Biophysical Journal Volume 110 February 2016 749-755 749

Factors that Influence the Formation and Stability of Thin, Cryo-EM
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ABSTRACT Poor consistency of the ice thickness from one area of a cryo-electron microscope (cryo-EM) specimen grid to
another, from one grid to the next, and from one type of specimen to another, motivates a reconsideration of how to best prepare
suitably thin specimens. Here we first review the three related topics of wetting, thinning, and stability against dewetting of
aqueous films spread over a hydrophilic substrate. We then suggest that the importance of there being a surfactant monolayer
at the air-water interface of thin, cryo-EM specimens has been largely underappreciated. In fact, a surfactant layer (of uncon-
trolled composition and surface pressure) can hardly be avoided during standard cryo-EM specimen preparation. We thus
suggest that better control over the composition and properties of the surfactant layer may result in more reliable production

of cryo-EM specimens with the desired thickness.

INTRODUCTION

Ever since the initial publication of a method to prepare
macromolecular particles embedded in vitreous ice (1,2),
thin samples have continued to be made by blotting excess
liquid from grids with filter paper. The use of computerized
control of key parameters (such as the ambient temperature
and humidity, the blotting pressure and duration, and the
interval between blotting and final vitrification) has
improved the sophistication and the reproducibility with
which cryo-specimens can be prepared (for a review from
2010, see Dobro et al. (3)). Even so, the results still remain
less consistent from trial to trial and over the entire area of a
grid than one might have thought. In particular, preparation
of specimens at a desired thickness of ~30-50 nm remains
quite unreliable.

Achieving specimen thicknesses well below ~100 nm be-
comes increasingly important as the resolution of cryo-elec-
tron microscope (cryo-EM) images is increased (4,5). This
is because a single image may contain particles located at
different focal heights if the vitrified ice is significantly
thicker than the particle size. Merging such data leads to
an unwanted envelope function (6) that is equivalent to
the one produced by varying the focus of the objective
lens by the same amount.

Even if all particles are tethered at a common Z-height,
as is possible when using a continuous support film, an
ice-film thickness significantly greater than the size of the
particle will necessarily cause an increase in the fraction
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of electrons that are scattered inelastically. This is undesir-
able because it leads to a corresponding loss of useful signal
in the image.

It thus is timely to ask whether contemporary practices of
cryo-EM specimen preparation make optimal use of what is
known about the subjects of substrate wetting, film thinning,
and the stability of thin aqueous films. Quantitative under-
standing of these topics, briefly reviewed here, can be traced
mainly to 19th century physics, while practical develop-
ments remain an active area of research in the fields of
foams, colloids, emulsions, microfluidics, and nanoscience.
There is therefore reason to hope that improvements can be
made in cryo-EM specimen preparation by evaluating both
the physical principles and the technical opportunities asso-
ciated with making thin, aqueous films.

Throughout this review we consider mainly the case
that the support film on the EM grid is continuous and hy-
drophilic. This is expected to provide a good model for
describing what happens when cryo-EM samples are pre-
pared on continuous, glow-discharge-treated carbon film.
There will be additional effects, of course, when holey car-
bon grids are used (i.e., without a continuous carbon film).
Even in this case, however, we believe the basic principles
covered in this review will still apply to the formation and
the stability of thin aqueous films.

In the section titled The Initial Formation of Thin Aqueous
Films on EM Grids, we first review familiar background
about the wetting of substrates (surfaces) under equilibrium
conditions. We also address the question of the maximum
amount of liquid that can be removed when a grid is drained
(wicked) from an edge, and why it is necessary to press the
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filter paper directly on the face of the grid if there is to be
any chance of producing a suitably thin sample.

In the section titled Uniformly Thin Films of Pure Water
Are Inherently Unstable, we explain the fact that uniformly
thin films of pure water, in the shape of a flat pancake for
example, are unstable with respect to dewetting the sub-
strate. Dewetting results in the formation of puddles, whose
thickness is determined by possibly very small, but still
finite contact angles, and by the diameter and volume of
the puddle.

In the section titled A Surfactant Monolayer Suppresses
the Thickness Fluctuations That are Required to Nucleate
Dewetting, we then go on to review the fact that a surfactant
monolayer can act to suppress the thickness fluctuations that
nucleate dewetting within the interior rather than at the edge
of a uniformly thin pancake shape. When such internal
nucleation events are suppressed, a uniformly thin aqueous
film may become metastable, as are soap bubbles. This
means, in the context of making cryo-EM specimens, that
the presence of a surfactant monolayer at the air-water inter-
face can be a good thing.

We further review, in the section titled Surfactant Mono-
layers Also Affect the Disjoining Pressure, Which Deter-
mines the Thickness of Metastable, Aqueous Films, the
fact that additional interactions emerge between apposed in-
terfaces as the separation between them becomes very
small. The thickness of a thin liquid film, when stabilized
by a surfactant monolayer, for example, is ultimately deter-
mined by the range and magnitude of these interfacial inter-
actions. Thus, by controlling the chemical makeup of this
surfactant monolayer, it may be possible to engineer a local
minimum in the total energy of the system at a thickness that
is optimal for a particular cryo-EM specimen.

Finally, we conclude by reviewing, in the section titled
Possible Use of Surfactant Monolayers as Electron-trans-
parent Coverslip Structures When Preparing Cryo-EM Spec-
imens, some of the ways in which a surfactant monolayer of
defined composition might be intentionally applied to the air-
water interface during the preparation of cryo-EM grids. We
include a description of preliminary work in which we
observed that one such method, delivery of a phospholipid
dissolved in chloroform, is accompanied by thinning of
an aqueous puddle even before there is direct, liquid-
liquid contact. This example of the Marangoni effect, well
known in other applications such as the drying of silicon
wafers, has the potential to serve as an alternative to blotting
with filter paper, as a way to produce thin aqueous films.

The initial formation of thin aqueous films on EM
grids

A small amount of water that is placed on an extended, clean
surface, such as freshly cleaved mica, normally forms a pud-
dle whose contact angle, ), with the substrate satisfies the
expression attributed to (7)
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where Yss, Ysr, and ;g are the surface tensions for the
solid-gas, solid-liquid, and liquid-gas interfaces, respec-
tively. The surface tension of water at the water-air interface
is ~70 mN/m (or 70 erg/cmz). The other two values of sur-
face tension are necessarily dependent on the nature of the
solid substrate. For the purposes of this Review, there is
no need to distinguish between the contact angles when
the interface is either advancing or receding, as long as it
is recognized that in neither case is it likely that the angle
will be zero.

When the thickness of a liquid puddle is small enough,
the effect that gravity has on its shape can be ignored. In
this case, the equilibrium shape is that of the topmost
portion (the cap) of a sphere (see Fig. | for an illustration).
The length scale below which the influence of gravity is
negligible is known as the capillary length, A, and it is
given by

de = 18 @)

)
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where p is the density of water, and g is the gravitational
acceleration. For pure water, the capillary length is ~2 mm
at 1 g. As a practical illustration, little, if any, change in
the shape of a 3-uL drop can be noticed when a 3-mm
grid is held in either a horizontal or vertical orientation.

When the available surface area is not limiting, the diam-
eter (puddle size) of a water drop, and its thickness (at the
center of the puddle), are determined by the volume of
liquid placed on the hydrophilic surface. The puddle thick-
ness, h, is of special interest to us, and it can be expressed
as a function of the contact angle and the radius, a, of the
puddle as

Aqueous
Spherical Cap

Hydrophilic
Substrate
_l\ /
[ | 3 |
ﬁ'
a |

FIGURE 1 Spherical cap on a hydrophilic surface. As is illustrated by the
side view that is shown in this cartoon, the phrase “spherical cap” refers to
the topmost portion of a sphere. For completeness, the radius of the sphere,
and its center, are shown below the plane of the hydrophilic substrate. In the
top view (not shown), the perimeter of the cap would be a circle of radius a.
The thickness of the spherical cap (at the center of the plano-convex lens),
h, is given by Eq. 3.
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h = .Lg(l — cos ) :%, 3)

with the latter approximation applying when the contact
angle is small.

When the available surface area is limiting, as it is when
excess sample is placed on an EM grid, the initial droplet
can be thicker than the value described in Eq. 3, because
the water cannot spread beyond the edge of the grid. Never-
theless, the droplet will still form a spherical cap, as long
as the thickness of the drop is smaller than the capillary
length. As a result, when sample is first applied to a hydro-
philic grid, the height of the spherical cap will generally be
greater than what is specified in Eq. 3. In this case, excess
liquid can be drained (wicked) away by touching the edge
of the EM grid with filter paper. Draining will stop at the point
when the contact angle at the rim of the spherical cap is deter-
mined by how hydrophilic the surface is, rather than by how
much area is available. The volume, V, of liquid that remains
after draining can be expressed in terms of 1) the radius, a, of
the puddle that remains, which should be equal in size to the
radius of the EM grid; and 2) the thickness, &, of the puddle

Th 5 oy T 3
vV = 6(3a +h)~4a0, 4)
with the latter approximation again applying when the con-
tact angle is small, thus allowing us to substitute the thick-
ness parameter by the expression on the far right of Eq. 3.

As stated in Eq. 3, the thickness of the puddle (at the mid-
dle of the spherical cap) is proportional to the contact angle
when the latter is small. If the grid is made hydrophilic by
exposure to a glow discharge, the contact angle is, in fact,
so small that it is not practical to measure it visually. The
volume of water that remains after wicking can be estimated
gravimetrically, however. In our hands, this volume is at
least 20 nL (as measured with a microbalance). If the radius
is assumed to be 1.5 mm (i.e., the size of the entire EM grid),
this volume corresponds to a contact angle, as expressed in
Eq. 4, of ~0.4°. As a result, the thickness at the middle, as
expressed in Eq. 3, is estimated to be ~6 um or more.

An important conclusion is that blotting excess liquid
from the edge of a vertically held EM grid does not produce
a film of aqueous sample that is thin enough to use as a cryo-
EM specimen. Furthermore, blotting from the bottom of the
grid cannot result in a significant gradient of thickness from
the top to the bottom of the grid, as has sometimes been
stated (e.g., Frederik et al. (8)).

On the other hand, areas of thin ice, usually accompanied
by other areas that are too thick to be used, are routinely
obtained by pressing filter paper to the face of the grid.
Blotting against the face of a grid is bound to remove
more water than blotting from the edge because the puddle
of water is mechanically flattened as well as being wicked
away simultaneously at many points. The hope is that
such face-blotting initially leaves a uniformly thin aqueous
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film (pancake) covering at least some parts, if not all, of the
grid, but it is perhaps impossible to observe, before freezing,
whether that really happens. Nevertheless, supposing that a
uniformly thin pancake actually is produced, whose thick-
ness is <100 nm, the next issue to review is how stable
such a liquid film is likely to be.

Uniformly thin films of pure water are inherently
unstable

While it is possible to briefly spread a small volume of water
into a thin pancake, e.g., by face-blotting, doing so means that
the surface/volume is greater than if the same volume adop-
ted the shape of a spherical cap. If the thickness of the flat-
tened volume is still relatively large (>~100 nm, as we will
explain below), one can expect the spread film of water to
dewet the substrate only at the outer rim of the pancake,
quickly contracting the entire volume of water to a spherical
cap covering a smaller area than that of the previous pancake.
It is only if the same volume of water is spread into a much
thinner pancake that one can expect dewetting, discussed in
de Gennes et al. (9), to occur at one or more points within
the film as well as at the outer edges. Note that, as a conse-
quence of dewetting, departures in puddle shapes from the
ideal spherical caps imagined above can be attributed to
inhomogeneities or defects on the substrate that are able to
pin the contact line (where solid, gas, and liquid meet).

It may seem surprising that van der Waals forces (charac-
terized in the late 1800s) are responsible for the internal dew-
etting events that occur when a film of liquid is still much
thicker than molecular dimensions. This is nevertheless
possible because the total interaction energy of molecules
within a thin film of liquid, due to van der Waals forces,
actually scales as the square of the film thickness (see, for
example, Berg (10)), even though the interaction energy be-
tween any pair of molecules scales as the sixth power of their
separation. As a result, once a liquid film becomes thinner
than a certain value, generally believed to be ~100 nm
(11,12), the magnitude of the van der Waals interaction
energy of molecules within the thin film, relative to that of
molecules within a thick film, decreases significantly.

Local thinning of such a liquid film thus leads to an unsta-
ble, runaway situation in which molecules in an initially
thinner area move to the adjacent, thicker area, where their
van der Waals energy is more favorable. There is, in fact, a
second term in the van der Waals energy that also scales as
the square of the thickness of the liquid film, and which again
serves to drive the thickness to zero. This second term is the
van der Waals attraction between the semiinfinite half-spaces
on either side of the liquid film (see Parsegian (13)). When,
however, the material on either side of the liquid film is
a gas at atmospheric pressure, as it is when making a thin
specimen for cryo-EM, the low density of gas makes the
scaling-constant, known as the Haymaker constant, very
small compared to that of the first term discussed above.
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The final result is that the thinnest areas of a liquid film
act as nucleation sites for events that subsequently dewet
the substrate, leaving thicker puddles (e.g., spherical caps)
in equilibrium with dry areas. Restating this in simpler
terms, a liquid pancake that is thinner than ~100 nm is inher-
ently unstable with respect to dewetting at one or more
points across the face of the pancake. Once dewetting be-
gins, the same volume of liquid will minimize its surface/
volume by spontaneously coalescing into possibly quite
complex patterns of wet and dry areas (14). The practical
implication, for cryo-EM specimen preparation, is that
some areas of the grid are bound to become air-dried—
even in the hypothetical case when the ambient humidity
is so high that evaporation is not a contributing factor—
while at the same time adjacent areas may be much thicker
than desired.

A surfactant monolayer suppresses the thickness
fluctuations that are required to nucleate
dewetting

It is well known that thin aqueous films are greatly stabilized
against rupture or dewetting when there is a diffusible sur-
factant at the air-water interface. Soap bubbles provide a
good example of this. The literature says relatively little,
however, about how the surfactant monolayer might tend
to prevent such events from getting started.

Some workers believe that Marangoni flow—the bulk
transfer of a liquid due to a gradient in surface tension
(described in Berg (10), for example)—opposes any fluctu-
ations in thickness that may nucleate the dewetting process.
Although the following argument may be too simplistic, the
idea is that formation of a locally thinner area, i.e., occur-
rence of a nascent dewetting event, is accompanied by an in-
crease in surface area, and thus a local decrease in surface
coverage by the surfactant. To the extent that this is true,
local thinning would also be accompanied by a local in-
crease in surface tension. Marangoni flow would then cause
mass transfer back into the thinner area.

Ignoring the question of the detailed mechanism, the
suppression of thickness fluctuations (capillary waves) by
a surfactant monolayer is believed to prevent nucleation of
the process required for dewetting or rupture of thin, liquid
layers. It is tempting to say that the mechanism by which
a surfactant monolayer opposes thickness fluctuations of a
thin aqueous film may be the same as that by which it calms
the turbulent seas.

Surfactant monolayers also affect the disjoining
pressure, which determines the thickness of
metastable, aqueous films

As an aqueous film gets thinner than ~100 nm, under the in-
fluence of van der Waals forces, previously ignored interac-
tions come into play between the two, apposed interfaces.
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These interactions produce what is referred to as a disjoin-
ing pressure, defined as the gradient of the Gibbs free energy
per unit area, normal to the surface. At very close distances
(generally only a few nanometers), the value of the disjoin-
ing pressure starts to change rapidly as a function of the
distance. Depending upon its sign, the disjoining pressure
either promotes or resists dewetting or rupture of the thin
film. It thus is important to know the physical origins of
these interfacial interactions, and the extent to which they
can be manipulated by controlling the physical and chemi-
cal properties at the two, respective interfaces.

In general, polar groups at the aqueous interfaces are
responsible for a hydration (solvation) force that resists
complete dehydration (15). Hydrophilic surfaces that are
brought into close apposition are thus likely to maintain a
gap of water between them that is at least 1 nm or possibly
2 nm thick (see Israelachvili (16)).

If the polar headgroups are charged, electrostatic forces
between the interfaces may also become important. Never-
theless, the range over which electrostatic forces are ex-
erted, under normal biochemical-buffer conditions, is
limited by shielding of the surface charge by counterions.
The distance over which this shielding occurs depends
upon the ionic strength, of course. When the ionic strength
is 10 mM or more, electrostatic repulsion between like-
charged surfaces may not contribute much to maintaining
a liquid gap between opposed interfaces, beyond what sol-
vation itself would ensure.

When preparing thin specimens for cryo-EM, however,
one would no doubt prefer to stabilize the water film at a
thickness greater than that maintained by the combination
of hydration and repulsive electrostatic forces. As of this
writing, it is not clear how to do this, of course. One sugges-
tion is to use some type of steric spacer. This steric spacer
could be the specimen particles themselves, or it could be
even larger spacer particles that are added to the specimen.
In addition, one can consider using a surfactant that has long
flexible headgroups, such as polyethylene glycol chains, as a
steric spacer (an entropic spring). For more on this latter
possibility, see, for example, Israelachvili (16) for a general
discussion of polymer-mediated contributions to the disjoin-
ing pressure, or Kenworthy et al. (17) for a specific example.

Possible use of surfactant monolayers as
electron-transparent coverslip structures when
preparing cryo-EM specimens

The idea of sandwiching macromolecular specimens be-
tween a continuous carbon film, which serves as a type of
electron-transparent “slide”, and either a fatty acid mono-
layer or a second carbon film (effectively, a “coverslip”),
was explored early in the development of cryo-EM spec-
imen preparation (18-21). A retrospective (19) describes
this and other early work, which first established that
high-resolution information is preserved in frozen-hydrated
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specimens, and that adequate contrast is available in such
unstained specimens. The attempt to use an electron-trans-
parent coverslip was not pursued further when the far
simpler technique of blotting excess liquid with filter paper
(1,2) proved to be all that was needed. Now, however, as
macromolecular structures are being achieved at higher
and higher resolution, for example by Dobro et al. (3), Bar-
tesaghi et al. (5), Cao et al. (22), Scheres (23), Li et al. (24),
and Campbell et al. (25), it again becomes a priority to
determine whether further improvements can be found in
the methods of preparing thin specimens.

Surfactants are likely to be present in abundance, without
even trying

As was noted previously by Frederik et al. (8), it seems likely
that the thin cryo-EM specimens that are routinely produced,
which are 100 nm thick or less, are actually covered by a
monolayer of surfactant, even though no specific effort is
made to ensure that it will be there. Indeed, one must take
extreme measures if one wants to remove such surfactants
from a sample, as the literature of surface-science makes
abundantly clear. When one thinks about the steps that must
be taken to prepare a clean air-water interface on a Langmuir
trough (26) (see also the description in https://en.wikipedia.
org/wiki/Langmuir%E2%80%93Blodgett_trough), the stan-
dard preparation of cryo-EM specimens must be considered
to be a relatively dirty process.

To amplify this point, volatile organics in the atmosphere
are bound to contaminate the surface of EM grids before
use, ready to spread over the air-water interface when an
aqueous sample is applied. For example, Xu et al. (27) found
that such contamination accumulates on the surface of
freshly cleaved mica within a few hours, greatly affecting
the rate of evaporation of water that condenses (due to capil-
lary action) between an AFM tip and mica. Any piece of lab-
oratory equipment (tweezers, protective gloves, the plastic
barrier used to prevent samples from wetting the foam on
the Vitrobot paddles (FEI, Hillsboro, OR) will similarly be
coated with a monolayer of surfactant. Indeed, in a labora-
tory environment where multiple users share the same
equipment, one must think about the questions of who has
been here before, and what they have left behind. It has
also been mentioned, but not proven experimentally, that
the familiar glow-discharge process may itself generate sur-
factant species on the EM grid. Even macromolecules
within the specimen should be regarded as likely surfac-
tants, because proteins can easily denature and spread at
an air-water interface.

One response to this dismal situation is to simply carry on
doing the sample preparation as we do it now, and accept
whatever results we normally get, variable as they may be
from one grid to the next.

Another response might be to reconsider applying a
known, engineered coverslip to the air-water interface.
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Because it is impractical to eliminate the native surfactant
that is already there, however, perhaps the most that one
might hope to accomplish is to overwhelm the unknown
surfactant by applying excess engineered surfactant. The
potential benefits of this approach might be, in turn, to pro-
duce thin samples with greater consistency, and possibly
even to engineer the ice thickness to match the size of the
particle being studied.

Surfactants can be added directly to the sample of interest

The addition of phospholipid vesicles to the sample of inter-
est is a promising way to deliver a chemically defined “sur-
factant coverslip” to the air-water interface, as was
suggested by Frederik et al. (8). This technique seems not
to have been regarded by the community as a good thing
to do, perhaps because unwanted, excess liposomes remain
in the thin, aqueous film. We nevertheless believe that it may
be profitable to revisit this idea. It seems likely that one
could easily find an optimal concentration of liposomes
that would deliver enough surfactant to completely cover
the air-water interface while leaving only a minimal number
of intact vesicles still suspended in the bulk of the thin, vitri-
fied sample.

The addition of detergent to the sample might be another
approach, provided that the sample is not adversely affected.
Many purification protocols actually include a detergent in
the buffer to prevent unwanted aggregation. The addition
of detergent is also one of the standard tricks to try when
a sample is found to adsorb to the air-water interface. The
main shortcoming of having detergent in the sample is
that the specimen may then be more sensitive to any evapo-
ration that might occur after blotting but before freezing. In
addition, some authors report that it is difficult to find areas
of the grid where the ice is as thin as is desired, when there is
detergent in the sample buffer.

There are many other surfactant materials that can be
considered. Amphipols (28), for example, have just recently
gained attention in the context of cryo-EM of membrane
proteins (29). A number of relatively low-molecular weight
proteins, such as cytochrome ¢ or §-casein, are also known
for their ability to stabilize bubbles.

Surfactant materials can be applied to the air-water interface
in a volatile-solvent carrier

When doing experiments with a Langmuir trough, a surfac-
tant of interest is normally dissolved in a volatile, organic
solvent (e.g., chloroform), which is then delivered to the
air-water interface. The organic solvent quickly evaporates,
leaving a monolayer of the solute at the air-water interface.
In principle, much the same technique might be used to
deliver a well-defined surfactant to the surface of an EM
grid, possibly doing so after first blotting off excess liquid.

In preliminary experiments described below (the section
titled Thinning by the Marangoni Effect May Even Be an
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Alternative to Blotting with Filter Paper), we confirmed that
touching a thin, aqueous puddle with phospholipid dissolved
in chloroform permanently forms an apparently dry, hydro-
phobic patch in the center of the puddle of water. A similar,
but not identical thing happens when chloroform alone is
used, however. This experiment thus raises a new question.
Why does the aqueous puddle become thin when touched by
pure chloroform? Indeed, one can easily observe that an
aqueous puddle already begins to thin as the liquid chloro-
form approaches the puddle, but does not yet touch it. As
we explain in the section titled Thinning by the Marangoni
Effect May Even Be an Alternative to Blotting with Filter
Paper, it is the Marangoni effect that causes the observed
thinning, and the phospholipid monolayer (if present) acts
as a coverslip to stabilize the resulting, thin aqueous film.

Thinning by the Marangoni effect may even be an alternative
to blotting with filter paper

As mentioned in the section titled A Surfactant Monolayer
Suppresses the Thickness Fluctuations that are Required to
Nucleate Dewetting, water experiences a mass transfer or
bulk flow whenever there is a gradient in surface tension par-
allel to the surface. Although this effect may be unfamiliar in
the context of making cryo-EM samples, most people have
seen it in the form of the “tears of wine” effect (illustrated
on the cover of Berg (10), and see also http://en.wikipedia.
org/wiki/Tears_of_wine). Marangoni, after whom such
mass-transfer effects are named, is acknowledged to be the
first to publish experimental studies (in 1865), and Gibbs is
credited with providing the theoretical explanations (in
1878).

A practical demonstration of how Marangoni thinning,
rather than blotting with filter paper, might be used to
make thin specimens for cryo-EM is shown in Fig. 2, with
a more detailed demonstration being given in Movies S|
and S2 in the Supporting Material. Fig. 2 A shows a still im-
age of a 10 uL puddle (aqueous sample) on the surface of
freshly cleaved mica, and Fig. 2 B shows that the center
of the puddle can be made thinner than 100 nm by bringing
a point-source of chloroform vapor close to the surface.
Thinning is revealed by the interference fringes in the tran-
sitional region between the thinner middle and the thicker
surrounding region.

As is the case for the tears-of-wine phenomenon, the sys-
tem shown here is in a nearly steady state rather than being
at equilibrium. We suggest that the mechanism involved in
establishing this seeming steady state is that chloroform first
adsorbs to the air-water interface at the point closest to the
source of vapor, and in so doing lowers the surface tension
there. The resulting gradient in surface tension drives mass
transfer to the region of higher surface tension, carrying the
monolayer of adsorbed chloroform along with the flow of
water. Once removed some distance from the source of
vapor, the chloroform again evaporates from the water sur-
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FIGURE 2 Marangoni flow on freshly cleaved mica. Individual frames
extracted from real-time movies, included in the Supporting Material, in
which we recorded how Marangoni flow, rather than blotting with filter pa-
per, might be used to thin an aqueous specimen before vitrification. Frames
(A) and (B) are extracted from Movie S2, while frames (C) and (D) are from
Movie S1. (A) A thin puddle, ~1 cm in diameter, forms when 10 uL of water
is applied to the surface of freshly cleaved mica. Imperfections in the reflec-
tance of light near the periphery of the mica are due to air gaps created by
inadvertent cleavage of planes of the mica during cutting the one-inch
square from stock. (B) Interference fringes, centered around the point of
closest approach to the aqueous puddle, are formed when a syringe needle,
made of Teflon (DuPont, Wilmington, DE) and loaded with chloroform, is
brought close to the center of the puddle. As Movie S1 shows, this pattern of
local thinning is largely reversible when the tip of the syringe is removed.
On the other hand, a permanently dry area forms when liquid chloroform
touches the aqueous puddle. As is shown in Movie S2, this dry area is again
wetted relatively well when a new droplet of water is applied to it, but wet-
ting is no longer as perfect as is the case for freshly cleaved mica. (C) A
permanently dry area again forms when a solution of 1 mg/mL of phospho-
lipid in chloroform touches an aqueous puddle. Note a small amount of res-
idue is left at the point where the transferred chloroform sat as it evaporated.
(D) In this case, the dry area is largely hydrophobic, as indicated by the fact
that an added droplet of water does not spread. Exceptions occur when the
applied droplet contacts surrounding areas of the puddle. To see this figure
in color, go online.

face, thus keeping the surface tension high in the region
farther removed from the source of vapor.

When the puddle of water is actually touched by the chlo-
roform solution, however, phospholipid instantly spreads
over the air-water interface as a coverslip. As is shown in
Fig. 2 C, in this case the puddle becomes permanently
thinned over a large area surrounding the point of contact.
Furthermore, much of the thinned area is now hydrophobic,
as is seen by applying a new droplet of water, shown
in Fig. 2 D. For the reasons discussed in the section titled
Surfactant Monolayers Also Affect the Disjoining Pressure,
Which Determines the Thickness of Metastable, Aqueous
Films, above, we assume that a relatively thin layer of water
necessarily remains between the mica and the polar head-
groups of the phospholipid monolayer. This is in contrast
to what happens when a puddle of water is touched by chlo-
roform alone, in which case the dry area is still hydrophilic.
Real-time videos, Movies S1 and S2 showing the two be-
haviors, are included in the Supporting Material.


http://en.wikipedia.org/wiki/Tears_of_wine
http://en.wikipedia.org/wiki/Tears_of_wine

Thin Cryo-EM Specimens

Although we have used chloroform to illustrate the
Marangoni effect in Fig. 2, we think that a different volatile
surfactant would be a better choice to use for preparing
cryo-EM specimens. The reason is that the solubility of
chloroform in water is quite high, ~1%. This means that dis-
solved chloroform may easily partition into the hydrophobic
interior of the macromolecule of interest, and in so doing it
may compromise the structure and biochemical function of
the specimen. Finding a more favorable solvent with low
solubility in water should be a productive future direction
to exploit Marangoni flow for thinning cryo-EM grids.

SUPPORTING MATERIAL

Two movies are available at
supplemental/S0006-3495(15)00766-3.

http://www.biophysj.org/biophysj/
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