluronic F-127 (Invitrogen,
MW~12500) was diluted with PBS to 0.010 mg/mL as stock solution. Dithiothreitol (DTT)
was purchased from Fisher Scientific.

Imaging Protein Assembly at the AWI by Fluorescence Microscopy

As shown in Figure 1A, HSA-TR was imaged in a specially designed, sealed chamber where
the protein aqueous phase (10 uL in volume, 100-200 um in thickness) coexisted with a
layer of air, also 100-200 um thick. The chamber was assembled from polydimethylsiloxane
and cover glass modified with polyethylene glycol, MW 5000, in order to reduce the
competitive adsorption of proteins to the solid-liquid interfaces (see Sample Chamber and
Surface Modification and Figure S1 in Supporting Information). The AWI formed in this
chamber was parallel to the XY plane formed by the microscope stage. This facilitated
imaging of the interface, as compared to previous attempts to image rounded droplets.22:2
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 um/step (called “XZ plane
images”). Confocal images were captured using an Olympus 1X81 inverted microscope. Epi-
fluorescence images were captured by a hyperspectral CCD (CRi Nuance FX) camera
coupled to the Olympus 1X81 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. Fluorescence recovery after photobleaching (FRAP) experiments were
carried out on the same confocal microscope with an Olympus SIM scanner unit. A 351 nm
laser at 100% power was used to photobleach small regions of the protein layer at the AWI
for 20 sec. The confocal images of the regions were captured before, during and after
photobleaching using a 543 nm laser with dwell time of 2 us/pixel. Images were analyzed
using ImageJ software.30

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
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slowly added while stirring into the aqueous protein solution (2 mg/mL HSA inin 0.1 M
NaHCO3 buffer, pH 8.3). 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 °C and dialyzed by 10 kDa dialysis cassettes (Thermo
Scientific) against 1 L of 10 mM phosphate buffer for 1 week. The final concentration of
labeled protein was determined by Lowry assay (Thermo Scientific) using bovine serum
albumin (BSA, Thermo Scientific) as the standard. UV-Vis spectroscopy and MALDI-TOF
mass spectrometry showed that labeled dye-to-protein ratio was 1.3 and 1.5, respectively
(see Dye-to-Protein Ratio Measurements and Figure S2 in Supporting Information). The
product solution was aliquoted and stored under —20 °C for further use.

Comparison of dye-labeled and unlabeled proteins

HSA and HSA-TR were compared by circular dichroism (CD) spectroscopy and surface
pressure measurement. The protein layers formed by the labeled or unlabeled proteins at the
AWI were transferred to mica surface and the height was measured using tapping mode
AFM (Digital Instruments) and processed by Nanoscope Illa software (v. 5.12; Digital
Instruments). 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 °C over the wavelength range
of 190-260 nm at scan rate of 0.5 nm/s with a slit bandwidth of 1.0 nm. Thermal
denaturation curves were recorded between 25-95 °C with a 2 °C increase and 120 s
equilibration time for each step. Surface pressure was measured using a MicroTroughX
Langmuir trough with a wire probe microbalance (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.3! 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 under
tapping mode in air using Ultrasharp cantilevers (NSC16, MikroMasch). AFM images were
analyzed using WSxM software (Nanotec) to determine film thickness.32

3. RESULTS AND DISCUSSION

Comparison of HSA-TR and wild-type HSA by CD spectroscopy (see Circular Dichroism
Spectroscopy and Figure S3 in Supporting Information) and surface pressure measurement
(Figure S4) indicated that dye labeling only slightly perturbed the secondary structure and
hydrophobicity of HSA. By Langmuir-Schaefer technique and AFM, we demonstrated that
the protein film formed at the AWI is transferable to a mica surface, and is similarly one
protein layer thick (~3 nm) for both HSA-TR and HSA (Figure S5). This is in good
agreement with a previous neutron reflectivity study, suggesting a monolayer.16 Thus,
minimally labeled, near-native HSA provides a useful model protein sample for studying
assembly at the AWI by fluorescence microscopy.

In Figure 1, HSA-TR was dissolved in PBS (ionic strength = 193 mM), and imaged in the
small chamber setup as described earlier (Figure 1A). 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 1B. At optical resolution of ~0.2 pum,
the 4X zoom image (Figure 1C) showed no particular structure at the interfacial layer.
However, when [HSA-TR] was less than or equal to 0.025 mg/mL, highly heterogeneous
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structure at the interface was observed as shown in Figure 1D. The zoomed-in image (Figure
1E) 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 1F, while a discontinuous fluorescent layer was observed in Figure
1G. Our results implied a surface-saturating bulk-solution concentration (Cg$2t) which fell
between 0.025 mg/mL and 0.050 mg/mL under the condition of ionic strength at 193 mM in
PBS. Below Cg%2, 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
1072 and 101 mg/mL,12 which matches well with our results.

Although researchers in the field of protein adsorption generally accept the concept of
Cgs,13.33 very few studies have revealed the microstructure of assembled proteins at
concentrations below CgSa. Powers et al. first reported observation of phase domains
formed by an amphiphilic peptide at the AWI.22 A recent study by Lee et al.34 using
microrheology suggested that mechanical heterogeneity was present in a B-lactoglobulin
layer at the AWI at a comparably low concentration. In our previous study, a discontinuous
fluorescent layer was also observed at the AWI of human fibrinogen labeled with Oregon
Green, where the protein was dissolved in similar buffer conditions at 0.01 mg/mL.2° It was
predicted by early two-dimensional lattice-based simulations that fractal networks could be
formed by diffusion-limited aggregation at low concentration.3> The XY-plane images at the
AWI (Figure 1E), confirm the existence of fractal assembly at the AWI and a heterogeneous
protein layer at the AWI at low subphase concentration.

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 2A) and interconnected “Swiss
cheese” structures (Figure 2B) 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 2C) under the same conditions. The 3D image is an overlay of multiple XY
plane images of size 45.0 um x 45.0 um, which were collected along the Z axis above and
below the AWI, 10 um in each direction (200 x 0.1 um 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 pm for the confocal image,
which is much larger than the estimated protein layer thickness (30-40 A), 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 2D),
indicating an increased surface excess and shorter equilibration time. And in samples that
had 30 mM DTT (Figure 2E) in the buffer, small fractal structures were observed (Figure
2E), indicating a weaker interaction between adsorbed proteins. 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 3A) to “Swiss cheese” structure
(Figure 3B), and finally to a homogeneous fluorescent layer (Figure 3C) 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.
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Our results indicated that solution conditions can modulate the structure of protein self-
assembly. The isoelectric point of HSA is around 4.7.23 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 Figures 2A and 2B. 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 Figures 2D and 3C, full coverage of the AWI was
achieved below Cg%t, The value of Cg%3! 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 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.3” 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.2” Disulfide bond formation supports the hypothesis that elasticity arises
from a network of intermolecular interactions. Interestingly, microrheology studies with
BSA identified a primarily viscous protein film, without strong intermolecular-bond
formation.3¢ Thus, the role of protein disulfide bonds at the AWI is likely to vary greatly
across different protein systems.

Finally, the FDA-approved surfactant F-127 was added to the HSA-TR solution to change
the hydrophobic interactions between adsorbed species at the AWI. Hydrophobic interaction
causes the assembly or aggregation of hydrophobic units in proteins, which reduces the
solvation energy.38 In protein assembly, the hydrophobic patches of multiple protein
molecules tend to cluster together to exclude water from their surface, thus increasing the
entropy of the system.3% When a more hydrophobic surfactant is added, it competes with the
protein-protein hydrophobic interaction. 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.%0 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.19
However, direct proof from in situ measurements has only been provided by BAM studies,18
and aspects of dynamic transitions remain under-explored.

By our in situ fluorescence microscopy methods, we found regions with stronger and weaker
fluorescence intensity at the AWI of the HSA-TR/F-127 mixture, suggesting that phase
segregation had occurred. 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.4? 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 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
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regions in strongly fluorescent and weakly fluorescent regions were bleached
simultaneously with near-UV laser beam for 20 s. 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 upper-left side became smaller, and after 25 min, the
intensity almost fully recovered, while the bleached region on the lower-right side did not
change shape or intensity over time (Figure 4). We thus conclude that the large difference in
the intensity recovery rate indicates segregation of “protein-rich” and “surfactant-rich”
regions at the interface. The regions with stronger fluorescence intensity are mostly
composed of HSA-TR, while the regions with weaker fluorescence intensity are composed
of HSA-TR mixed with F-127. Proteins in the surfactant-rich region are 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
is not homogeneous, indicated by the change of shape of the bleached region during
fluorescence recovery. Combined with appropriate analysis methods of multiple diffusion
processes, the FRAP experiments have the potential to determine the distribution of
diffusion coefficients of protein molecules at the AWI.

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 5 are images taken by focusing at the AWI
with HSA-TR (0.50 mg/mL) mixed with F-127 (0.015 mg/mL). Figure 5A 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 um? were seen. The
region of interest (ROI, indicated by yellow boxes in Figure 5) 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 5B).30 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 5B. The average area of protein islands grew from 24 um? (35 min) to 57
um?2 (60 min). The movement of protein islands was also observed by using a faster scan
rate of 30 frames/s (Movie S1 in Supporting Information, images are displayed 10 times
slower in movie than in real time) and the protein islands were observed to exhibit
movement similar to Brownian motion of lipid domains in monolayers.4! Importantly,
neighboring islands were observed to coalesce upon contact. The existence of protein-rich
domains suggests that protein and surfactant co-adsorb to the interface in a kinetic process.
The strong interaction between protein molecules promotes formation of domains and
domain coalescence thus resists the displacement of surfactant. However, interface
occupancy by F-127 is thermodynamically favored, as the equilibrium surface tension of
F-127 at 0.015 mg/mL is around 40 mN/m 42 while that of HSA at 0.50 mg/mL is 52~60
mN/m.33 Thus, over time the protein domains are gradually displaced by surfactant from the
bulk to reduce the surface energy.

The observation of surfactant perforating the protein domains and expansion of the
surfactant-rich region is in accordance with the “orogenic” model. This model states that
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
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surfactant regions expand and the protein layer is forced to buckle and extend into the
subphase until the protein layer eventually collapses.119 A different displacement
mechanism has been shown in lung surfactant/polyethylene glycol/alboumin mixtures, which
suggests that the competitive adsorption process may be system dependent.#3 Theoretical
models have been developed to explain the adsorption kinetics and equilibrium states of
mixed protein/surfactant solution in surface tension and surface rheology studies.40
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 while 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.

4. 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, redox state and surfactant concentration. The
static and dynamic behavior of HSA-TR at the AWI is detected by our method. With the
interfacial-layer-transferring technique such as Langmuir-Schaefer deposition,3! the
assembled protein can be transferred to other surfaces for material applications. 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 (Figure
S1), 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, and we have begun
work on multi-component systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(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 pm.
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Figure 2.

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 um x 45.0 um x 20.0 um. (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 um.
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Figure 3.

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 um.
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Figure 4.

Fluorescence recovery after photobleaching of the 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 [HSA-TR] = 0.10 mg/mL, [F-127]
= 0.0050 mg/mL. Scale bar: 20 pm.
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Figure 5.

Coalescence of protein islands over time. (A) Confocal fluorescence images taken at 35, 50
and 60 min after introduction. Scale bar: 20 um. (B) Histograms of protein island size
distribution. The initial subphase concentration was [HSA-TR] = 0.50 mg/mL, [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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