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S tructural biology has a fundamental 
disconnect. The biochemical world 
is inherently dynamic—the whole 

reason that proteins and other biomole-
cules are important is because of the 
functions they perform, in a complex 
liquid environment that’s far from 
equilibrium. But the main tools used to 

examine their structures, x-ray crystal-
lography and cryoelectron microscopy 
(cryoEM), require static samples that 
are either crystalline or frozen.

It’s not just a conceptual separation 
but also a physical and logistical one. 
X-ray crystallography and cryoEM re-
quire different instrumentation and ex-
pertise than studies of biochemical func-
tion. Structural measurements of
proteins, therefore, are performed in
specialized labs by specialist researchers, 
often far from the chemistry and biology
labs that sparked the molecules’ study.

Now Madhavi Krishnan, of the 
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By how long they take to 
escape an entropic trap, 
slender molecules can be 
distinguished from 
compact ones.

A quick and easy probe of 
biomolecular structure

FIGURE 1. WHEN A WANDERING BIOMOLECULE (purple) diffuses into a 
pocket trap etched into a microfluidic channel, it gets confined for a few tens of 
milliseconds before it can find its way back out. The average escape time, which 
can be accurately measured with fluorescence microscopy, depends on the 
molecular size and shape and on the height h1 of the exit channel. (Figure 
adapted from ref. 1.)
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 University of Oxford in the UK, and 
her colleagues have taken a step to-
ward bridging those gaps.1 They’ve 
developed a method for gleaning some 
structural information about a bio-
molecule from the answer to a simple 
physical question: When a molecule 
diffuses into an open cylindrical pocket, 
like the one shown in figure 1, how 
long does it take to diffuse back out?

The method is by no means a re-
placement for x-ray crystallography or 
cryoEM. Measuring only a single quan-
tity at a time yields nowhere near 
enough information to reconstruct a 
whole molecular structure. But the infor-
mation it does provide is often enough 
to distinguish similar molecules or dif-
ferent conformational or chemical states 
of the same molecule, in some cases 

even if the molecular state is constantly 
changing.

And the technique has the consider-
able advantage of being able to meet 
biomolecules where they are: in the solu-
tion phase and in biology and chemistry 
labs. It requires no highly specialized 
equipment, and a typical measurement 
can be completed in one minute.

Full charge
The origin of the technique dates back to 
2010, when Krishnan was a postdoc in 
the group of Vahid Sandoghdar, who 
was then at ETH Zürich in Switzerland. 
She and her colleagues showed that they 
could use cylindrical pockets for trap-
ping nanoparticles by means of their 
electrical charge.2

A technique already existed for trap-
ping nanoparticles in solution—namely, 
optical tweezers (see PHYSICS TODAY, De-
cember 2018, page 14). Tweezers, however, 
rely on particles’ optical polarizability to 
create the trapping force, so the technique 
is limited in the sizes, shapes, and materi-
als of the particles it can trap. Pocket elec-
trostatic traps, in contrast, can capture any 
particle, as long as it carries a net negative 
charge, which most of them do.

The principle is almost deceptively 
simple. The pockets are fabricated in a 
nanofluidic channel made of silica and 
glass. Those surfaces also pick up nega-
tive charge in solution, so there’s a repul-
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FIGURE 2. SLENDER AND CHUNKY MOLECULES have significantly different values 
of the two structural parameters that are probed with escape-time measurements: 
the hydrodynamic radius rH and molecular-envelope diameter Ds. (Figure adapted 
from ref. 1.)
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FIGURE 3. DNA NANOSTRUCTURES of similar size but different shape can be distinguished through their escape times. (a) The 
tile and bundle structures each consist of 240 nucleotides. But as the height h1 of the exit is decreased, the bundle’s escape time 
shoots up. (b) From escape-time measurements on two chips with different h1 values, researchers can solve for the hydrodynamic 
radius rH and molecular-envelope diameter Ds of both molecules. (Figure adapted from ref. 1.)
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sive electrostatic force between the parti-
cles and the channel walls. The repulsion 
creates a deep potential-energy well in 
the center of each pocket. Particles mean-
der into the wells under ordinary diffu-
sion, but once in, they’re prevented from 
escaping, and they can remain trapped 
for hours.

Although the researchers’ initial focus 
was on nanoparticles, they argued that 
the same principle could be used to trap 
single proteins and other biomolecules. 
“But I don’t know if anyone really be-
lieved us at the time,” says Krishnan. The 
application of the technique to mole-
cules, however, ended up going in a dif-
ferent direction. Krishnan realized that if 
she could design the traps not to be so 
deep that they’re inescapable, she could 
learn useful information from how long 
it took the molecules to escape.3

Escape probability per unit time is 
exponentially related to the energetic 
depth of the trap, which in turn is pro-
portional to the effective amount of 
charge on the molecule. By measuring 
average escape times, the researchers 
could get a sensitive look at how much 
charge molecules carry.

One can measure escape times easily 
and accurately by fluorescently labeling 
the molecules and watching them under 
a fluorescence microscope. Pockets light 
up when they have molecules in them, 
and they go dark when empty. Mean-
while, molecules that are in transit be-
tween pockets don’t show up on the 
microscope image because they’re mov-
ing too fast. Escape is a stochastic pro-
cess, so the researchers need to observe 
many events to calculate the average 
escape time—which is typically in the 
tens of milliseconds—but they can do 
that with a minute’s worth of data.

Because molecules don’t carry charge 
randomly, escape-time electrometry, as 
Krishnan and colleagues called it, gave 
some useful information about structure. 
DNA, for example, carries a fixed amount 
of charge per base pair, so DNA seg-
ments of different lengths can be distin-
guished by their escape times.4 “We 
spent about a decade on this obsession 
with charge,” says Krishnan. But the 
technique could do much more: It could 
access structural information directly.

Two measures of size
The time it takes a molecule to escape 
from a pocket depends not just on its 

charge but on its size: All else being 
equal, bulkier molecules take longer to 
escape than compact ones do. But un-
like the exponential dependence on 
charge, the size dependence sits in the 
prefactor. “We thought that the size 
measurements would be less sensi-
tive,” says Krishnan, “so at first, they 
seemed less exciting.”

Moreover, to access size information 
at all, the researchers would need to 
eliminate the influence of charge, which 
would otherwise be overwhelming. 
They could do that by adding salt: Flood-
ing the solution with ions blunts the re-
pulsive force between the charged mole-
cule and the charged walls. But it seemed 
like that would be sacrificing the tech-
nique’s greatest advantage, so for a long 
time, they never tried.

Krishnan credits her postdoc Xin 
Zhu with taking the eventual leap. “He’s 
an excellent experimentalist, and one 
day he said, ‘I’m just going to try it,’ ” she 
says. “And it worked—once, twice, and 
then there was no looking back.” It was 
only once they had the experimental 
data in hand that the researchers real-
ized the real power of the size measure-
ments: Bigger molecules are slower to 
escape for two distinct reasons, so the 
escape time probes two properties of 
molecular structure.

With the electrostatic repulsion hav-
ing been screened out, it’s primarily en-
tropy that keeps the molecules in the 
traps. Only a few of the many possible 
random trajectories lead toward the exit. 
So the first way that size affects escape 
time is through diffusion speed: Bigger 
molecules move more sluggishly, and 
they can make fewer attempts to escape 
per unit time. Escape time is therefore 
directly proportional to the hydrody-
namic radius rH—also called the Stokes 
radius—which is defined as the radius of 
the sphere that diffuses at the same 
speed as the molecule does.

If that were all there is to it, it 
wouldn’t be very exciting. “There are 
lots of ways to measure the hydrody-
namic radius,” says Krishnan. But it’s 
not enough for a molecule to diffuse to 
the edge of the trap; it must also fit 
through the exit. Specifically, the num-
ber of trajectories the molecule could 
take through the exit depends on the 
total clearance it has on either side. 
That clearance can be written as h1 − Ds , 
where h1 is the height of the exit, as 
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UPDATES 

A lthough the Moon is Earth’s closest 
neighbor, some of its fundamental 
properties are not well understood. 

A better grasp of the composition and 
thermal structure of the lunar interior, 
for example, would help researchers 
trace the evolution of the Moon and the 
origins of its volcanic deposits and other 

surface features seen today. To help 
probe the Moon’s interior, two space-
craft with NASA’s GRAIL mission, Ebb 
and Flow, collected observations in 
lunar orbit in 2012. Small displacements 
in the orbits of the instruments were 
used to generate a map of the lunar grav-
itational field.

From early analyses, it appeared 
that the Moon’s deep interior was 
roughly spherically symmetric. Many 
researchers, therefore, assumed that 
the observed compositional and tem-
perature asymmetries were too small 
to help explain how the Moon formed 

and evolved. That assumption, however, 
now seems to be overturned. Using 
GRAIL data, Ryan Park of the NASA Jet 
Propulsion Laboratory and colleagues 
found an unexpectedly large time-
varying gravity signature that they re-
port is consistent with  uneven tempera-
tures in the Moon’s deep interior.

The Moon’s gravitational field is typ-
ically estimated using the mathematics 
of spherical harmonics. In the equa-
tions, the dimensionless Love number k 
characterizes a body’s response to tidal 
forces—in this case, from Earth—over 
time. The GRAIL results published a 

The Moon’s interior is surprisingly irregular
Even though NASA’s 
gravity-mapping GRAIL 
mission ended 13 years 
ago, the data are still 
yielding new insights.

shown in figure 1, and Ds is the diame-
ter of the smallest sphere that contains 
the molecule.

The relationship between rH and Ds is 
shown in figure 2. For long, slender mol-
ecules, Ds is large and rH is small. But for 
rounder molecules, the hydrodynamic 
sphere and the smallest sphere that con-
tains the molecule are nearly the same, 
and Ds ≈ 2rH.

The average escape time is just one 
quantity, so a single measurement isn’t 
enough to determine both rH and Ds. But 
by repeating the measurement on two or 
more chips with different h1 values, the 
researchers can solve for both structural 
parameters, and they can distinguish 
similar molecules. Figure 3 shows an 
example of how it can work. The re-
searchers made two DNA nanostruc-
tures folded into different shapes: a 
compact tile and a slender bundle. The 
molecules have the same number of 
nucleotides, with the same total mass 
and charge, so they should have similar 
rH values. But the bundle has a much 
larger Ds.

The difference becomes apparent as 
h1 is decreased, as shown in figure 3a: 
When h1 ≈ 40 nm, the bundle takes 
much longer to escape than the tile 
does. Figure 3b shows how, with two 
measurements on chips with different h1 
values, the researchers can distinguish 
the molecules.

The tile and bundle are known struc-

tures that were deliberately synthe-
sized, and they don’t interconvert. But 
the same measurements could be used 
to characterize molecules that switch 
between different shapes and sizes in 
unknown ways: proteins toggling be-
tween two different structures, for ex-
ample, or enzymes binding and un-
binding from a molecular substrate. 
“With a mix of two different escape 
times, we’d have a biexponential distri-
bution,” says Krishnan, “but as long as 
the interconversion time is long com-
pared to the escape time, we can distin-
guish a molecule flip-flopping between 
two states by following it in time 
through the landscape of traps.”

Shining brightly
The technique is intended for proteins 
and other biomolecules, but it also 
works on organic molecules with as 
few as a couple of dozen carbon atoms. 
In that regime of relatively small mol-
ecules, the escape-time measurements 
have sufficient resolution to distin-
guish molecules that differ by one or 
two atoms.

A limitation of the measurements—
especially significant for smaller mole-
cules—is that the molecules of interest 
need to be fluorescently labeled, because 
that’s how the researchers detect whether 
a molecule is in a pocket or not. For the 
proof-of-concept experiments on smaller 
molecules, the bulk of the molecule was 

the fluorescent dye itself, so it’s not yet 
possible to apply the technique to arbi-
trary organic molecules.

“But that’s not a theoretical limita-
tion,” says Krishnan. “Broadly, there 
are two ways to optically detect a mol-
ecule in solution: either through fluo-
rescence or because the molecule itself 
scatters light. We can’t do these experi-
ments with scattered light yet, but 
maybe in the future, the technology 
will have advanced enough to enable 
label-free operation. All the physics of 
the measurement remains the same in 
either case.”

The ability to measure Ds was a sur-
prise, and the researchers look forward 
to more surprises in store. “The mo-
ment you have a new technique, I like 
to think you have very little predictive 
power in where it’s going to go,” says 
Krishnan. “We know that molecular 
conformation is very important, and 
that it’s tied to interactions, chemical 
affinities, and reactions. But the hope is 
that something completely unexpected 
comes out of this.”

Johanna Miller
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