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talk by Richard Feynman,
‘‘There is plenty of room at the
bottom,’’ was given ⬎40 years
ago at the California Institute
of Technology during the annual meeting of the American Physical Society.
Today, in the context of nanotechnology, this lecture is frequently cited because of its remarkable visionary power.
Very early, Feynman envisaged nanotechnology as a whole new field and argued that a wealth of revolutionary
technological advances and applications,
like ultra-high density data storage media or ultra-small mechanical devices,
would be feasible, with much room for
improvements until finally fundamental
physical limits at the atomic scale become relevant. To illustrate how much
room there actually is at the bottom,
Feynman asks us to imagine a miniaturization contest in which one participant
manages to write on a pinhead ‘‘how’s
this?’’ Her competitor returns it, and in
the dot of the ‘‘i’’ it says, ‘‘not so hot,’’
and so on.
The field has seen remarkable
achievements since then, indeed, most
notably the reduction of the area of
transistors in microelectronic circuits by
more than a factor of 107, or of the
space required to store 1 bit of information on a magnetic surface by ⬇108.
Nanomechanical devices have seen tremendous progress, too, through impressive advances in scanning probe microscopy (1, 2).
But what if the room at the bottom
actually runs out? What if the physics
like that appears at the limit of miniaturization? In their molecular dynamics
study in a recent issue of PNAS, Beckstein and Sansom (3) address this question for the water flow through a short
hydrophobic nanopore, where the fluid
is essentially confined to one dimension
(Fig. 1). In their simulations, they varied
the radius of the pore from 1.0 nm
down to 0.35 nm, which is a bit larger
than the size of a water molecule. At
first sight, one might expect a gradual,
possibly stepwise, reduction of water
flow with decreasing pore radius. What
the authors and others (4) observed,
however, is the appearance of oscillations between a fluid-like and a more
vapor-like water phase within the pore,
with a fluctuation frequency in the
nanosecond range. With decreasing pore
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Fig. 1. Liquid兾vapor oscillations are seen in molecular dynamics simulations of a hydrophobic model
nanopore built from methane-like pseudo atoms (transparent). Water molecules (red兾white) placed at
both sides of the pore diffuse through the channel. The water molecules appear somewhat smaller than
they actually are, because they are drawn as stick models, whereas the atoms forming the channel are
drawn as Van der Waals spheres. The figure was kindly provided by Oliver Beckstein.

radius, the probability of finding the water in the pore in the vapor state increases. Eventually, below 0.4 nm, the
water density within the pore drops to
very small values.
At this point, and typical for many
other simulation studies, these simulations provide much of a full atomistic
picture in a sense that bears some resemblance to Maxwell’s daemon. However, and also quite typical, one finds
that this wealth of simulation data does
not immediately force on oneself any
deeper understanding. Although already
a lot of effort is involved in the set-up
and execution of such molecular dynamics simulations, their physical interpretation is often much more demanding.
Moreover, because of the structural and
functional diversity of biological macromolecules and models thereof, it is even
more challenging to find and isolate new
phenomena that hold the promise to
apply to a wide range of systems and
processes.

In this respect, Beckstein and Sansom
(3) have made an important contribution to the field. From their data, they
developed a comprehensive picture of
the underlying physics in terms of kinetics, dynamics, and thermodynamics. In
particular, the Helmholtz free energy as
a function of water density within the
pore is found to exhibit two metastable
minima for radii ⬍0.55 nm, which explains the observed two-state behavior.
Eventually, below 0.45 nm, the vapor
state becomes the global minimum,
whereas it vanishes for radii ⬎0.7 nm, in
agreement with the observations. Furthermore, their analysis of the kinetics of
the vapor兾fluid and fluid兾vapor transitions points toward two different mechanisms involved for nano condensation
and evaporation, respectively, which
clearly deserve further investigation.
See companion article on page 7063 in issue 12 of volume
100.
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COMMENTARY

What happens if the room at the bottom runs out?
A close look at small water pores

nanomotor (9, 10) that is ⬇104 times
smaller than the smallest manmade
electromotor.
Also biological channels have evolved
to near perfection. There is a huge diversity of channels, including ion channels, which currently receive pronounced
attention today but lie outside the scope
of this commentary. Rather, I would

Studies like the one discussed here
expand our basic knowledge of physics
at the atomic scale. Moreover, they are
not only interesting on their own, as a
closer look into biology quickly reveals.
Almost impossible to imagine 30 years
ago, and still not fully acknowledged
today, is the very fact that a much more
advanced nanotechnology appeared on
Earth ⬎1 billion years ago, and we are
only beginning to understand how this
machinery works. In contrast to most
technological approaches, during biomolecular evolution there was no need for
miniaturization toward the (molecular)
bottom, because it started out right at
the bottom, generating biomolecules of
increasing size and complexity. Thus, it
is the rule rather than the exception for
any biomolecular machinery to work
within the realm of few-atoms physics,
which we are only beginning to explore
today.
In DNA, for example, one bit of genetic information occupies ⬇0.5 nm3
(involving ⬍100 atoms), a volume that is
⬇108 times smaller than the one a bit
requires on a 1-gigabit memory chip today. Proteins, just a few nanometers in
size, have evolved to perform astonishingly complex tasks, such as pumping
single protons against electrostatic fields
and osmotic gradients in bacteriorhodopsin (which is achieved mainly by a lever
arm, retinal, comprised of merely some
50 atoms) (5). Many different enzymes
accelerate chemical reactions by factors
of 1010 or more (6). The mitochondrial
F-ATPase, for example, drives the synthesis of the energy currency of all living cells, ATP (7, 8), via a mechanical

like to focus on water pores, which are
essential for most living organisms (11),
too, and are particularly addressed by
Beckstein and Sansom. Up to now,
⬇300 different channels have been discovered in bacteria, plants, and animals,
forming the aquaglyceroporin membrane
protein family (12). In the human body,
10 different aquaporins are known, expressed in tissues as diverse as the brain,
eye lens, and kidney, and in red blood
cells. A wide range of diseases are
caused by malfunction of these water
channels, such as nephrogenic diabetes
insipidus, congenital cataract, and impaired hearing. The atomic structures of
two of these channels, AQP1 and GlpF,
have recently been solved by cryo-electron microscopy (13) and x-ray crystallography (14). Aquaporins are remarkably efficient water channels, yet are

strikingly selective against ions and even
protons. Recent molecular dynamics
simulations of water permeation through
the channels (15, 16) have revealed how
these somewhat contradictory properties
have been simultaneously optimized.
Also, Beckstein and Sansom have observed increased water mobility along
their channel. They attribute it to the
1D confinement of the water molecules
inside the pore rather than specific interactions with the channel. Admittedly,
their simplified model differs in many
respects from the pores formed by real
channels. For example, biological channels typically show a quite heterogeneous channel interior, with less regular
but highly optimized structure, a finetuned arrangement of hydrophobic and
hydrophilic surface patches, and an
equally fine-tuned set-up of electric
fields. Nevertheless, one should not be
too surprised if the observed liquid兾
vapor oscillations were also observed in
complex biological channels, possibly
with functional implications. Thus, in
future studies on any transport process
across membranes, passive or active, of
water, protons, ions, or other solutes, we
all might want to keep our eyes peeled.
Along these lines, much work remains
to be done to characterize this effect for
increasingly complex systems, e.g., as a
function of pore geometry, temperature,
solvent composition, electrostatics, or
hydrophobicity of the channel interior,
or with respect to possible interactions
with the conformational dynamics of
the pore.
When the room at the bottom runs out,
there is plenty of room for advancements.
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Aquaporins are
efficient water channels,
yet are strikingly
selective against ions.
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