Ultramicroscopy 65 (1996) 147-158

ultramicroscopy

Method for controlled formation of vitrified films for
cryo-electron microscopy

. . % . . . . . 2

Nikolai D. Denkov *, Hideyuki Yoshimura ', Kuniaki Nagayama -

Protein Array Project, ERATO, JRDC, Tsukuba Research Consortium, 5-9-1 Tokodai, Tsukuba 300-26, Japan
Received 17 May 1996; revised 22 July 1996; accepted 20 August 1996

Abstract

A novel method for controlled formation of large, unsupported vitrified films for cryo-electron microscopy is described.
Liquid films of diameter between 40 and 150 pm are formed in the central hole of a thin, disc-shaped specimen holder. The
bulk liquid, surrounding the film, is connected through a glass capillary to a microsyringe, which allows the fine control of
the film radius. The processes of liquid film formation and subsequent thinning are observed in reflected, monochromatic
light by means of a CCD-camera equipped with a long-focus magnifying lens. The film thickness is precisely determined
from the intensity of light, reflected from the film. In this way the vitrification can be accomplished at desired film thickness
and radius. The control of the liquid film radius and thickness is utilized to produce well ordered two-dimensional arrays of
monodisperse particles (latex spheres and protein/lipid vesicles) just before the film freezing, without need of specific
binding agents. At suitable conditions ordered bilayers and triple-layers of particles are obtained.

1. Introduction

Cryo-electron microscopy of thin vitrified films
offers the unique possibility for a high resolution
structural analysis of biosamples that are not suitable
for direct X-ray or NMR investigation [1,2]. Vitrifi-
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cation ensures excellent structure preservation of hy-
drated molecules and biomolecular complexes [3,4].
The vitrified samples do not need staining and fixa-
tion reagents which could affect the molecular struc-
ture and reduce the resolution. In addition, the radia-
tion damage, caused by the electron beam, is de-
creased several times due to the low working tem-
perature [5—7]. Cryo-microscopy has yielded valu-
able structural information for viruses [8-12], mem-
brane proteins [13-17], and protein complexes
[4,18-22]. The method is of particular use for visual-
isation of soft, unstable when dried molecular aggre-
gates, like lipid vesicles [23-27], microemulsions
[28], and surfactant micelles [29-33].

Two procedures for preparation of vitrified films
for cryo-electron microscopy are widely used. In the
first, the film is spread on a hydrophilic carbon layer
deposited on an electron microscope grid [1,13,34].
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In the second, the films are formed without any
support in the holes of the grid (so called ‘‘bare grid
method”” [8]). Several others, more complex proce-
dures for film formation, were also tested — see e.g.
the discussion in Ref. [1]. One particular feature of
these methods is that liquid films of micrometer
diameter are used, which precludes direct optical
observation and control of the film formation and
thinning processes. In a recent study Jakubowski and
Mende [35] tried to vitrify larger in diameter unsup-
ported films (more than 50 wm in diameter) sta-
bilised by lipid. The results of their experiments
were not very encouraging, however — the authors
concluded that ‘‘ultrathin non-collapsed water films
can be cryofixed only occasionally’’ [35].

The major aim of our study is to develop a
method for controlled formation of large, unsup-
ported vitrified films, whose thickness is precisely
measured by direct video-microscopic observation.
We found that at appropriate conditions films of
diameter between 40 and 150 pum can be repro-
ducibly vitrified if their thickness is around (or above)
50 nm. In several cases we vitrified films of thick-
ness around 30 nm. The control over the film radius
and thickness offers new prospects for research and
some of them are discussed below. Some of the
results, obtained by our method, have been reported
already (without technical details) as a brief Letter
[36]. The present article is mostly oriented to de-
scribe the practical procedures for film formation,
observation, control, and vitrification.

2. Description of the method

2.1. Experimental set-up, film formation and control
of the film radius

The film is formed from a liquid drop, placed in
the central hole of a disc-shaped copper holder (60
pm thick, 3 mm in diameter), which is produced by
standard etching procedure (special order to Oy-
ourika Co., Tokyo, Japan) — see Fig. 1. The central
hole (400 pm in diameter) is connected by a S0 pm
wide slit (channel) with the periphery of the holder.
During the film formation and subsequent thinning a
narrow glass capillary is touching the outer end of
the channel. The capillary is connected to a micro-

Fig. 1. Photograph of a disc-shaped film holder (the bright circular
area) captured between the ceramic tips of tweezers. The central
hole (the dark circle in the center of the holder), where the film is
formed, is connected by a slit (the dark horizontal stripe) with the
periphery of the holder. The tip of the glass capillary, used for
formation of the liquid film, is seen to touch the outer end of the
slit. The diameter of the film holder is 3 mm and the diameter of
the central hole is 400 wm.

syringe to allow for the accurate suction or ejection
of liquid. In this way the volume of liquid suspended
in the holder is precisely controlled. After suction of
a certain amount of liquid from the drop, a planar
film of homogeneous thickness is formed in the
center of the hole — Fig. 2. The film is surrounded
by a thicker, biconcave liquid layer (meniscus re-
gion). The film radius (typically between 20 and 80
pwm) can be increased/decreased by suction /extru-
sion of minute amounts of liquid through the capil-
lary. When observed in reflected monochromatic
light, the planar film is seen as a homogeneous
circular area whose brightness strongly depends on
the film thickness (Fig. 2). The surrounding menis-
cus appears as a dark ring. For observation and
subsequent film thickness determination (see below)
we used a CCD-camera (XC-77, Sony) equipped
with a magnifying long-focus lens (CTL-6, Tokyo
Electronic Industry Co., Ltd.; magnification X6,
working distance 39 mm) and connected to a video-
recorder.

During film formation and thinning the film holder
is fixed by tweezers of ceramic tips (attached to a
rapid plunging device - a guillotine) inside a cylin-
drical isolating cell of diameter 4 cm and height 3
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cm (see Fig. 3). The cell is made of transparent
plastic material (polymethylmetacrylate) and has four
orifices — two in the top and bottom walls (5 mm in
diameter) for the tweezers, and two in the vertical
wall (3 mm in diameter) for the glass capillary and
for the camera observation. The bottom of the plastic
cell is covered by aqueous layer, about 2 mm deep,
which is warmed by heater. In this way the relative
humidity inside the cell can be controlled to some
extend and the water evaporation from the film is
strongly suppressed. The experimental cell is isolated
from the cryogen liquid (1 : 1 liquid mixture of ethane
and propane at —190°C) by plastic sheet which is
removed just before the film vitrification.

We use the following procedure for film forma-
tion. The holder is first captured by the tweezers and
dipped into the working suspension. Alternatively, a
drop of the suspension can be placed in the film
holder by pipette. Some amount of the suspension
fills up the central hole and the channel of the
holder. Then the tweezers are attached to the guillo-
tine, so the film holder is placed inside the isolating
cell (Fig. 3). The glass capillary (partially pre-loaded
with suspension) is adjusted by means of a x-y-z-mi-
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Fig. 2. (A) Photograph of a freely-suspended liquid film, formed
in the central hole of the film holder. In reflected light the film (1)
appears as a bright circular area (in the centre) surrounded by very
dark meniscus region (2). The central part of the film holder (3)
and a portion of the channel, connecting the meniscus with the
glass capillary are also seen. (B) Schematic cross-section of the
central part of the film holder (3) with the meniscus (2) and film
(1) regions.

Fig. 3. Scheme of the experimental set-up. A liquid film (the
thinnest planar portion of the suspension layer) (1) is formed in a
disc-shaped film holder, (2) by gentle suction of a liquid through a
glass capillary (3) that is connected to a microsyringe. When a
film of required radius and thickness is obtained, it is plunged for
vitrification into a cooling liquid (4) by means of a rapidly falling
guillotine (5). The liquid film is monitored by a CCD-camera (6)
in reflected monochromatic light (7). To control the water evapo-
ration from the film we have to adjust the relative humidity of the
air inside the experimental cell. For that purpose a heater (8) and a
water pool (9) are used.

crometric screw to touch the external end of the
channel. Gentle suction of liquid from the holder
leads to the formation of a film, whose initial thick-
ness is around a micrometer. Initially, the film spon-
taneously and rapidly (for a few seconds) thins down
to ~ 100 nm, due to the sucking capillary pressure
created by the concave shape of the meniscus sur-
rounding the film (see, e.g., Refs. [37.38]). At a
smaller thickness, the rate of film thinning decreases
and, finally, either a stable equilibrium film is formed
(if repulsive forces between the two film surfaces
counterbalance the sucking capillary pressure) or the
film ruptures at a certain critical thickness (typically,
below 50 nm). :

One should note that the film behaviour strongly
depends on the composition and concentration of the
suspension and can be very different for different
samples. The processes of liquid film drainage and
rupture are widely studied in colloid science due to
their importance for the stability of disperse systems
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Fig. 4. Reflection of light from a thin liquid film. The incident
beam is reflected from the two film surfaces. In general, the
reflected beams, 1 and 2, are not in phase and interfere with each
other. The intensity of the light captured by the detector, depends
on the difference in the optical paths of the beams, i.e. on the film
thickness, £, the refractive index of the liquid, n, and on the angle
of incidence of the illuminating beam, 6 [42].

(foams, emulsions, dispersions). Among the numer-
ous literature on the liquid film stability one can
refer to Refs. [37-41].

2.2. Film thickness determination

The reflection of light from an interface is de-
scribed by Fresnel’s low, which implies that the light
intensity depends on the refractive indexes of the
two phases and on the angle of incidence of the
illuminating beam [42]. The reflection from a thin
dielectric layer (film) is a more complex phe-
nomenon, because the light meets two interfaces
(Fig. 4). In the latter case the detector (e.g., eye,
photomultiplier or CCD-camera) registers a pattern,
resulting from the interference of light beams, re-
flected from the two film surfaces. With the film
thinning process the reflected light intensity acquires
several consecutive minima and maxima, corre-
sponding to the condition for a negative or for a
positive interference of the beams, respectively. The
condition for interference is related to the optical
path difference of the two beams [42], i.e. to the film
thickness. This fact is used in the * microinterfero-

metric’” method [37] in which the film thickness is
calculated from the intensity of the reflected light.
For a perpendicular incident beam (with respect to
the film plane) the film thickness, A, is given by the
expression [37]

Ay A 12
" (Zg)msm 1+ (1= 2)[4R/(1-R)’]
h<A/(4n), | (1)

where A is the light wavelength, n is the refractive
index of the film substance, R =(n— 1)*/(n + 1),
and

I = Iy
o[t o

MAX ~ IMIN

Here I is the instantaneous value of the reflected
light intensity, whereas I,y corresponds to the last
interference maximum and Iy is the background.
Major advantages of this method are: (i) only rela-
tive values of the light intensity are needed, and (ii)
it is very accurate — typically, +1 nm in the film
thickness range between 10 nm and 95 nm. Recent
technical modifications of the method are described
by Nikolov and Wasan [43] and Bergeron and Radke
[44].

In previous studies [37,43,44] the reflected light
intensities, I, Iy,x and Iy, were measured by
fibre-optic probe, inserted in the eye-piece of an
optical microscope, and connected to a photomulti-
plier. The incident and reflected beams were directed
perpendicularly to the film surfaces by means of a
semi-permeable mirror (for details see Refs. [43,44]).
The photomultiplier output, as a function of time,
was recorded by x—¢ chart-recorder and afterwards
processed to calculate A.

We use a modified experimental set-up. The inci-
dent beam is taken from a standard illuminating unit
(LA-30, Hayashi Co., Japan) and directed by an
optical fibre toward the liquid film at an angle of
incidence (6 in Fig. 4) equal to 6°. A dielectric
optical filter, transparent to red light (A = 600 + 9
nm), is placed on the optical path of the light to
create a monochromatic incident beam. The non-zero
angle of incidence, used in our set-up, leads to a
small overestimation of the film thickness, as calcu-
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lated from Eq. (1). By using more general expres-
sions, presented in Chapter 2 of Ref. [42], we found
that the resulting systematic inaccuracy in the calcu-
lated values of 4 is less than 0.3%, which is in the
framework of the random experimental error and can
be entirely neglected for our purpose. An important
advantage of our optical system is the substantially
improved contrast of the image, because the dispens-
ing with semi-permeable mirror leads to a manifold
reduction of the background intensity.

Another difference in our experiments is that
instead of measuring the reflected light intensity by
means of a photomultiplier, we applied an image
analysis of the video-records of the film thinning
process. The CCD-camera internal switch must be
set to a ‘‘constant sensitivity mode’’ for such mea-
surements. Digitised images of the film, in different
moments of its thinning, are taken from the video-re-
cord by means of the program Monitor (Apple
Computers) at the following values of the control
parameters: Brightness = 0, Sharpness = 50, Satura-
tion = 50, Hue = 50. Then the intensity of the re-
flected light is measured (in arbitrary units, a.u.)
from the digitised images by using Photoshop™
(Adobe) program. The average intensity of a central
region in the film, of size about a half of the film
diameter, is typically measured. The power of the
illuminating unit is pre-adjusted to ensure an inten-
sity of the reflected light between 20 a.u. (the back-
ground) and 200 a.u. (/y,, ), whereas the saturation
level of the Photoshop program is 235 a.u.

To check the linearity of the used CCD-camera
and of the video-recording system, we performed a
series of measurements with a set of neutral light
filters of different transmittance. The latter was pre-
measured by means of a UV-visible spectrophotom-
eter (UV-240, Shimadzu) at the working light wave-
length (600 nm). Then the decrease in the intensity
of a light beam, passing through the optical filters,
was measured by using a CCD-camera, a video-re-
corder and an image analysis software, just like in
the experiments with liquid films. The black circles
in Fig. 5 show the data from the image analysis,
plotted as a function of the filter transmittance,
measured by the spectrophotometer. The straight line
is obtained by means of the least-squares method and
has a slope 0.997, and a correlation coefficient
0.9998. This result means, that the response of the
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Fig. 5. Plot of the transmittance of neutral light filters measured
by two different methods: (1) by a spectrophotometer (the ab-
scissa), and (2) by a video-recording system and an image analysis
software, used for the film thickness determination (the ordinate).
The points are experimental data and the straight line is calculated
by the least-squares method. The slope {(0.997) and the correlation
coefficient (0.9998) of the line show that the video-recording
system has a linear response in the whole range of light intensities
used in the film thickness measurements.

video-system is linear in the whole range of mea-
sured intensities, which is a necessary condition for
correct calculation of the film thickness by Eq. (1).

One should note that a certain random error in the
film thickness determination is created by the experi-
mental inaccuracy in measuring the exact values of
I, Iy, and Iy (usually, this is the main source of
inaccuracy in the microinterferometric method). We
determined Iy, from a video-record of an empty
film holder (before placing the liquid drop in the
holder), and I,y from the last interference maxi-
mum when the film is brightest (it corresponds to a
film thickness A= A/4n=112.8 nm). At least 5
images were separately analysed for determination of
Iyax and Iy, respectively. The average value was
taken for Iy, while the maximum measured value
for Iyy,x was used in the thickness calculations.
Typically, the reproducibility in the value of Iy
was about +0.5 a.u. and in the value of I,y —
about 1 a.u. In some cases the liquid film was not
perfectly flat at a large thickness and [,y was
determined from the brightest film area.

The microinterferometric method implies that the
film presents a homogeneous dielectric layer of re-
fractive index, n, equal to the refractive index of the
bulk suspension (e.g., n = 1.33 for aqueous suspen-
sions). One should note that this assumption must be
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applied with care to films containing particles of
“high concentration and of refractive index substan-
tially different from that of the liquid. In such cases
the mean particle concentration within the film could
be different from the concentration in the bulk sus-
pension [40]. Moreover, the effective film refractive
index, n, could vary during the film thinning, which
would cause an additional systematic error in the
film thickness determination. That is why, the error
in the film thickness determination could be substan-
tially larger (several nanometers and even more) than
that at optimal conditions (less than 1 nm) when
films from very concentrated suspensions are stud-
ied.

2.3. Vitrification, transfer to the electron microscope
and observation

When the liquid film attains its desired thickness
and radius, the glass capillary is detached from the
film holder, and the film is plunged for vitrification
into 1 : 1 liquid mixture of ethane and propane, cooled
by liquid nitrogen. We find this mixture particularly
convenient for our experiment, because its freezing
temperature is below the boiling point of the nitro-
gen, —196°C, although the pure ethane and propane
are solid at this temperature (m.p. —183°C and
—187.5°C, respectively). In this way we avoid the
necessity of a special equipment for maintaining the
liquid state of the cryogen. As known, the liquid
ethane and propane are rather effective cryogens,
because they possess very high cooling efficiency
[45].

The vitrified films are transferred into the electron
microscope by means of a cryo-transfer holder
CT3500 (Oxford, UK). The cryo-holder and the
cryo-transfer station are fed with dry nitrogen gas to
prevent the frost accumulation over the sample
(CT3500 Operator Manual, Oxford). One should note
that the large vitrified films are rather fragile and any
mechanical stress in direction perpendicular to the
film surface easily brakes them. Therefore, the safe
transfer of the frozen films onto the tip of the
cryo-holder is often the most difficult (and fatal) step
In our experiments.

The observations were performed at — 190°C in
JEM-1200 EX (JEOL, Japan) transmission electron

microscope equipped with anticontaminator (JEOL).
The accelerating voltage was 120 kV. The electron
micrographs were taken with the minimum dose
system to reduce the radiation damage and highly
sensitive negative films (MEM, Mitsubishi Paper
Mills, Ltd., Japan) were used. The shielding blades
of the cryo-holder were opened at least 15 min after
the insertion of the sample in the microscope to
reduce the ice condensation on the specimen [46,47].

2.4. Array formation

The procedure for film control, described in Sec-
tion 2.1, can be utilized to produce an ordered
two-dimensional (2D) array of monodisperse parti-
cles in the liquid film, just before vitrification.

Direct observations by optical microscope [48]
showed that polystyrene latex spheres of micrometer
size could be ordered within an wetting film (a liquid
film on a solid substrate) under the action of long-
range, non-specific interactions. Initially, a relatively
small in diameter wetting film was formed. When
the film thickness became close to (or smaller than)
the particle diameter, ordered 2D-clusters were
formed under the action of an attractive interparticle
capillary force, created by the deformation of the
film surface around the particles [49,50]. Afterwards,
the ordered clusters continuously grew in size as a
result of a directional particle motion from the sur-
rounding meniscus region towards the film. The film
diameter must be gradually increased during this
process, so that the boundary of the ordered particle
monolayer to coincide with the transition zone planar
film-meniscus. This stage of array growth was caused
by the water evaporation from the film, which brings
about a water influx from the surrounding meniscus
toward the film [48]. In fact, this water influx (that
compensates the water evaporated from the film)
drags the suspended particles toward the ordered
array in the planar film — see Fig. 6 (details are
given in Refs. [48-50)).

One should note that in Refs. [48-50] the parti-
cles were usually considered to be partially hy-
drophobic (finite three-phase contact angle particle—
water—air) as it is expected for polystyrene latex
beads [51]. However, the mechanism and the consid-
eration are similar in the case of hydrophilic particles
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Fig. 6. Schematic presentation of the process of particle ordering
in liquid films. A flux of particles, directed from the meniscus
toward the film, appears as a result of the water evaporation from
the film region. Details are given elsewhere [48,50].

(three-phase contact angle equal to zero) which are
entirely immersed within the liquid film.

The same concept is used in the present study to
obtain ordered arrays of nanometer sized particles in
unsupported films. Initially, a small in diameter film
is formed (~ 30 wm) and then gradually expanded
up to 100-150 pwm. At an appropriate particle con-
centration in the bulk suspension (about 10 vol%), a
film expansion rate (5-10 pwm/s), and a water evap-
oration rate, an ordered particle monolayer is formed
within the film. A lower particle concentration
and /or a rather fast film expansion lead to films
deprived of particles and having thickness much
smaller than the particle diameter. A higher particle
concentration and an enhanced evaporation result in
thick films containing bilayers (sometimes well or-
dered) and multilayers. The formation of a large in
diameter film from the very beginning leads to disor-
dered mono- or multilayers depending on the particle
concentration. After getting some experience, one
can easily distinguish these different states of the
liquid film by considering the brightness of the film
when observed in reflected light.

The mechanism, discussed above, implies that a
liquid film of appropriate thickness (slightly larger
than the particle diameter) serves as a two-dimen-
sional matrix for the formation of an ordered mono-
layer of particles. Note that another physical mecha-
nism can be also employed to order particles con-
fined within a thin liquid film.

It has been recognised (see, e.g., Ref. [40]), that
even a single planar surface can induce ordering
among neighbouring particles if their concentration

is high enough. The degree of the particle order
increases even further, when the structured zones at
two approaching surfaces overlap during a thin film
formation [40,52,53]. As a result, the so called
“*oscillatory structural force’’ appears between the
two film surfaces [40,54-56]. The action of the
oscillatory structural force manifests itself in a step-
wise decrease of the thickness of foam films contain-
ing particles of high concentration [43,44,57,58]. A
semi-empirical formula, relating the height of the
“‘steps’’ to the particle volume fraction, was pro-
posed and compared with results from exact numeri-
cal calculations [54]. The observed multiple step-wise
decrease of the film thickness is attributed to the
layer-by-layer thinning of a particulate structure
within the film [57]. This phenomenon is called
“stratification” [43,44,57,58]. The freezing of a
stratifying foam film (formed in the copper holder,
Fig. 1) can be executed at each chosen stage of the
film thinning process. Thus, a vitrified film contain-
ing a desired number of particle layers can be ob-
tained and examined by cryo-electron microscopy
[36]. In principle, the method is applicable to the
study of particles of wide range of sizes (from
nanometers to micrometers), which give rise to strat-
ification, and especially to surfactant micelles, as
demonstrated in Ref. [36].

Therefore, the stratification observed in our exper-
iments with films containing surfactant micelles, la-
tex spheres or bacteriorhodopsin vesicles, is related
to some ordering of the particles within the hquid
film. The results presented below and in Ref. [36]
suggest that the larger particles form well ordered,
colloid-crystal like structures, while the smaller par-
ticles (e.g., surfactant micelles) are less ordered.

In conclusion, two mechanisms of particle order-
ing in liquid films are possible: (i) through direc-
tional particle flux, caused by the water evaporation
from the film, and (ii) a surface induced ordering
when the film is formed from concentrated suspen-
sions. In fact, both mechanisms are often simultane-
ously operative in our experiments (especially, when
ordered multilayers are obtained). The directional
flux leads to the accumulation of particles within the
film (so, the particle concentration in the film is
substantially higher, compared to the concentration
in the bulk), which in turn leads to a surface induced
ordering of the particles.
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3. Hlustrative results and discussion

The method for a specimen preparation, described

above, can be applied to a variety of samples — we
took micrographs of rotavirus, protein molecules,
lipid vesicles and micelles. In comparison with the
bare grid method [8] the main advantage of the
present method is the possibility for precise film
thickness monitoring, whereas the main disadvantage
is the more difficult procedure for obtaining intact
films in the electron microscope — the control of the
liquid film and the transfer of the vitrified film
require certain skills and practice. In some cases,
however, the present method could produce speci-
mens, which seem at the present not attainable by the
other cryo-methods for sample preparation. Several
illustrative examples are presented and discussed
below. :
As mentioned in the Introduction, one of the main
advantages of the cryo-electron microscopy is the
possibility for investigation of macromolecules and
molecular complexes that are unstable when dried.
However, the contrast of ice-embedded specimens is
relatively low, and an image averaging over many
particles is required for high resolution structural
analysis [1-4]. For that purpose, ordered two-dimen-
sional arrays (or even two-dimensional crystals, if
available) of particles are desirable [59]. A variety of
methods for formation of two-dimensional (2D) crys-
tals of membrane and water soluble proteins were
developed [60], but ice embedded arrays of viruses
or of other large protein complexes were observed
only occasionally [1,61]. In the following subsec-
tions, 3.1 and 3.2, we demonstrate that two-dimen-
sional arrays of spherically symmetrical particles can
be reproducibly obtained by our procedure.

3.1. Ordered array of latex spheres

This set of experiments was performed to demon-
strate that no specific aftractive interactions are
needed to obtain a particle array by the procedure
described in Section 2.4. In Fig. 7 a vitrified film
containing a well ordered monolayer of latex spheres
(144 nm =+ 1% in diameter; SC-015-S, Stadex, Japan)
is shown. The concentration of the latex particles in
the bulk suspension was 8 vol%. Due to the convec-
tive particle flux driven by water evaporation (Fig.

Fig. 7. Ordered monolayer of polystyrene latex spheres (144 nm
in diameter) in a vitrified film of thickness close to the particle
diameter. The inset shows the edge of a broken vitrified film —
one sees that the crack passes through the latex particles and
follows the direction of the array axis.

Fig. 8. Ordered monolayer (the brighter area at the bottom),
bilayer (middle) and triple-layer (the darker top region) of latex
spheres (144 nm in diameter) in a vitrified film. The randomly
distributed darker spots are microscopic ice crystals deposited on
the vitrified film as a contamination.
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6), the particles accumulated in the film region and
formed a dense, well ordered monolayer. At the
periphery of the monolayer region we obtained bi-
layer, triple-layer and sometimes four-layer bands —
see Fig. 8. The particles were ordered in these
multilayers and different types of domains could be
distinguished. We were able to control to some
extent the area of the multilayers by varying the film
expansion rate. A slower increase of the film radius
resulted in larger bi- and triple-layer regions at the
expense of the monolayer. Similar results were ob-
tained with a smaller in size latex (66 nm in diame-
ter, C-101.1, IDC, Oregon). However, the polydis-
persity of the smaller particles was substantially
larger (+7.3%) and the formed 2D-array was dis-
torted.

One should note that the vitrified ordered latex
films were particularly fragile and it was very diffi-
cult (and rare) to transfer them intact into the elec-
tron microscope. The vitrified aqueous films were
much more stable at a similar thickness. One possi-
ble explanation of this fact was suggested by the

observation that the cracks formed in the latex film
usually passed through the particles along one of the
array axes — see the inset in Fig. 7. Probably, the
polystyrene becomes very fragile at low temperature
and the latex particles can be easily broken. A
difference in the thermal expansion coefficients of
polystyrene and water could additionally create an
internal stress in the latex layer upon the vitrification
and facilitate the film rupture.

As discussed in the previous section it is not
possible to measure accurately the thickness of films
containing latex particles of high concentration. The
refractive index of the polystyrene latex spheres
(n=1.56) is substantially higher than that of water
(n = 1.33). Therefore, the assumption that the film
can be modelled as an uniform dielectric layer hav-
ing a refractive index equal to that of the bulk
suspension is strongly violated and Eq. (1) cannot be
applied. That is why we do not know the exact film
thickness, and whether the latex spheres are entirely
or partially immersed in the aqueous layer, in these
experiments.

Fig. 9. Ordered monolayer of bacteriorhodopsin vesicles. The liquid film thickness was 59 nm just before vitrification. The ‘mean
interparticle center-to-center distance is 44.7 nm. The inset shows an ordered bilayer of vesicles.
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3.2. Ordered array of bacteriorhodopsin vesicles

This sample contains spherical vesicles made of
the membrane protein bacteriorhodopsin (bR) — see
Kouyama et al. [62]. The bR vesicles are photoactive
(like the purple membrane of Halobacterium Halo-
bium from which they are produced) but the mecha-
nism of their formation and details in the vesicle
structure are still not available. The structure of these
“‘soft”” vesicles cannot be investigated by the nega-
tive staining method because they are easily de-
formed or even totally destroyed by the staining
reagents (unpublished data). Therefore, the cryo-mi-
croscopy seems an appropriate tool for investigating
these particles.

In Fig. 9 we show a photograph of an ordered
vitrified monolayer of bR vesicles obtained as de-
scribed above. Such ordered array is produced only
at a film thickness slightly above the vesicle diame-
ter (k=159 nm in this case) and under a precise
control of the film expansion process. The quality of
the long-range order is very good — thousands of
particles could be grouped within a single domain.
We found, however, that the vesicles are slightly
polydisperse (i.e. the particles are not identical). The
mean diameter measured from digitised images 1s
38.8 nm with standard deviation of +2.2 nm. The
mean centre-to-centre distance is 44.7 nm. Structural
analysis, including averaging over similar in size and
orientation particles, is under a way and will be
presented in a separate study. The inset in Fig. 9
shows an ordered bilayer of bR-vesicles. In the same
vitrified film we observed regions containing three
and four layers of vesicles.

4. Conclusions and prospect for future work

A novel method for preparation of unsupported
vitrified films for cryomicroscopy is described. The
main features of the method are the possibilities for
liquid film observation and control before freezing.
These allow a precise measurement of the liquid film
thickness and a choice of an appropriate moment for
film vitrification. In addition, the method provides
the possibility for production of ordered particle
arrays in the liquid film just before freezing. As an
illustration, ordered mono- and multilayers of latex

microspheres and bacteriorhodopsin vesicles are ob-
tained.

The most severe limitation of the method seems
to be the minimal thickness of the film, which can be
transferred intact into the electron microscope. With
our procedure we transferred reproducibly (probabil-
ity close to 30%) films of thickness around 50 nm
and above. In several experiments we succeeded to
transfer intact films of thickness 27-30 nm [36]. We
expect that an automatic device for setting the film
holder in the cryo-holder tip could substantially
overcome this problem and the observation of films
as thin as 20 nm will become attainable. A system
for environmental control, like that developed by
Bellare et al. [63], could be helpful in many cases.

The present method can be useful in several areas.
For example, systems composed of colloid particles
(micelles, proteins, microemulsion droplets, vesicles,
latex spheres) could be studied. The mutual relation-
ship between the film thickness and stability on one
side, and the particle structure and arrangement, on
the other side, can be quantitatively investigated. A
revealing the factors, which affect and control the
stability of liquid films, is a very important problem
from fundamental viewpoint, as well as for the in-
dustrial application of dispersions.

Large in area, homogeneous vitrified films of
known thickness can be used for the investigation of
the electron scattering cross-section [64] of vitrified
water and aqueous solutions.

In structural biology, the method could be applied
to viruses, vesicles, ribosomes, etc. It provides the
advantage to be able to select the most suitable film
thickness for vitrification in order to ensure the best
contrast and the absence of ‘‘flattening’” effect [1].
Vitrified two dimensional crystalline or paracrys-
talline arrays of viruses might allow a high resolu-
tion structural analysis. The method can be further
developed, e.g., by combining the film control with
some of the established techniques for protein crys-
tallisation at a single air—water interface [60,65,66].
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