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3D Imaging of Hopping Molecules
The 3D motion of molecules at a solid-liquid interface is directly imaged for the first time.

by Eli Barkai∗ and Yuval Garini†

T heory predicts that the movement of molecules
along the surface of a cell is dominated by “hops,”
with the molecules jumping in and out of the liquid
surrounding the cell [1, 2]. Such a process, for exam-

ple, is thought to occur when molecules transport cargoes
from one region of the cell to another. But experimentally
tracking the full 3D motion of such molecules is notoriously
difficult, making it hard to confirm these predictions. Now,
Daniel Schwartz from the University of Colorado Boulder
and colleagues have done exactly that, capturing the 3D
trajectories of human serum albumin molecules on silica sur-
faces submersed in a water-glycerol mixture [3]. The team
observed that the strength of the electrostatic interactions be-
tween the surface and the molecules strongly influence the
characteristics of the hops, such as their length and duration.
The research shows the potential of fluorescence imaging
for tracking and probing the 3D motion of single molecules
along a submersed surface. Such an ability could enable a
deeper understanding of molecular processes in cells.

The path of a molecule through a fluid typically resem-
bles a random walk due to its random (Brownian) motion,
a behavior that is well understood. But add in an interface,
like the surface of a cell, and things get more complicated.
Theory predicts that molecules wouldn’t simply track a ran-
dom path along the cell’s surface. Rather, their paths are
interrupted by hops off the surface and into the liquid sur-
rounding the cell. Experimental results lend support to
this prediction, but to date, they have not directly deter-
mined the molecules’ paths in 3D. As such, the details of
the molecules’ motion and the influence of the surface on
this motion remain unknown. Do the molecules move pre-
dominantly along the surface or in the liquid? Or is their
time divided equally between both? How big are the hops
and how long do they last? How does the molecules’
motion depend on the strength of their interactions with
the fluid and the surface? Knowing the answers to these
questions would improve researchers’ understanding of the
diffusion of molecules in such situations, and it would give
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Figure 1: A biomolecule ‘‘hops’’ along a submersed surface,
jumping in and out of the liquid. Schwartz and colleagues [3] show
that the length, height, duration, and number of jumps made by the
molecule depend on the strength of the molecule-surface
interactions. (APS/Alan Stonebraker)

insights into the physical, chemical, and biological processes
to which the molecules contribute [4–6].

Schwartz’s team takes a step towards answering these
questions using an adaption of a recently developed fluo-
rescence imaging technique [7]. In standard fluorescence
imaging, molecules are tagged with a dye, which fluoresces
when illuminated with light of a specific wavelength. The
fluorescence serves as a tiny torch reporting the whereabouts
of the particle. In cases where the molecule is moving, the
fluorescence can be used to track the particle and map its
trajectory in space and time.

Typically, fluorescence images consist of 2D projections of
3D positions, in the same way that photographs taken with
our cell phones are 2D projections of a 3D scene. How-
ever, unlike photographs, fluorescence images contain only
a series of light spots, which provide little perspective in-
formation for the viewer. Additionally, noise in images
and the fact that the light spots are generally much bigger
than the molecules themselves limit the ability of researchers
to accurately determine the location of a molecule in the
vertical direction—its height above the surface—using this
technique.

The technique of Schwartz and colleagues [3] circumvents
this obstacle by determining a molecule’s changing verti-
cal position using an optical method to modify its so-called
double-helix point spread function. Adding a phase-filter to
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the optical path of a fluorescence microscope, the team mod-
ified the light from the fluorescence emission such that two
spots, not one, appear on the microscope’s camera. As the
molecule’s height changes, the two spots rotate around each
other in the manner of a double helix, hence the name of the
point spread function. The exact angle of rotation depends
on the molecule’s height. In this way, the team mapped the
3D motion of a molecule with a spatial precision of 20 nm in
the vertical direction and 15 nm in the two lateral directions,
and with a temporal precision of around 0.1 s.

Tagging individual human serum albumin molecules with
a fluorescent dye, Schwartz and colleagues captured the tra-
jectories of individual molecules moving along negatively
charged silica surfaces (Fig. 1) that were submersed in a
water-glycerol liquid. The researchers modified the surfaces
with various silane compounds to tune the electrostatic in-
teractions between the molecules and the silica surface. The
team observed hops and, in some cases, “flights” of the
molecules as they moved across the surface.

Analyzing the statistics of the observed hops, the team
found that the “stickiness” of the surface—how many jumps
a molecule makes before being absorbed back to the sur-
face—depends on the strength of the molecule-surface elec-
trostatic interaction. Molecules moving on the most at-
tractive type of surface (amino-silane coated silica) hopped
twice on average, while molecules moving on the most re-
pulsive type of surface (uncoated fused silica) kept going for
seven jumps. The team found that the distribution of the
waiting times between jumps increased with the attractive
interaction strength of the surface, a behavior not predicted
for simple Brownian motion [8]. The nature of the inter-
action (repulsive or attractive) also influenced the length,
height, and duration of the hops—molecules moving on
more repulsive surfaces had longer, higher, slower jumps
due to the pushing away of the molecule by the surface. As
such, the motion of the molecules no longer fits that of sim-
ple Brownian motion but is instead biased by the surface,
potentially allowing the molecules to move faster or slower.

Faster diffusion could be beneficial for myriad cellular
processes involving the transport of molecules over the
cell’s outer membrane and over the membrane surround-
ing the cell nucleus (nuclear envelope). Imagine pedestrians
walking in an overcrowded city. If some had an added abil-
ity to jump into the third dimension, they could leapfrog
those walking more slowly. Such an action could dramati-
cally enhance their mobility. Similarly, a hopping molecule

searching for a target on the cell’s surface could carry out a
more efficient search than a molecule that only moves in 2D,
as it could continually hop to new, unsearched parts of the
cell without having to resample any areas. Thus the exper-
iments show the important contribution of interactions be-
tween molecules and surfaces in determining the dynamics
of the molecules, something that is not yet fully understood.
Learning more about the dynamics of molecules could pro-
vide a more detailed picture of the behavior of proteins and
other biomolecules in processes including the trafficking of
nutrients into the cell, the signaling of information to the cell
nucleus, and the initiation of cell division.

This research is published in Physical Review Letters.
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