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Abstract

Functionalization of polymer films with ion exchange ligands is a common method for
creating surfaces optimized for separations and purification. Surfaces are typically evaluated for
their ability to retain target molecules, but this retention encompasses a variety of physical and
chemical processes. In this work we use single molecule fluorescence microscopy to investigate
two ion exchange ligands that enhance surface binding of their respective target proteins. Single
molecule tracking reveals that in addition to increasing the rate of surface interaction,
functionalization can also increase the surface mobility of the target molecules resulting in large
areas of the membrane being explored during adsorption, likely due to hopping of the protein

molecules to adjacent binding sites. Hopping was only observed for one of the ligands and not

L ESI Contents: Nylon film thickness and AFM roughness characterization, ligand synthesis details, particle tracking
details, raw trajectories, radius of gyration calculation details, van Hove correlation plots, diffusion coefficient
histograms, like-charge binding controls, adsorption site passivation controls, curve fit parameters, and protein
surface charge distribution.
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the other. The enhanced mobility was found to be proportional to the UV exposure time during

ligand grafting, which suggests that the hopping scales with the grafted polymer chain length.
Introduction

The effects of surface functionalization on analyte adsorption are of profound interest to
the fields of separation and purification sciences and their corresponding multi-billion dollar
industries."™ Functionalization of a membrane or surface changes the interfacial chemical
properties and thus can tune the ability of a surface to interact with target molecules™ without
changing other bulk properties of the membrane.'” ' The performance of a functionalized
surface for filtration or separation is difficult to determine a priori because heterogeneous

surface dynamics cause deviations from predictive models,'* "

especially when the target
molecules are large and complex like proteins.'> '® Consequently, most such surfaces are

designed via iterative optimization, but understanding the mechanistic details of surface

transport, adsorption and heterogeneity will allow for more efficient bottom-up design.

Adsorption/desorption of the target molecules to the functionalized surface is the most

desirable property to tune, but it is affected by surface irregularities,'””" inter-molecular

21,22

interactions,” and clustering of ligands on the functionalized surface. The surface mobility

of adsorbate molecules also contributes to the heterogeneity of surface interactions and affects

membrane performance.”> Hopping between adsorption sites has been shown to be a contributor

24-26

to surface mobility. Increased surface mobility can prevent membrane fouling or reduce

separation of target molecules depending on the intended application, so an understanding of
factors that control this property is desirable.'” Mechanistic detail of these processes is difficult

to obtain with standard ensemble loading capacity or analyte retention measurements.””**
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Single molecule spectroscopy allows for direct observation of individual binding events
and has been used to measure dynamics in complex environments such as within polymer films,
at interfaces and in cells.'”***° Single particle tracking algorithms can be applied to such data to
quantify surface properties such as adsorption and the surface mobility of adsorbed molecules.'

19.21.29.4043 These methods are beginning to be utilized to investigate chromatographic

41, 44-46
substrates,

and emerging super resolution methods promise even more detailed
information.*®*” We have shown, using such techniques, that surface charge distribution can
dramatically affect the protein affinity of a surface and that solution conditions can be tuned to

21,22,48

narrow the distribution of adsorption sites. We, along with others, have used the radius of

gyration of single molecule trajectories to characterize the surface mobility of single adsorbers.
29, 49,50

To facilitate bottom-up functionalized surface design, single molecule techniques can be

applied to determine the performance properties of industrially relevant ion exchange ligands.

Single molecule tracking was used to monitor the adsorption of proteins to nylon 6,6
surfaces functionalized with one of two ion exchange ligands. Nylon films were modified using a
two-step living graft polymerization. In the first step, benzophenone initiator sites were
generated on the nylon surface via UV irradiation. In the second step, polymeric ion exchange
ligands were produced at the initiator sites by introducing the relevant monomer under UV
irradiation.”’ The systems studied were a cationic ligand (IEM-Agmatine) with an anionic target
protein (o-lactalbumin) and an anionic ligand (GABA/VDM) with a cationic protein (lysozyme).
Single frame displacement distributions, radius of gyration, and dwell times were analyzed to
characterize adsorption dynamics. Our results show that increasing the density of binding sites

increases the loading capacity of a functionalized surface and narrow the distribution of binding
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sites, but can also increase the surface mobility of adsorbent molecules, especially if the binding

sites are relatively weak.
Materials/Methods
Nylon Film Deposition

Substrates were cleaned prior to film deposition using the following procedure. First the
No. 1 borosilicate glass coverslips (22 x 22 mm VWR) were sonicated for 15 minutes
sequentially in baths of acetone (sigma), detergent and water, and DI water. The substrates were
then cleaned in a base piranha wash (1:1:6 NH4OH/30% H,0,) at 80° C for 90 seconds followed

by plasma cleaning in an oxygen plasma (Harrick Plasma) for 2 minutes.

Films were deposited on freshly cleaned coverslips by spin coating with a 1.8 wt%
solution of nylon 6,6 (pellets, Sigma) dissolved in concentrated formic acid (Sigma). The
resulting films were approximately 100 nm thick as determined by ellipsometry (Gaetner
Scientific, D LSE C370) (Figure S1). Roughness was also characterized using AFM (Bruker,
Multimode 8) (Figure S2). Films were then used as-is for unfunctionalized film measurements or

functionalized with either IEM-Agmatine or GABA/VDM.
Nylon Film Functionalization

Films were functionalized using a two-step photoinduced graft polymerization modified
from Bowman.”' First benzophenone (Acros Organics) was deposited as an initiator by
immersing the films in a 10% benzophenone/acetone solution and irradiating with UV light for 1
minute. The benzophenone abstracts hydrogen from the secondary amine groups on the nylon

51,52

surface forming surface radicals and semipinacol radicals. These combine to form initiator

sites on the surface from which photoinduced polymerization may occur. The same initiator

Page 4 of 22
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deposition protocol was used for all film samples discussed in this work; therefore, the initiator
site density is expected to be the same for all samples. After initiator deposition, films were
rinsed with 10 mM HEPES buffer solution and were then functionalized with either a 10%
aqueous IEM-Agmatine (3M) solution or a 21% aqueous GABA/VDM (3M) solution (See ESI
for ligand monomer synthesis details). Films were immersed in the ligand solution and then
irradiated with UV light for 10-30 minutes. Photoinduced polymerization occurs at the
benzophenone initiator sites producing polymer chains composed of the ion exchange ligands.
Polymerization continues during UV exposure as long as monomer remains available, meaning
the average chain length can be controlled with the UV grafting time.”* The resulting
functionalized films were then washed with water and 10 mM HEPES buffer solution. Details on

the ligand monomer synthesis can be found in the ESL.
Fluorescent Probe Solutions

Rhodamine B labeled lysozyme (Nanocs) and Alexa Fluor 555 labeled at the N-terminus

of o-lactalbumin?! *% 33

were used as probe molecules. Protein solution were made by diluting
with 10 mM HEPES buffer (pH 7.1) until the desired probe concentration was achieved. This

was typically 1 nM for lysozyme and 0.05 nM for a-lactalbumin.
Fluorescence Measurements

Samples were analyzed using a custom built TIRF wide field fluorescence microscope.
532 nm light from diode laser (Coherent, Compass 315M-100SL) was used for excitation. After
expansion, the excitation beam was directed to an oil immersion objective (1.45 NA, 100x, alpha
Plan-Fluar, Carl-Zeiss) through a dichroic mirror (Chroma, z532/633rpc). Objective-TIRF was

achieved by directing the beam to the edge of the objective resulting in an incident angle of ~79°.
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Using this excitation geometry, an evanescent wave with a penetration depth of ~80 nm was
generated at the sample surface, thus only probe molecules at or very near the film surface were
excited. All measurements were conducted with an excitation power density of 2.5 kW cm™.
Fluorescence emission from the sample was collected through the same objective
(epifluorescence) and separated from excitation light by the dichroic as well as a notch filter
(Kaiser, HNPF-532.0-1.0) and a bandpass filter (Chroma, ET585/65m). Emission light was
collected using an EMCCD camera (Andor, iXon 897) using an integration time of 30 ms and an
EM gain of 300 operated in frame transfer mode resulting in a frame rate of ~33 frames per

second.

Film samples were fitted with customized hybriwell flow chambers (Grace Biolabs) prior
to fluorescence measurements. Samples were bleached with 10 mW 532 nm illumination for 30
minutes prior to particle tracking measurements to minimize background fluorescence.*' During
bleaching, samples were exposed to a constant 5 uL/min flow of 10 mM HEPES buffer solution.
After bleaching, the HEPES buffer solution was replaced with probe solution and measurements
were conducted at a flow rate of 5 pL/min. Measurements were conducted 5 minutes after probe
solution flow was started to allow the concentration within the chamber to equilibrate. Data was
collected in stacks of 1000 frames at a time with at least 25000 frames collected for each
condition. Representative raw trajectories for each protein/ligand combination are provided in
the ESI (Figure S3 and S4). Particle tracking analysis was conducted; see the ESI for details,

with further details provided in previously published work.**>*

Results/Discussion
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Figure 1 Protein interaction with bare and ligand-
functionalized nylon 6,6 films. Molecular structure of
ligands (A) GABA/VDM and (B) IEM-Agmatine. (C-D)
Comparison of 100 frames worth of trajectories of
lysozyme adsorbing to unfunctionalized and
GABA/VDM functionalized nylon 6,6. (E-F) Comparison
of 200 frames worth of trajectories of a-lactalbumin
adsorbing to unfunctionalized and IEM-Agmatine
functionalized nylon 6,6. Circles represent the localized
centroid of a molecule; lines connect the locations visited
by the same molecule in subsequent frames. Circles may
appear dark or “filled in” if a molecule was localized to
nearly the same location in multiple frames.

For both proteins, functionalization with the appropriate ligand caused increased protein
binding, and in the case of GABA/VDM, functionalization also increased protein hopping to
adjacent binding sites (Figure 1). Ligand structures, charges, and counter-ions are shown in
Figures 1 A,B. In Figure 1 C-D, one hundred frames worth of lysozyme binding events for
unfunctionalized and GABA/VDM functionalized nylon 6,6 are shown. In Figure 1C, the
trajectories consist of a few binding events (circles) distributed throughout the observation area
indicating that molecules bound to the surface with low frequency and binding was characterized

by stationary events as evidenced by the lack of lines connecting the circles. This indicates that
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the interaction of lysozyme molecules to the bare nylon was weak and nonspecific. When the
film was functionalized with negatively charged GABA/VDM, positively charged lysozyme
molecules interacted more frequently with the surface as evidenced by the increase in the number
of identified events (Figure 1D). Additionally plotted trajectories consist of circles connected by
lines meaning molecules were tracked over visibly larger areas indicating protein motion at the
surface (Figure 1D). It should be noted that some of the plotted circles appear dark or “filled in,”
this is due to molecules being tracked over multiple frames in roughly the same area resulting in
overlapping symbols being plotted. Inspection of the trajectories (Figure 1 and Figure S3 and S4)
reveals that surface diffusion is characterized by periods of confinement punctuated by hopping
of the molecules to new areas on the surface through the bulk solution. This period of diffusion
in the bulk is fast, occurring faster than the frame rate of the camera (0.03 s) and so appears as a
hop in the data. This desorption mediated interfacial diffusion has been observed by ourselves
and others for a variety of molecule types from small single molecule dyes to polymers and

- 15,29,56
protens. ™7

Adsorption of negatively charged a-lactalbumin to films functionalized with positively
charged IEM-Agmatine was also enhanced compared to unmodified films. (Figure 1E-F)
Binding of a-lactalbumin to unfunctionalized films was similar that of lysozyme. The plotted
trajectories indicate that molecules remained bound to the same spot for the duration of
observation. Unlike lysozyme, this remained true for binding to IEM-Agmatine functionalized
films, though the binding rate increased significantly as can be seen in the increased event
density for Figure 1F over Figure 1E. For the data presented in Figure 1, a UV grafting time of

15 minutes was used for both ligands.
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A likely explanation for the increased surface mobility of lysozyme upon
functionalization with GABA/VDM is hopping of the probe between adjacent adsorption sites
(desorption mediated diffusion). Increasing the UV exposure time during the grafting process
results in increased ligand chain length rather than more ligand sites. Even at short UV grafting
times, all initiator sites are expected to have polymerized to some degree because of the
stoichiometric excess of ligand monomer in the polymerization solution as demonstrated by
Bowman.’* Thus, only the average chain length of the ligand chains is controlled by varying the

31:32 Because our previous work demonstrates that charge-clustered ligands are

UV grafting time.
better than individual ligands for effective adsorption of a-lactalbumin,”' we hypothesize that as
the average chain length increases during UV exposure, the probability of stochastically
optimized clusters within the distribution of ligand lengths also increases resulting in more
available sites to which lysozyme can effectively adsorb leading to higher surface mobility for
longer UV grafting times. UV exposure time was varied between 10 and 30 minutes for the

grafting of GABA/VDM and the lysozyme adsorption results as a function of exposure are

shown in Figure 2.
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Figure 2 Binding rates (A) and single frame displacement
distributions (B) of lysozyme adsorption to
unfunctionalized (0 min) and GABA/VDM functionalized
nylon 6,6 with 3 different UV exposure times. The color
of each distribution in B corresponds to the exposure time
in A. The average radius of gyration calculated for each
data set is also shown. In (A), the error bars represent the
standard deviation of the adsorption rate from 10
collections of 1,000 frames each from 2 different samples.
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The binding rate and surface mobility of lysozyme was related to the UV grafting time of

GABA/VDM (Figure 2). Figure 2A shows that as UV grafting time was increased, the binding
rate increased in a nearly linear fashion from 0.065 events/pum?s to 0.27 events/um®s, a fourfold
increase. The binding rate was determined by finding the average number of new events per

frame for 1,000 frames and dividing by the area of the observed region (353 um?) and the error

bars are the standard deviation determined by performing the calculation for multiple batches of

1,000 frames. Figure 2B contains normalized single frame displacement histograms for the

various UV exposure cases. These plots show distributions of the magnitude of the displacement

vector acquired as molecules are tracked from one frame to the next and demonstrate that as UV

10
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grafting time increased, larger step sizes became more likely. Note that it is typical to plot
displacement histograms on a linear scale,”” >® but we are plotting the log of the displacement
magnitude binned evenly along the log(Displacement) axis. This allows the full range of
displacements we measure to be graphically represented. Typical van Hove correlation plots of
the data are shown in the ESI for reference (Figure S5 and S6). Unmodified films and the film
with 10 min grafting time had nearly identical distributions, both lognormal and centered at ~30
nm, which corresponds to the localization accuracy of our instrument thus indicating that the
molecules we tracked were stationary under these circumstances.”” As grafting time was
increased to 20 and 30 minutes, the right side of the distribution broadened. Displacements as
high as 1.1 pm were observed. When a protein molecule desorbs from the surface it undergoes
fast Brownian diffusion in the bulk solution too fast for our camera to observe.”” Due to random
motion, it will periodically reencounter the surface. Higher binding site density increases the
probability of readsorption upon each instance of reencountering the surface and therefore the
likelihood of rebinding within one frame of observation. This manifests as a broadening of the

distribution tail.

Because the number of detected events increased concurrent with the distribution
broadening we need to ensure that the larger step sizes are not the result of false trajectory
linking due to crowding.®” We ensured that false linking is minimized to less than 5% of the
total number of trajectories by using low probe concentrations, filtering out trajectories shorter
than 5 frames and checking the number of identified trajectories against the results of the same
frame stack with the frame order randomized (ensuring that only falsely linked trajectories are

identified).’

11
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In order to quantify surface mobility, we calculated the trajectory radius of gyration.”*"

%0 Unlike the single frame displacement which measures the distance that molecules move over
each individual frame, the radius of gyration considers the entire trajectory and is effectively a
measure of the area covered by the molecule over the entire time that we track it. (Radius of
gyration is discussed in lieu of the traditional diffusion coefficient because the interfacial
transport is not Brownian; however diffusion coefficient histograms for proteins adsorbing to
functionalized films are included in the ESI for reference (Figure S10 and S11)). Details on the
calculation of the radius of gyration can be found in the ESI, but briefly, it is the root mean
square distance of the location of each step in the trajectory from the trajectory center of mass. In
addition to the single frame displacement distributions Figure 2B includes the average radius of
gyration for 1000 frames worth of trajectories for each case. The average radius of gyration also
increased with UV grafting time, from 0.06 pm for 0 and 10 minutes to 0.26 pm for 30 minutes,
indicating that molecules explored larger areas in addition to hopping larger distances. Also of
note in Figure 2 is that binding rate was found to increase for films with 10 minutes of grafting
time compared to unmodified films, but the displacement distribution was not broadened nor was
the average radius of gyration found to increase. It is possible that this occurred because the

density of binding sites on the surface was too low to initialize hopping.

12
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Figure 3 Binding rates (A) and single frame displacement
distributions (B) of a-lactalbumin adsorption to
unfunctionalized (0 min) and IEM-Agmatine
functionalized nylon 6,6 with different UV exposure
times. The color of each distribution in B corresponds to
the exposure time in A. The average radius of gyration
calculated for each data set is also shown. In (A), the error
bars represent the standard deviation of the adsorption
rate from 10 collections of 1,000 frames each from 2

different samples.

The binding rate of a-lactalbumin to [IEM-agmatine also depended on the UV exposure
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time (Figure 3 A), but there was not a corresponding increase in surface mobility (Figure 3B).
The single frame displacement distributions did not become broader as UV exposure time during
IEM-Agmatine functionalization was increased indicating that the step size remained the same,
with the lognormal distribution centered at ~30 nm for the 0, 10, 20 and 30 minute cases despite
an increase in binding rate from 0.003 events/um?s to 0.062 events/pum?®s, an increase of twenty
times. The radius of gyration increased a small amount for the 30 minute exposure sample, from

0.06 um to 0.13 um, suggesting that molecules explore a slightly larger area, but the lack of

13



evidence of increased step sizes despite a similar increase in binding rate for both systems
implies that the mechanism of surface diffusion was different between the two systems. As a
control, lysozyme binding to IEM-Agmatine functionalized nylon, (Figure S7) and a-lactalbumin

binding to GABA/VDM functionalized nylon (Figure S8 and S9) were also measured. In both

RSC Advances

cases, reduced binding was observed, most likely due to electrostatic repulsion. The strength of

adsorption of the proteins to the film and adsorption sites might be responsible for the differing

behavior that we observe so an analysis of single site and surface residence times was conducted.
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Figure 4 Single site (inverted triangles) and surface
residence time (circles) cumulative distributions for (A)
lysozyme interacting with unfunctionalized (light red) and
GABA/VDM functionalized nylon 6,6 (dark red) and (B)
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a-lactalbumin interacting with unfunctionalized (light
blue) and IEM-Agmatine functionalized nylon 6,6 (dark
blue-green) Fits of each curve to a triple exponential
decay model are shown as black lines.

For both ligands, functionalization caused a narrowing in the available binding sites

(Figure 4). Figure 4 contains cumulative distributions of the single site (inverted triangles) and
surface dwell times (circles) for each protein-ligand case. Single site dwell times represent the
amount of time a molecule remained bound to a single adsorption site without moving to another
adsorption site. Single site dwell times were determined by setting a threshold equivalent to 1
pixel (64 nm) and scanning sequentially through all trajectories to find all consecutive steps
where molecules had a displacement less than the threshold. Surface dwell times correspond to
the amount of time a molecule was tracked on the surface whether it remained at a specific
binding site or hopped to other binding sites. Surface dwell times were determined by simply
using the total length of the trajectory in time. If no hopping is occurring, the single site and
surface dwell times should be the same. Interestingly for both proteins there were rare long lived
events detected for unfunctionalized films (light colors), but not for functionalized films (dark
colors) represented by the faster decay of the cumulative distributions of functionalized films at
low probabilities (less than 0.01) and the broader tails of the unfunctionalized film cumulative
distributions. One possible explanation for this is that the process of film functionalization
rendered these anomalously strong sites inaccessible. Control experiments using a high
concentration (1 uM) of a-lactalbumin resulted in a similar faster decay of the dwell time
distributions (Figure S12) supporting this hypothesis. High protein concentrations effectively
passivate strong binding sites and the elimination of these sites yields a narrowing and

homogenization of available binding sites."’

15
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Surface and single site decays differed only in the case of lysozyme binding to films
functionalized with GABA/VDM (Figure 4A). The distribution for the surface residence time is
shifted to the right compared to the single site residence time curve indicating that the mean
surface residence time is larger. This confirms that probes spent more time on the surface than at
single binding sites as would be expected based on the data presented in Figures 2 and 3. All of
the a-lactalbumin cumulative distributions shown in Figure 4B (with the exception of the tails
discussed above) overlap suggesting that functionalizing the film does not appreciably change
the binding kinetics at the timescales of our experiment. Based on triple exponential decay fits
to the dwell time curves (Table S1 and Table S2) concrete conclusions about relative binding site
strength could not be drawn; however, there are other potential explanations for why lysozyme
molecules adsorbing to GABA/VDM are more mobile than a-lactalbumin adsorbing to IEM-

Agmatine.

Our results suggest that when lysozyme molecules desorb from binding sites they have a
higher probability to re-adsorb at a nearby binding site, while a-lactalbumin does not. One
possibility is that lysozyme has more accessible charge groups on the outer surface of the protein
molecule allowing it to more easily interact with surface sites. Surface charge maps generated
using the Poisson-Boltzmann equation, included in the ESI (Figure S13), suggest that, at the pH
used in our experiments, o-lactlabumin has slightly more surface area with no charge, but this
difference might not be enough to cause such drastically different behavior. Future experiments
will involve varying the ionic strength of the buffer solutions and using different charged

proteins to determine the electrostatic contribution to the enhanced surface mobility.'

Another possible explanation is that the difference lies in the grafted ligand. The ligand

monomers bind to the benzophenone initiator sites creating polymerized chains of ligand

16
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molecules with each monomer unit carrying a charge. The same initiator deposition procedure
was used for both ligands, thus [IEM-Agmatine and GABA/VDM samples should have the same
density of initiator sites and thus should have comparable grafting density, but as discussed
previously, not every ligand site will have enough monomer units to act as a suitable binding
site. It is then conceivable that even after 30 minutes there may be many more sites on the I[EM-
agmatine functionalized film without an adequate number of cluster charges to induce binding.
While we do not measure the grafting density or chain length directly, the large increase in

binding rate measured for both ligand-polymer systems suggests that this is an unlikely scenario.
Conclusions

Single molecule measurement of protein binding to nylon films functionalized with ion
exchange ligands illustrates the potential for enhanced surface mobility of target molecules.
Lysozyme adsorption to GABA/VDM functionalized surfaces was characterized by larger single
step sizes and larger areas of the surface being explored when compared to a-lactalbumin
adsorption to IEM-Agmatine functionalized membranes which consisted almost exclusively of
stationary bound events. The enhanced surface mobility in the lysozyme system was found to
scale with the UV exposure time during the ligand grafting process with increased mobility for
longer exposure times. Electrostatic and steric hindrance are both plausible explanations for the
observed differences between the two systems. By extending the broad methods described here
to specific protein/ligand combinations, it may be possible to quantify, for example, the relative
contributions of electrostatic vs. hydrophobic effects to protein interfacial dynamics, an
important topic for a variety of applications.®*®® Care must be taken in the design of ion

exchange processes as both systems tested yielded increased surface binding rates, but the

17
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elevated surface mobility revealed by our single molecule measurements would influence real

world membrane performance.
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GABA/VDM (Lysozyme) IEM-Agmatine (a-Lactalbumin)
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Functionalization of separation membranes with ion-exchange ligands allows control of the
surface mobility of protein molecules facilitating optimized membrane design.



