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ABSTRACT

Theoretical predictions have suggested that molecular motion at interfaces — which influences
processes including heterogeneous catalysis, (bio)chemical sensing, lubrication/adhesion, and
nanomaterial self-assembly — may be dominated by hypothetical “hops” through the adjacent
liquid phase, where a diffusing molecule re-adsorbs after a given hop according to a
probabilistic “sticking coefficient”. Here, we used three-dimensional (3D) single molecule
tracking to explicitly visualize this process for human serum albumin at solid/liquid interfaces
that exert varying electrostatic interactions on the biomacromolecule. Following desorption from
the interface, a molecule experienced multiple unproductive surface encounters before re-
adsorption. An average of ~7 surface collisions was required for the repulsive surfaces,
decreasing to ~2.5 for surfaces that were more attractive. The hops themselves were also
influenced by long-range interactions, with increased electrostatic repulsion causing hops of
longer duration and distance. These findings explicitly demonstrate that interfacial diffusion is
dominated by biased 3D Brownian motion involving bulk—-surface coupling, and that it can be

controlled by influencing short- and long-range adsorbate-surface interactions.



Molecular transport in fluid phases is understood in terms of the Brownian motion of individual
molecules/particles, and can, therefore, be predicted and controlled by parameters including the
hydrodynamic radius and fluid viscosity. In contrast, the analogous behavior at interfaces
remains poorly understood despite its fundamental interest and technological relevance; i.e. the
dynamics of macromolecules at solid/liquid interfaces underlie many applications including
chemical sensing, catalysis, lubrication and adhesion [1-6]. While interfacial diffusion is
nominally two-dimensional (2D) and conventionally described in terms of 2D Brownian motion,
longstanding theoretical models [7-16] have predicted that interfacial mass transport could
actually be dominated by “flights” through an adjacent liquid phase, which would dramatically
alter the nature of interfacial molecular motion; an understanding of this process is necessary in
order to rationally control mass transport at surfaces. Recent experimental results indirectly
support these predictions, by measuring the 2D projection of trajectories for atoms, molecules,
polymers, and nanoparticles, in thin films, at solid/liquid interface, and on lipid bilayers, which
can be represented as an intermittent process, with periods of apparent immobility alternating
with long “flights” comprising a heavy-tailed distribution [17-26]. However, the evidence for the
presence of three-dimensional (3D) hops remains indirect, and critical aspects of the proposed
“hopping” process remain a mystery. For example, theoretical models represent a flight as a
series of hops (i.e. returns to the surface), where a molecule may stochastically re-adsorb after
a given hop according to a hypothetical parameter known as the “sticking coefficient” [27]. While
this parameter is theoretically the primary determinant of the flight-length, to date there has
been no actual support for the presence of multiple hops per flight. Moreover, efforts to model

the putative 3D hops have necessarily involved the simplistic assumption of unbiased 3D



Brownian motion. While this assumption may be reasonable in the absence of knowledge to the
contrary, it is likely not correct in the presence of long-range molecule-surface interactions. To
understand desorption-mediated surface transport/searching [3,28-31], and to exploit it for
useful ends, it is desirable to directly visualize the flight process itself, including the nature of
any 3D component of the motion and the surface capture/release process, which requires 3D

tracking capabilities.

To directly test and quantitatively characterize the putative 3D nature of surface diffusion, we
employed a 3D single-molecule imaging approach that combined variable-angle illumination
epifluorescence microscopy (VAIl) with double-helix point spread function (DH-PSF) optics
(SPINDLE™ module, Double Helix LLC, Boulder) with a high-efficiency phase mask (see Fig.
1a. Further details are described in Supplemental Material [32]). The fully 3D tracking capability
allowed us to comprehensively address fundamental questions regarding macromolecular
diffusion at solid/liquid interfaces. Most importantly, we verified the theoretical prediction that
surface diffusion is in fact dominated by 3D flights. Moreover, the direct observation of hopping
provided a comprehensive and detailed picture of the ways in which short- and long-range
adsorbate—surface interactions influence interfacial dynamics by controlling waiting-times
between flights, the temporal duration of hops, the 3D spatial extent of hops, and the probability

of re-adsorption after a hop.



The tracer molecules used in this study were human serum albumin (HSA) labeled with Alexa
555. Since the isoelectric point of unlabeled HSA is pH 4.7, molecules exhibited a net negative
charge at the neutral pH employed here. To make the motion of HSA compatible with the
spatiotemporal resolution of the tracking method [37], it was dispersed in a water/glycerol
mixture (7:93; nominal viscosity 367 cP), at concentrations in the range 10-'4 — 10-12 M, resulting
in a sufficiently sparse surface coverage (<0.04 molecule/um2) to facilitate single-molecule
localization. To study the effects of electrostatic interactions, we used negatively charged fused
silica (FS), and FS modified by various mixtures of a “non-fouling” and non-ionic oligo (ethylene
glycol) silane (OEG) and a positively charged amino-silane (NH2) functionality (denoted as NH»-
X% where Xreflects the fraction of NH2 groups). Thus, the strongest electrostatic repulsion was
between HSA and unmodified FS, with decreased repulsion, eventually changing to attraction
with increasing NH; surface concentrations. The surface modification procedure is detailed in

Supplemental Material [32].
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Figure 1 (a) A standard wide-field microscope body was equipped with a Double-Helix
SPINDLE™ module to implement DH-PSF imaging. (b) Two-dimensional projection of a
trajectory. (c) Actual 3D motion for the trajectory shown in (b). To guide eye, the red
spheres indicate steps for the polymer in solution while the black ones denote steps at

the surface. The inset shows the corresponding trace of z-position vs. time.

The DH-PSF was created using a newly designed phase mask placed in the Fourier plane of
the image train of a Nikon Ti-Eclipse microscope (Fig. 1a). Further details of the technique can
be found in Supplemental Material [32]. DH-PSF imaging permitted direct observations of 3D
desorption-mediated hops and flights, explicitly confirming this mechanism of mass transport.
As indicated by the representative trajectory displayed in Figs. 1b,c, the 3D trajectory elucidates

the detailed nature of hops (denoted by red symbols), which are not revealed in a 2D surface



projection. By directly observing and analyzing many such trajectories, we found that
trajectories generally included many unproductive surface encounters (Figs. 2a-b and Fig. S4),

countering the conventional view.
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Figure 2 (a-b) Representative trajectories for HSA on a NH>-modified FS surface. The
inset shows the corresponding trace of z-position vs. time. (c) Mean squared
displacement versus lag time for HSA on surfaces with varying adsorbate-surface

interactions. The subdiffusive scaling exponents are annotated at right.

We quantified the surface dynamics by calculating the ensemble-average mean squared
displacement (MSD), via AR(7)?= < |R(#71)- R()|>>, where t denotes the molecules at time ¢, ¢
indicates the lag time, and R is the 3D position. Fig. 2d shows plots of MSD vs z for HSA on
surfaces of varying adsorbate-surface interactions. As shown in Fig. S5, this 3D MSD was
dominated by in-plane motion, while the MSD in the z-direction exhibited strong apparent
confinement effects due to the limited axial tracking distance. Interestingly, the apparent
diffusion coefficient (proportional to the slope of the MSD) depended strongly on the surface
charge, with HSA diffusing most rapidly on the repulsive FS surfaces, and systematically more

slowly as protein-surface interactions became more attractive. An apparent short-time diffusion



coefficient Dspp Was obtained via fitting AR(7)2 = 6 D.pp7 over the first four data points, yielding
values of 0.083, 0.079, 0.050 and 0.025 pm?/s, on FS, NH2-50%, NH2-75% and NH2-100%
surfaces, respectively. For longer times, the plots of MSD vs. z were not linear, but instead
indicated subdiffusive behavior (Fig. 2d), exhibiting a power-law dependence on z with an
exponent smaller than unity. The deviation from linearity was weakest for the repulsive FS
surface (with an exponent of 0.90) and the behavior became increasingly subdiffusive for
surfaces that had strong attractive interactions with HSA; the exponent decreased to 0.64 on
NH2>-100% surfaces (Tab. S2). Thus, the surface diffusion was fast and nearly Brownian for
surfaces from which the macromolecule experienced electrostatic repulsion, and became
dramatically slower and more subdiffusive for more attractive surfaces. These ensemble-
averaged statistical trends can presumably be explained microscopically by the details of
intermittent trajectories [18], e.g. waiting times, hop distances, and sticking coefficients, which

can, in turn, be directly related to molecular-level interactions.

Analysis of 3D trajectories allowed us to determine the statistics of the desorption-mediated
hops in detail. Uniquely, the sticking coefficient was calculated by counting the fraction of all
surface encounters that resulted in actual adsorption. To distinguish between adsorption and
unproductive surface encounters in the presence of localization uncertainty we applied a
criterion for adsorption that included both lateral mobility and z position; a detailed description is
given in Supplemental Material [32]. Fig. 3 shows the apparent sticking coefficient on surfaces
with varying adsorbate-surface interactions. Interestingly, the adsorption probability was

significantly smaller than unity in all cases, indicating that a diffusing molecule typically



encountered and sampled the surface many times prior to adsorption. Interestingly, we found
that the apparent sticking coefficient depended systematically on the adsorbate-surface
interactions, ranging from a maximum of 0.45+0.03 for the most attractive NH»-100% surface
(i.e. >2 encounters per adsorption) to a minimum of 0.13+0.01 on the repulsive FS surface (~8
encounters per adsorption event). We use the term “apparent” sticking coefficient because there
are presumably many small and fast displacements away from the surface that cannot be
resolved, resulting in underestimation of the absolute number of hops per flight. However, this
does not affect the systematic trends associated with electrostatic interactions described here.

Further discussion of this issue is provided in supplemental material.
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Figure 3 Apparent sticking coefficient of HSA on different surfaces.

Long-range adsorbate-surface interactions also influenced the hop-length, hop-height, and hop
duration, suggesting that the near-surface 3D diffusion was not simply Brownian. As shown in
Fig. 4a, for the more repulsive FS and NH2>-50% surfaces, the distributions of hop-length (i.e.,
the lateral distance between successive surface encounters during flights) exhibited a heavy tail
of very long hops (0.4 um), which was dramatically depressed for the more attractive NH2-100%
surface. Interestingly, we found that the heavy tails in the hop-length distributions could be

asymptotically described as a power law, ~1/r (as shown in Fig. S6), with exponents in the



range 2.8-3.4, in agreement with the theoretically calculated Cauchy tail P ~ 1/2 found
previously for desorption-mediated diffusion [8]. This consistency indicates that the 3D
measurement correctly captures the underlying mechanism of desorption-mediated surface
dynamics. The trend in the hop-length distribution with surface charge was hypothesized to be
due to the fact that long-range electrostatic interactions influenced the return-time, defined as
the time between consecutive surface encounters. For example, if surface repulsion reduced
the likelihood of motion towards the surface, an adsorbate molecule would exhibit flights of
longer duration and distance. Further supporting this hypothesis, the distributions of height
during hops (see Fig. S7), were apparently influenced by electrostatic interactions, with hops on

FS extending farther from the surface compared to hops on NH2-100% surfaces.

To quantitatively test this hypothesis, we calculated the return-time using only trajectories
comprising multiple encounters in a given flight; the cumulative return-time probability
distributions are shown in Fig. 4b. These distributions clearly indicate that the return process
was strongly influenced by surface interactions, where returns were faster with increasing
positive surface charge (attraction) and slower when the surface was negatively charged
(repulsion). Combined with the trends exhibited by the hop length distributions (Fig. 4a), the
return-time data suggest that the near surface diffusion of polymers experiences a bias
associated with long-range electrostatic interactions. This effect was enhanced in these
experiments, because the solvent was chosen to maximize the range of electrostatic
interactions (i.e. the salt-free glycerol-water mixture had a calculated Debye length of ~780nm).

Combined, these data suggest that for the NH>-100% surface, electrostatic attraction between

10



HSA and NH “pulls” the object back to the surface more quickly than expected for unbiased
Brownian motion (causing short hop-lengths), and that for the FS surface, electrostatic repulsion

“pushes” a molecular away from the surface, causing longer hop-lengths.
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Figure 4 (a) Hop length distributions during flights for HSA on surfaces with varying
surface-adsorbate interactions. (b) The cumulative probability of return time between
consecutive surface encounters. The symbols denote the experimental data on different
surfaces, and the solid lines indicate the simulation results described in the main text.

The gray line in (b) represents the result of simulated Brownian motion.

In order to test this hypothesis quantitatively, we modeled the return process using kinetic
Monte Carlo simulations involving biased Brownian motion in the surface-normal direction [38].
The simulation details are described in the Supplemental Material [32]. In short, generalized
random walk simulations were performed on a 1D lattice where the probabilities of steps in the
positive or negative direction were biased by the presence of electrostatic interactions. In
particular, the probability of moving towards the surface was given as P= 0.5 + AeZL where L is

the calculated Debye length, z is the distance to the surface, and A is a parameter

11



corresponding to the direction and magnitude of the bias. These simulations had minimal
assumptions and employed experimentally-measured diffusion coefficients (see Supplementary
Materials [32]) as inputs; the only adjustable parameter was A. The model reduced to Brownian
motion in the limit of A =0, while A = 0.5 indicated deterministic 1D directional motion. Values
of A<0 and A>0 corresponded to biased Brownian motion away from and towards the surface,

respectively.

By setting A = 0, we simulated trajectories that exhibited unbiased Brownian motion and
measured the distribution of return times (retaining only trajectories that returned within 2s, to
mimic the limitations of experimental tracking). As shown in Fig. 4b (gray line), we found that 90%
of the Brownian trajectories returned to the surface within 1s. This indicated that even unbiased
Brownian motion can effectively mediate lateral surface diffusion, in contrast with the intuitive
notion that desorbed molecules may return irreversibly to bulk solution. More generally, the
return time distribution was sensitive to the bias parameter, A. By systematically varying A, the
simulations successfully represented the experimental return time distributions at different
surfaces. The values of A that best described our data for attractive surfaces were 0.17, 0.30,
and 0.35 for NH2-50%, NH2>-75%, and NH»-100% surfaces, respectively. On the other hand, a
slightly repulsive value of A = —-0.04 represented the return process of HSA on the negatively
charged FS surface. Taken together, the consistent systematic trends seen in both simulations
and experimental results suggest that biased Brownian motion due to long-range electrostatic
interactions between HSA and surfaces can quantitatively describe the desorption-mediated

near—surface dynamics in the surface-normal direction.
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A final important component of the intermittent diffusion process involves the duration of waiting
times, 74, between flights. Previous 2D studies have shown that apparent waiting time
distributions, ¥rss), often had heavy tails (asymptotically described by power laws) and were
correlated with the strength of short-range interactions [39]. Here, we observed similar
phenomena using 3D tracking measurements. For all surfaces, the distribution was described
by a power-law relation Y(r4es) ~taes{1*? in the range 0.5s <t4s < 5s (Fig. 5). The parameter a
(annotated in Fig. 5) provided an empirical way to correlate the statistics of ¥(rgs) with
adsorbate-surface interactions. As the adsorbate-surface interaction was varied from repulsive
(FS surfaces) to attractive (NH2-100% surfaces), a decreased systematically, denoting that
waiting times were longer (i.e. the distributions were broader) on surfaces corresponding to a

stronger adsorbate-surface interaction.
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Figure 5. Distribution of waiting times between flights for HSA on different surfaces. The

symbols denote the experimental data, and the solid lines indicate power-law fits in the

range of 0.5-5 pm. The scaling exponents, a, obtained using an equation described in

the main text, are annotated at right.

Previous work has suggested that surface diffusion was influenced by multiple effects, e.g.,
adsorbate-surface interactions (desorption rate), re-adsorption probability, physical obstacles,
chemical surface heterogeneity, etc [24,39-43]. The results presented here provide a
comprehensive picture of how and why adsorbate-surface interactions influence interfacial
motion. In particular, we found a clear and dramatic overall trend in the apparent diffusion
coefficient (Fig. 2c), where molecules diffused rapidly in the presence of electrostatic repulsion
and slowed dramatically as electrostatic attraction increased. A detailed analysis of 3D
trajectories shows that this trend was the cumulative effect of multiple mechanisms: as
electrostatic attraction increased, waiting times lengthened, individual hops became shorter in
duration and distance, and a molecule was more likely to re-adsorb after each hop. While

molecular-level effects were not explicitly considered here (i.e., HSA molecules were treated
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essentially as a model charged particle to focus on the general hopping phenomena), it is likely
that the detailed microscopic mechanisms of adsorption and desorption may be coupled to
intramolecular phenomena such as conformational changes [44]. In our analysis, the effects of
such changes on surface dynamics were embedded in kinetic parameters such as waiting times,

hop lengths, return time and so on.

Desorption-mediated transport has important implications for the efficiency and rate of
molecular “searching”, e.g. for interfacial reactive and/or binding sites [30,31,45-47]. Indeed, a
recent experimental study found that the improvement of surface searching efficiency was even
greater than that predicted by a simple intermittent hopping model, especially at long distances
[47]. The results presented here provide a potential explanation for these observations. When a
molecule desorbs, it diffuses through solution, but still samples the surface via electrostatic
interactions. Moreover, even under strongly adsorbing conditions, a molecule encounters the
surface many times before final re-adsorption. These factors may explain why the actual
searching efficiency is greater than predicted by theoretical models where flights are assumed
to be knowledge-free cruises, during which the molecule obtains no information about the

surface [45-47].

In summary, a 3D tracking method was used to study the effect of electrostatic interactions on
the desorption-mediated 3D flights of a negatively-charged tracer molecule at solid/liquid
interfaces of varying surface charge. Once a molecule desorbed, it experienced multiple

unproductive surface encounters before re-adsorption. Therefore, the sticking coefficient, i.e.,

15



the adsorption probability, was much less than unity even at a strongly attractive surface and
decreased further as the adsorbate-surface interaction (attraction) decreased. Moreover, the
near-surface dynamics were quantitatively consistent with biased Brownian motion (associated
with long-range electrostatic interactions), leading to strong bulk-surface coupling. An important
consequence of this picture is that the surface searching is much efficient than predicted by
conventional theory. In general, biased Brownian motion can have significant physical
implications for interfacial adsorption, transport, sensing, self-assembly and searching

phenomena that are related to the near surface dynamics.
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