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ABSTRACT: Protein—polymer interactions are critical to applica-
tions ranging from biomedical devices to chromatographic
separations. The mechanistic relationship between the micro-
structure of polymer chains and protein interactions is challenging
to quantify and not well studied. Here, single-molecule microscopy
is used to compare the dynamics of two model proteins, a-
lactalbumin and lysozyme, at the interface of uncharged polystyrene
with varied molecular weights. The two proteins exhibit different
surface interaction mechanisms despite having a similar size and
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structure. a-Lactalbumin exhibits interfacial adsorption—desorption with residence times that depend on polymer molecular weight.
Lysozyme undergoes a continuous time random walk at the polystyrene surface with residence times that also depend on the
molecular weight of polystyrene. Single-molecule observables suggest that the hindered continuous time random walk dynamics
displayed by lysozyme are determined by the polystyrene free volume, a finding supported by thermal annealing and solvent quality
studies. Hindered dynamics are dominated by short-range hydrophobic interactions where the contributions of electrostatic forces
are negligible. This work establishes a relationship between the microscale structure (i.e., free volume) of polystyrene polymer chains

to nanoscale interfacial protein dynamics.

B INTRODUCTION

Advancing the understanding of structure—function relation-
ships in protein—polymer interactions is critical in the design
of biosensing devices,"” biocompatible implants,”* and protein
separations.”~ The adsorption of proteins to a polymer alters
the material’s function because the outermost layer of the
material is comprised of proteins.” Polymers often experience
protein accumulation when exposed to protein-rich environ-
ments, which has been shown to cause harmful side effects for
patients” or reduced functionality in everyday health care
products, such as contact lenses. "' Surface modifications
such as ligand grafting and UV exposure are used to suppress
protein adsorption while keeping the bulk polymer properties
unchanged.'”™'* Polymer chain architecture and packing
densities are also used to modify ;)olymer surface chemistries
to reduce protein interactions,>~"” but further work is needed
to understand and control the underlying polymer chemistry
and physics that control protein surface interactions.

Polymer free volumes are the naturally occurring voids that
are present in a polymer material and depend on polymer
chemistry and deposition conditions. The free volume of a
polymer can have a dramatic effect on many physical
characteristics such as the glass transition temperature,"*"”
diffusivity in the polymer matrix,"”*" and the aging process.”
Polymer free volume can be altered by mechanically
compressing the polymer, thermally annealing,”* and changing
the molecular weight (MW) (i.e., chain length) of the polymer
used to develop a film.'® It has also been shown that using
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poor solvents with low solubility to dissolve polymers before
deposition or spin-casting can influence the free volume in
bulk polymers.'® However, there is little knowledge about how
polymer free volumes affect protein dynamics at polymer
interfaces. Understanding the relation between microscale
polymer packing and protein behavior at polymer films could
be invaluable in guiding the fabrication of improved materials.

Quantifying nanoscale protein dynamics at the surface of
polymers is experimentally challenging. Many common
techniques suffer from ensemble averaging”**” or require ex
situ sample conditions to measure.”””” Single-molecule
fluorescence spectroscopy is a robust method for studying
protein—polymer interactions allowing for many proteins to be
tracked in real time below the diffraction limit of light.**™*
For example, Schwartz et al. showed how poly(ethylene glycol)
(PEG) brush grafting decreased fibronectin adsorption, but
longer PEG chains led to more unfolding and longer residence
times for adsorbed fibronectin.’" Other single-molecule studies
have established relationships between the microstructures of

13,32,33 34,35
polymer brushes and self-assembled monolayers
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Figure 1. a-LA adsorption and dynamics at PS films. (A) The central localization for a single a-LA in 63 consecutive frames. (B) 2D histogram of
combined central localizations from 20 a-LA molecules. (C) Single-frame displacement distributions for a-LA adsorbed onto PS films with varied
PS MWs. (D) a-LA surface residence time cumulative distributions fits to eq 1 (solid lines).

with molecular probes, but a relationship between thin film
polymer packing and protein dynamics is lacking. Using total
internal reflectance geometry®®™>* achieves increased signal-to-
noise by suppressing emission from molecules diffusing in the
bulk. The utility of single-molecule fluorescence microscopy
also has broader application to nanoparticle catalysis,*” live-cell
imaging,”’ and improving chromatographic separations.*' ~*
In this study, we compare the surface dynamics of two
oppositely charged proteins, lysozyme (Lys, positive)** and a-
lactalbumin (a-LA, negative),” at thin uncharged polystyrene
(PS)* films with varied free volumes. Lys and a-LA are of
interest given their common use as model proteins*’ ™" and
due to their similarities in size and structure.”>>> PS is chosen
because the variation in PS free volume is well studied"®*”**
and because of its use in common applications.”*™® Lys and a-
LA are found to exhibit different types of motions at PS
surfaces. a-LA undergoes single-site adsorption—desorption at
PS, with a MW dependence on surface residence times. Lys
undergoes non-Brownian surface transport known as a
continuous time random walk (CTRW), where adsorption
occurs at nonspecific sites for random periods of time
interrupted by desorption to nearby sites.'”*”*® The Lys
CTRW dynamics depend on the MW of the PS film, with
tewer hops and smaller hop sizes at higher MWs. We propose
the observed MW dependence on Lys dynamics is caused by
the free volumes among PS chains in the deposited films."*
This interpretation is supported by thermal annealing studies
as well as changing solvent quality. Lastly, PS is doped with a
hydrophilic polymer (methoxypolyethylene glycol) to deter-
mine that short-range hydrophobic interactions dominate the
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hindered Lys dynamics on PS with varied free volumes.>

Further, tracking results under varied ionic conditions suggest
that electrostatic forces do not contribute to varied Lys
dyanmics at PS. We envision that this single-molecule
approach can be widely applied for the observation of many
protein surface interactions to develop more robust materials
for specific applications in protein-rich environments.

B MATERIALS AND METHODS

Preparation of Polymer Films. Borosilicate glass coverslips (22
X 22 mm, VWR) were thoroughly cleaned by sequentially sonicating
in water, ethanol, and acetone. The coverslips were then placed in a
piranha bath (28% NH,OH and 30% H,0,) heated at 80 °C for 20
min. After they were rinsed with deionized water (>1 MQ-cm) and
dried with N, gas (Ultrapure, Airgas), the coverslips were further
treated with oxygen plasma (Harrick Plasma, PDC-32G) for 2 min.
Thin PS films were prepared by spin-coating (SPI KW-4A) a 1 w/w%
PS/toluene or PS/cyclohexane solution at 3000 rpm for 1 min. PS of
various MWs of 3k (Polymer Source, PDI: 1.09), 36k (Polymer
Source, PDI: 1.05), and 1500k (Polymer Source, PDI: 1.10) were
prepared using the spin-coating protocol. The surface roughness of
resulting films was measured by atomic force microscopy (Bruker,
Multimode 8) operated in peak force tapping mode.

Polymer Film Thickness and Refractive Index Character-
ization. For all molecular weights (3k, 36k, and 1500k), annealed PS
and solvent adjusted film solutions of 1 w/w% PS/toluene or
cyclohexane were coated (100 yL) at 3000 rpm for 1 min onto
cleaned silicon wafers (Silicon Quest Int’l, Prime grade) with a spin
coater (Laurell WS-650MZ-23NPPB). Resulting film thicknesses and
refractive indices were measured with a J.A. Woollam M-2000
ellipsometer scanning from 350 to 1050 nm. Data were fit with the
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Cauchy thin film model resulting in a mean squared error of less than
5% for all measurements, and the results are presented in Table S1.

Film Annealing and Modification. A hot plate was placed inside
a glovebag filled with N, gas (Ultrapure, Airgas). After the PS samples
were placed on the hot plate, the temperature was elevated to 120 °C
for 4 h. Once finished, the PS samples were cooled to room
temperature under an N, atmosphere.

mPEG Doping of PS. The hydrophilic films were prepared by
spin coating clean coverslips with 1 w/w% toluene solution containing
PS and methoxypolyethylene glycol (mPEG) with a weight ratio of
9:1, using the same conditions described above for the pure PS
samples. AFM imaging (Bruker, Multimode 8) of mPEG/PS films was
performed in tapping mode to acquire phase images for determining
the spatial surface coverage of mPEG domains (Figure S1). Results
indicate that the mPEG domains are highly uniform in the mPEG/PS
films.

Protein Dilutions and Fluorescence Labeling. Lyophilized
lysozyme (pI = 10.7)**°° labeled with rhodamine B (structure in
Figure S2) was purchased from Nanocs as previously described.'”
Alexa 555 (structure in Figure S2) labeled a-LA (pI = 4.2),*5!
previously purified and acquired from the Wilson Group at the
University of Houston, was used here.*® For experiments, a-LA and
Lys were diluted in 10 mM HEPES buffer (pH = 7.2) to form 3.5 and
35 nM solutions, respectively.

Protein Surface Charge and Hydrodynamic Measurements.
A Malvern zetasizer (Zen 3600 Nanoseries) was used to measure the
zeta potentials and hydrodynamic radii of @-LA and Lys in 100 mM
HEPES at pH 7.2. Zeta potential experiments were performed in
Malvern cuvettes (DTS1070) with the average and standard deviation
of 35 measurements reported. Hydrodynamic radii values from 13
measurements were quantified with the average and standard
deviation. All measurements were taken at 25 °C after 2 min of
equilibration.

Single-Molecule Measurements. A custom-built total internal
reflection fluorescence (TIRF) microscope was used for single-
molecule fluorescence measurements. A 532 nm laser (Coherent,
Compass 31SM-100SL) was circularly polarized and passed through a
100X oil-immersion objective (Carl Zeiss, Alpha Plan-Fluar, NA =
1.45) to excite the labeled proteins. The excitation light was focused
on a 30 X 20 um?” area. The fluorescence signal from the proteins was
collected by the same objective, filtered by two filters (Kaiser, HNPE-
532.0—1.0 and Chroma, ETS85/65m), and then collected by an
electron-multiplying charged coupled device (Andor, iXon 897)
cooled at =70 °C and operated at 33.33 Hz. The transmittance of PS
is greater than 85%, with a refractive index of 1.58;%* therefore, TIRF
excitation takes place at the PS aqueous interface as previously shown
(Figure $3)."7 The evanescent field in our TIRF geometry has a
maximum penetration depth of 200 nm,*® thus only fluorescent
probes near the polymer surface are excited. Prior to measurements,
the observation area was photobleached with laser excitation for 30
min to remove any fluorescent signal from contaminants present in
the film. For single-molecule experiments, either a-LA or Lys solution
(1 mL) was drop-cast onto the polymer film covering an area greater
than the area illuminated by laser light.

Protein Molecule Identification and Tracking. An established
tracking algorithm was used to identify and track both a-LA and Lys
molecules.”> This Matlab-based program has three fundamental steps
for tracking single-molecules below the diffraction limit of light, i.e.,
increase the signal-to-noise, identify molecules, and utilize a nearest
neighbor algorithm to generate single-molecule trajectories.”> The
Troika tracking program is available at https://github.com/
LandesLab/Troika-Single-particle-tracking.

B RESULTS AND DISCUSSION

a-LA Adsorption and Dynamics at PS Surface.
Superlocalization imaging of a-LA adsorption events shows
that a-LA undergoes interfacial adsorption/desorption at the
PS surface, with a localization uncertainty of 20 nm (Figure
1).* Individually adsorbed negatively charged a@-LA molecules
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(¢ =—18 + 7 mV)™ are observed at the PS surface once a-LA
solution is added to the PS (Figure S3). Adsorption events
appear to be stationary over multiple frames, and within our
spatial resolution™®* before disappearance due to desorp-
tion,”® suggesting that the a-LA molecules adsorb to
nonspecific surface sites on the PS. For adsorption events
lasting more than one frame, each corresponding point spread
function is fit to a 2D Gaussian distribution in each individual
frame to extract the central localizations (Figure 1A). To
increase statistics, the central localizations from 20 different a-
LA molecules are compiled by aligning their centers of mass
(Figure 1B).°>°® The resulting 2D histogram is further fit by
another 2D Gaussian, resulting in a full-width at half-maximum
of 20 nm. This value is equivalent to the resolution limit of
other commonly known super-resolution techniques such as
PALM,*” STORM,”® and mbPAINT,*” suggesting that a-LA
molecules are stationary at the PS surface. Single-molecule
tracking also corroborates the superlocalization findings, which
are discussed next.

Single-molecule tracking further confirms that a-LA
molecules are stationary over multiple frames and within our
resolution limit**** upon adsorption at PS independent of
MW. The MW of the PS films is varied from 3k up to 1500k to
assess the role of varied PS free volume on the immobile a-LA
molecules.' Single-frame displacement distributions allow for
the frame-to-frame displacements to be quantified from single-
molecule trajectories (Figure 1C). The distributions of single-
frame displacements from hundreds of a-LA molecules result
in one peak centered at 24 nm (antilog, 10"**) which is
independent of the PS MW (Figure 1C). It is expected that the
interfacial chemical identities of all three MW PS films are
similar given that the solvent, concentration, and spin-coating
processes are identical for all three MWs. Peak values from
single-frame distributions closely match our localization
uncertainty results in Figure 1A—B and values reported in
previous studies.”*

a-LA surface residence times depend on the MW of the
underlying PS, as shown in Figure 1D. The cumulative
distributions of surface residence times for a-LA indicate that
the time spent on the surface increases as the MW increases.
Residence time distributions are fit to a two-term exponential
(eq 1)7° to extract desorption rate constants as a function of
PS MW (Table S2).

P(t) = Ae ™™ + Ay e (1)

Two-term exponential decay fits to residence time distributions
have been shown to resolve the kinetics of folded and unfolded
proteins populations,” resolve DNA hybridization kinetics,”"
and quantify the desorption kinetics from weak and strong
adsorption sites intrinsic on polymer surfaces.’* It is likely that
anomalously strong sites exist on the PS surface due to the
chemical stability of the globular proteins used here.””
Decreased desorption rate constants observed at higher MWs
suggest that longer PS chains induce stronger a-LA-PS
interactions, thereby increasing the prevalence of long-lived
adsorption events (Figure 1D). It has been shown that PS
chains are more densely packed and more coiled as the MW of
PS is increased in a deposited PS film (Table S1).”* Therefore,
we predict the number of short-range interactions (i.e., van der
Waals, hydrogen bonding, and hydrophobic interactions)
present between a-LA and PS increases in the more coiled
PS at higher MWs. This hypothesis is supported by the
findings of Schwartz and co-workers, which suggest that the
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Figure 2. Lys adsorption and dynamics at PS films. (A) Representative trajectories of single Lys at the interface of PS (MW = 36k) with the color
map representing the frame number for each trajectory. (B) Single-frame displacement distributions for Lys on PS films with varied MWs. a-LA
distribution shown for comparison. (C) Lys hopping distributions with the calculated mean and standard error of the mean at each MW of PS. (D)
Cumulative distribution of surface residence time for Lys with fits to eq 1 shown in the solid lines.

desorption of proteins from interfaces is dictated by short-
range interactions rather than long-range interactions.””
Therefore, tracking results indicate that desorption kinetics
of a-LA are related to interactions with the underlying
microscale organization of PS chains.

Lys Adsorption and Dynamics at PS Surface. Lys
dynamics at PS are non-Brownian and exhibit CTRW
behavior,”* with surface transport dynamics that are dependent
on the MW of PS. This result is surprising given the similarity
in sizes (R, = 16+03nmandRh- 1.5 + 0.2 nm for Lys and
a-LA, respectively),’”®" structures,”>** and biological ances-
trles7S 77 of Lys and a-LA (Figure S4). Representative
trajectories are shown in Figure 2A to illustrate the CTRW
motion of the positively charged Lys (£ = 12 + 6 mV)** at PS.
The trajectories highlight the heterogeneity exhibited by
individual Lys molecules at PS. Large areas of the PS surface
are explored with brief periods of immobility at nonspecific
adsorption sites as is typical of CTRW dynamics. The
difference in Lys and a-LA dynamics is likely driven by the
decreased affinity Lys exhibits for the PS surface, allowing Lys
to explore the PS surface. A 10-fold higher concentration of
Lys is needed to acquire similar surface coverage observed for
a-LA at PS. The difference in adsorption strengths of @-LA and
Lys are not attributed to the different dye labels used here
(Figure SS). The CTRW mechanism of proteins at polymers
has been observed by others at the single-molecule level.”” Lys
waiting time distributions, the time spent at each adsorption
site, are analyzed and fit to a power law to verify the presence
of the CTRW mechanism (Figure $6).”° Waiting time
distributions would be normally distributed if the Lys surface
motion were Brownian.”® CTRW transport displays periods of
immobility interrupted by desorption into the bulk punctuated
by the adsorption to a new surface site. Single-frame
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displacement distributions quantify the hopping distances in
the CTRW as Lys molecules travel to new sites on PS (Figure
2B). Single-frame displacement distributions show a clear
dependence on the MW of the underlying PS film (Figure 2B).
The decrease in hopping distances as MW is increased
indicates that the mobility of Lys at PS is highly dependent on
the chain structure of PS. We suggest that the packing of the
PS chains (Table S1), discussed in the context of free volumes,
has a direct impact on the distance between available
adsorption sites on PS for Lys adsorption to occur (Scheme
1 in Supporting Information). The thicknesses of resulting PS
films are quantified as a function of MW (Table S1), which
shows that film thickness does not increase from 3k to 36k. An
increase in film thickness is observed for the 1500k MW;
however, we conclude that film thickness may not play a major
role in protein dynamics PS surfaces given no thickness change
is observed from 3k to 36k accompanied by a decrease in Lys
mobility (Figure 2B). It must be noted that at the highest MW
condition Lys is still highly mobile in comparison to a-LA, as
shown in Figure 2B (black). In addition to the frame to frame
displacements, hopping behavior is also quantified at the PS
interfaces with varied MW.

Lys explores fewer adsorption sites at high MW PS with no
change in the overall surface residence time, driven by an
increase in waiting times at each adsorption site. The number
of hops per trajectory is quantified in Figure 2C using the
previously described filtering process,”* where a hop is defined
as a frame-to-frame displacement greater than our spatial
resolution of 20 nm. Fewer hops per trajectory are observed in
Figure 2C with increasing MW, indicating that Lys is less likely
to readsorb to PS after desorption at higher MWs.
Interestingly, the total surface residence time of Lys (Figure
2D) and the extracted desorption rate constants (Table S3) do
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Figure 3. Lys dynamics at thermally annealed and cyclohexane-developed PS films with the molecular weight held constant at 36k for all
conditions. (A) Single-frame displacement distributions for as-prepared and thermally annealed PS films. (B) Surface residence time distributions
for as-prepared and thermally annealed PS films with fit to eq 1 shown with solid lines. (C) Single-frame displacement distributions for toluene- and
cyclohexane-developed PS (MW = 36k). (D) Surface residence time distributions for toluene- and cyclohexane-developed PS films (MW = 36k)

with fits to eq 1 shown with solid lines.

not change as a function of MW. Waiting time analyses show
that as the MW is increased Lys spends more time per site
before desorbing to a nearby site (Figure S6). Power law fits of
waiting time distributions result in exponents of —2.02 + 0.01,
—1.84 + 0.02, and —1.71 + 0.02 for MWs of 3k, 36k, and
1500k, respectively (Figure S6). Although, Lys interacts with
fewer adsorption sites during the CTRW as MW increases
(Figure 2C), Lys spends more time at each site (Figure S6),
accounting for the same total residence times for Lys at all
MWs (Figure 2D). Single-molecule tracking allows for
mechanistic details in the Lys CTRW to be related to the
underlying free volumes in the PS films. To further confirm the
impact of polymer free volume on the CTRW exhibited by Lys,
two well-known methods, thermal annealing and adjusting
solvent quality, are utilized to vary PS free volumes.

Lys Adsorption at Annealed and Cyclohexane-
Developed PS Films. Lys dynamics at annealed PS show
decreased single-frame displacements accompanied by in-
creased surface residence times (Figure 3A, B). Thermally
annealing PS films results in decreased free volumes through
chain relaxation,”® similar to increased MWs discussed above.
Annealing allows us to further establish the relationship
between PS free volumes and varied Lys CTRW dynamics.
The annealing process is performed in inert nitrogen in order
to minimize any chemical modifications to PS, but these effects
cannot be completely ruled out. A shift in the single-frame
displacement distributions is observed from peak values at 44
and 20 nm for as-prepared (MW = 36k) and thermally
annealed PS films, respectively (Figure 3A, MW = 36k). The
shift in single-frame hopping distances indicates that as PS
chains pack more densely, Lys travels shorter distances to
readsorb to the surface. The decrease in displacements with
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annealing (Figure 3A) is similar to the decrease observed with
increased MW (Figure 2B), where decreased free volume leads
to smaller displacements (Figure 2B). Annealing and MW
displacement distributions confirm the hypothesis that as PS
chains are packed more densely (Table S1), the distance
between adsorption sites decreases, thereby leading to shorter
displacements. Lys surface residence time increased as a result
of thermally annealing PS (Figure 3B, Table S4). The increase
in total Lys residence time with annealing (Figure 3B) is not
observed in the case of increased MWs (Figure 2B). Annealing
PS could induce different surface morphologies;80 however, no
statistical difference in surface roughness is found between the
as-prepared and annealed PS surfaces (Figure S7). One likely
explanation for observed increases in residence times on the
annealed PS is the result of a greater reduction in PS free
volume with annealing in comparison to increased MW
(Figure 2), thereby leading to more short-range interactions
between Lys and PS (Scheme 1 Supporting Information). This
hypothesis is supported by the more severe shift in
displacements observed at annealed PS centered at 20 nm
(Figure 3A) in comparison to 39 nm in the highest MW
condition (Figure 2B). Additionally the largest refractive index
was measured for the annealed PS films, confirming the
greatest increase in chain density, which can be related to
decreased free volumes in thin films.*’ Minimal film thickness
changes were observed as a result of annealing. To further
support the structure—function relationship in PS free volume
to Lys CTRW dynamics, a poor solvent is investigated for the
development of PS films.

Decreased Lys hopping distances are observed on the PS
films developed in a poor solvent in addition to an increased
surface residence time, aligning with the observations seen in
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Figure 4. Comparison of Lys dynamics at as-prepared and mPEG-doped PS films with the molecular weight held constant at 36k for all conditions.
(A) The distributions of single-frame displacements at as-prepared and mPEG-doped PS films (MW = 36k). (D) Cumulative distribution of surface
residence time for Lys adsorption at as-prepared and mPEG-doped PS films (MW = 36k). Solid lines are fits to eq 1.

the annealing conditions. Decreasing solvent quality to
decrease polymer chain free volumes is well studied, in
particular using cyclohexane to develop PS films.*>*
Decreased free volumes in resulting PS films using a poor
solvent is driven by decreased PS solubility in the cyclohexane.
A decrease in hopping distances from a peak maximum at 44 to
39 nm is observed from the toluene (MW = 36k) to
cyclohexane-deposited PS, respectively (Figure 3C, MW =
36k). Our observations of Lys surface dynamics establish that
the distance between adsorption sites for Lys is dictated by the
size of free volumes present in a PS film. The change observed
for single-frame displacements with cyclohexane-deposited PS
is the same magnitude observed in the case of varied MW
(Figure 2B). However, we observe an increase in residence
time of Lys as the PS chain density is increased (Figure 3D,
Table SS) similar to that observed on the thermally annealed
PS (Figure 3B, Table S4). We predict the increased residence
time is driven by an increased number of short-range
interactions between the PS chains and Lys. To further
develop the mechanistic understanding of hindered CTRW
dynamics exhibited by Lys at PS, the dominant short-range
interaction driving hindered CTRW dynamics is investigated
next.

Driving Forces of Lys Dynamics at PS. Tracking results
under altered solution and PS film chemistries suggest that
hydrophobic effects, rather than electrostatic effects, are the
primary driver of the hindered CTRW dynamics at PS. The
contributions of electrostatics in our observed dynamics are
tested with the addition of 20 and 100 mM NaCl during Lys
tracking at the PS interface (Figure S8). Although PS chains
carry no charge,46 Lys carries a net positive charge at our
experimental conditions (pH = 7.2), and the presence of PS
impurities could not be ruled out. Single-frame displacement
results indicate that electrostatics are not the dominant driving
force in the observed CTRW Lys dynamics (Figure S8). To
evaluate the effect of hydrophobic interactions, PS (MW =
36k) is doped with 10 w/w% mPEG to increase the
hydrophilicity of the PS film.** AFM imaging results indicate
that mPEG domains are highly uniform within the PS films
(Figure S1). Single-frame displacement distributions show a
decrease from 44 to 39 nm as the surface becomes more
hydrophilic with mPEG doping (Figure 4A). If long-range
hopping does exist as a result of large isolated mPEG domains,
it would not be detected given diffusion in the bulk would be
faster than our detectors temporal resolution and/or outside of
the evanescent field present in our TIRF illumination
geometry.”' An increase in surface residence time is observed
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on the more hydrophilic doped PS film (Figure 4B, Table S6).
Single-frame distributions and residence time distribution
changes with mPEG doping align well with observed Lys
dynamics as a function of MW, thermal annealing, and solvent
at the PS surfaces. Therefore, we suggest hydrophobics to be
the dominating force in the interactions of Lys at PS. Our
previous study of Lys at functionalized PS interfaces also
reveals that hydrophobics dominate hindered Lys CTRW
dynamics as PS becomes more hydrophilic.'” Previous work
shows that hydrophobics can also play a large role in 3D
transport dynamics in porous media.”> Here, a more careful
look at single protein tracking results suggests that the
underlying microstructure of PS yields similar effects without
the introduction of new charge carrying chemistries to PS."”
Although similar results and driving forces are at play in both
cases, here we uncover a structure—function relationship
present in Lys dynamics at PS without modifying the overall
hydrophobicity of the thin PS film (Figures 1—3). It must be
noted that contributions from van der Waals forces, changes in
free volumes from mPEG doping, and hydrogen bonding
cannot be ruled out as contributors as well. However, based on
our single-molecule observables, van der Waals forces and
hydrogen bonding are likely minor contributors based on the
decrease in hopping distances and the increase in residence
times, which align with observables from MW, annealing, and
solvent quality.

B CONCLUSION

Here, single-molecule tracking and superlocalization micros-
copy are used to establish a relationship between the
underlying PS free volume to the dynamics of two proteins
a-LA and Lys. Super-resolution imaging, along with the single-
molecule tracking, verify that a-LA molecules are immobilized
at nonspecific adsorption sites with increased residence times
as PS free volumes decrease as a function of PS MWs.
Although Lys is similar in size and structure to a-LA, Lys
molecules exhibit a CTRW at PS. The mechanism of Lys
CTRW transport, hopping dynamics, and single-site waiting
times are dependent on the underlying MW of PS. We propose
the varied CTRW dynamics exhibited by Lys are likely caused
by the variation in PS free volumes in the films with different
MWs. This hypothesis is further supported by decreasing PS
free volumes with thermal annealing and adjusting solvent
quality, both resulting in smaller free volumes and increased PS
chain packing. Displacement distributions at the annealed and
solvent-modified PS corroborate the relationship between

https://dx.doi.org/10.1021/acs.langmuir.9b03535
Langmuir 2020, 36, 2330-2338


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b03535/suppl_file/la9b03535_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b03535/suppl_file/la9b03535_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b03535/suppl_file/la9b03535_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b03535/suppl_file/la9b03535_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b03535/suppl_file/la9b03535_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b03535/suppl_file/la9b03535_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03535?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03535?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03535?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03535?fig=fig4&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.9b03535?ref=pdf

Langmuir

pubs.acs.org/Langmuir

hindered CTRW dynamics and decreased PS free volumes.
Longer residence times were observed for Lys at the annealed
and decreased solvent quality PS attributed to more severe
reductions in PS free volumes in comparison to varied MW,
thereby introducing more short-range interactions between Lys
and PS. Lastly, the dominant force driving hindered CTRW
dynamics at PS as the free volumes decreased is interpretted to
be hydrophobics with minimal contributions from electrostatic
forces. The distinct dynamics exhibited by two structurally and
biologically related model proteins on chemically identical
surfaces illustrate the complexity in protein—polymer inter-
actions. More specifically we highlight the relation between
underlying free volumes in a commonly utilized polymer film,
PS, to nanoscale protein transport dynamics. Our findings here
can have broad impacts on the design of application-specific
polymer materials’ where suppressing anomalous surface
diffusion would be advantageous for decreasing the prevalence
of protein unfolding and denaturation at strong adsorption
sites*” and improving protein separation efficiencies.”’
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