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Abstract
In this review we cover the technical background to negative staining of biomolecules and viruses,
and then expand upon the different possibilities and limitations. Topics range from conventional
air-dry negative staining of samples adsorbed to carbon support films, the variant termed the
“negative staining-carbon film” technique and negative staining of samples spread across the holes
of holey carbon support films, to a consideration of dynamic/time-dependent negative staining.
For each of these approaches examples of attainable data are given. The cryo-negative staining
technique for the specimen preparation of frozen-hydrated/vitrified samples is also presented. A
detailed protocol to successfully achieve cryo-negative staining with ammonium molybdate is
given, as well as examples of data, which support the claim that cryo-negative staining provides a
useful approach for the high-resolution study of macromolecular and viral structure.

1. Introduction
1.1. Technical background

It is widely accepted that the first publication to present a working technique for the negative
staining of biological particles for TEM came from Brenner and Horne (1959). For those not
aware of the prevailing situation this could be a little misleading, due to the fact that the
electron microscopical work was performed entirely by Bob Horne, the bacteriophage
samples under study having been produced by Sydney Brenner. Bob Horne, with his
colleagues, subsequently continued to make a major contribution to methodological aspects
of negative staining and the application of the technique to many different biological
samples. Although numerous variants of negative staining have been introduced through the
intervening years, the underlying principle that a thin layer of biological material is
surrounded, permeated, supported and embedded by a dried amorphous or frozen-hydrated/
vitreous layer of heavy metal-containing cationic or anionic salt remains unchanged. An
electron image is generated primarily by the differential electron scattering due to the mass-
thickness (density × thickness) difference between the biological material and the
surrounding stain layer. Clearly there might be a difference between negative staining with
heavy metal cations or anions, in that one or other may bind directly to oppositely charged
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groups on the surface of the biological material (i.e. positive staining), a feature that has not
yet been critically addressed. In practice there does not appear to be a major difference, but
the acidic staining conditions with cationic negative stains can significantly influence
biological samples, sometimes stabilizing but on other occasions producing undesirable
aggregation. With the anionic negative stains, molecular dissociation can occur during
specimen preparation, but this is a rare event.

1.2. Air-dried negatively stained specimens
Perhaps the best that can be expected from negative staining is that it should reveal the true
solvent-excluded surface and shape of a biological molecule or other particle. In theory,
intra-molecular information such as alpha-helices or beta-sheets are unlikely to be revealed
by negative staining, which relies upon the relatively large mass-thickness difference
between the biological material and the surrounding stain, rather than upon the more subtle
difference of varying mass-thickness of protein, carbohydrate and nucleic acid molecules
versus the surrounding vitreous water/ice, which is the case for cryo-electron microscopy of
unstained vitrified specimens. Defocus-induced phase contrast, which is important for
unstained biological specimens, is also thought to contribute to electron imaging by negative
stain (Massover, 2008a). The use of trehalose alone as an embedding medium generates a
thin supportive film of mass-thickness marginally greater than that of a layer of vitreous
water, within which viruses and large protein molecules and polymers can be revealed
(Harris and Scheffler, 2002), whereas contrast matching tends to occur for smaller
molecules. These intermediate mass-thickness conditions have yet to be fully exploited,
although glucose and trehalose have been widely used as preservation and contrast-inducing
materials for electron imaging of 2D protein crystals (Hirai et al., 1999). Strictly speaking,
carbohydrates when used alone cannot be considered as negative stains, but as these useful
compounds can be mixed with the established negative stains, it is appropriate to be aware
of their often helpful properties.

One point that is often neglected is that following air-drying of a negatively stained
specimen, a considerable quantity of water remains bound to the biological material and
within the seemingly amorphous surrounding stain. Once inserted into the entry chamber of
the electron microscope and subjected to the high vacuum, this bound water will be rapidly
removed. However, if an air-dried negatively stained specimen is cooled with liquid
nitrogen in a cryo-transfer holder, transferred to and maintained within the electron
microscope under low temperature conditions, the bound water will not be removed, as
indeed is the case throughout the cryo-negative staining procedure (see below). It should
also be borne in mind that cryo-negatively stained vitrified specimens can be freeze-dried
within the electron microscope, for comparative electron imaging following the removal of
vitreous water (Adrian et al., 1998).

Several reviews on negative staining (Harris et al., 2006; Ohi et al., 2004; Padrón and
Alamo, 2004) and book chapters (Harris, 1999, 2007; Harris and Adrian; 1999; Harris and
Horne, 1991) have appeared in recent years that cover thoroughly a number of technical
aspects and applications; some of these are available online:
[http://www.springerprotocols.com/Abstract/doi/10.1007/978-1-59745-294-6_7;
http://springerprotocols.com/Abstract/doi/10.1385/1-59259-201-5:13;
http://related.springerprotocols.com/searchrelated?
to=VSyekn5sdL&dataSource&[]=springer_protocols]. In addition, a monograph within the
Royal Microscopical Society (RMS) Microscopy Handbook series (No. 35) was devoted to
negative staining and cryoelectron microscopy (Harris, 1997). Thus, the present review is
not intended as a repetition of what has already been published, rather we wish to address a
number of technical points that we consider of significance and of likely interest and value
to researchers through the coming years. Inevitably our approach will be personal, dwelling

De Carlo and Harris Page 2

Micron. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.springerprotocols.com/Abstract/doi/10.1007/978-1-59745-294-6_7
http://springerprotocols.com/Abstract/doi/10.1385/1-59259-201-5:13
http://related.springerprotocols.com/searchrelated?to=VSyekn5sdL&dataSource&[]=springer_protocols
http://related.springerprotocols.com/searchrelated?to=VSyekn5sdL&dataSource&[]=springer_protocols


on our own experience and publications within the fields of macromolecular structure, but
where relevant we will also refer to the published examples of others who have made a
recent or significant contribution to the subject. In the main, detailed protocols for
performing negative staining of air-dried specimens will not be given here. Instead,
referencing to the relevant publications will be provided. Images describing several
examples of the different negative staining approaches will be given, primarily from our
own available data.

Much of the early negative stain TEM data on macromolecules and viruses remains
perfectly valid and useful, although to some this may seem to represent “stone age” low-
resolution information. Nevertheless, despite its 50-year existence and undoubted
limitations, the negative staining technique continues to be used widely within the fields of
virology and microbiology (Ackermann, 2009; Guo et al., 2009; Mast and Demeestere,
2009), cell biology (Nakane and Miyata, 2009), protein and lipid biochemistry (Gantz et al.,
2000; Hudson et al., 2009; Kachibhatla et al., 2009; Radermacher et al., 2006; Luik et al.,
2009; Zhang, 2009), polymer and colloid science (Harris et al., 1999; Ojugun et al., 2009)
and for the examination of pharmaceutical preparations (Hamilton and Walker, 2005). The
reason for this is the overall simplicity of the basic technique and its successful application
within so many systems. Indeed, as a screening procedure it is also extremely useful as a
means by which the quality of protein and other sample material can be rapidly assessed
before devoting time and expense to cryoelectron microscopical or other studies such as X-
ray crystalography. A critical comparison of negative staining and vitreous ice for the
production of 3D macromolecular reconstructions was presented by Hoenger and Aebi
(1996) the conclusions of which, namely that both techniques have their strengths and
limitations, remain essentially the same today. Indeed, several groups now routinely employ
negative staining together with cryo-electron microscopy of unstained proteins in parallel
(e.g. Pires et al., 2009).

1.3. Cryo-negative staining
The currently used cryo-negative staining methodology developed from a productive
collaboration between one of us (JRH) and the Lausanne-based cryo-electron microscopists
Marc Adrian and Jacques Dubochet (see Adrian et al., 1998), in an attempt to produce
superior sample preservation and image resolution, compared to the conventional negative
staining technique with air-dried specimens. This topic was reviewed briefly by Harris and
Adrian (1999) and Harris et al. (2006). Thus it is now appropriate that a more complete and
up-to-date survey of cryo-negative staining should be presented here, together with a
detailed protocol.

In reality the concept of cryo-negative staining is not new. Already at the beginning of the
1980's, Jean Lepault and colleagues tried to add solutes to the solution prior to vitrification.
The fact that solutes are not segregated in vitreous ice makes it possible to increase the
density of the medium, thus changing the contrast of embedded particles (Lepault et al.,
1983). The problem is that when a compound like metrizamide (a tri-iodinated benzamido
derivative of glucose) is added to the buffer prior to vitrification, a situation is reached
where the contrast is dramatically reduced (contrast matching). When the surrounding solute
concentration is increased, contrast inversion is obtained (with ∼30% metrizamide), and the
particles appear in the EM image to be negatively stained, surrounded by the higher-density
metrizamide. However, in this situation the fine structural internal details of metrizamide-
embedded biological particles are not revealed, making this embedding technique essentially
useless for high-resolution 3D structure determination.

Other attempts were carried out by Christoph Böttcher at the Fritz-Haber-Institute of the
Max-Planck-Society in Berlin but published after his move to Imperial College. Böttcher
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and colleagues tried to mix conventional negative stains with the sample in the solution,
immediately before vitrification, with the stain concentration kept below 2% (Böttcher et al.,
1999). Due to this low stain concentration within the very thin vitrified specimen, the
contrast obtained by Böttcher and coworkers did not appear to be significantly different
from conventional cryo-EM preparations. Marc Adrian developed the current version of the
cryo-negative staining technique more than 10 years ago in the lab of Jacques Dubochet
(Adrian et al., 1998). From a methodological point of view, this sample preparation
technique is very similar to the thin film vitrification technique (Adrian et al., 1984), with
the exception of an additional step: a short time of contact between the biological sample
and the negative stain (see Section 3, below). As a result, the biological sample is entrapped
in a thin film of vitrified high concentration ammonium molybdate solution, used essentially
at a saturation concentration (∼0.8M). However, if this cryo-methodology is analogous to
conventional negative staining, the results obtained with this cryo-negative staining
technique are completely different, and in our opinion exceptional. The signal-to-noise ratio
(SNR) is amazingly higher, making it possible to visualize the biological samples with an
extraordinary level of detail and clarity. In the first published work (Adrian et al., 1998), a
large number of different samples were presented as successful examples of the technique:
icosahedral viruses, isolated proteins and even thin catalase crystals. An electron imaging
resolution of ∼10 Å was shown, with 3.3 Å from electron diffraction of the catalase crystals.
The gain in SNR has been demonstrated by the straightforward comparison of the same
samples, imaged in both unstained vitrified and cryo-negatively stained conditions. In 2002
we attempted a more quantitative analysis on a well-known sample. We compared unstained
vs. cryo-negatively stained GroEL imaged on a 100kV LaB6 EM and measured the effect of
increasing exposure electron doses on the spectral signal-to-noise ratio (SSNR). Two
important observations were made. First, in the presence of frozen-hydrated ammonium
molybdate, GroEL was preserved to 14Å resolution, even after a total cumulative dose of 36
el./ Å2. Second, the SNR was increased by a factor of 5 as compared with the same particles
imaged in the same condition, but in unstained cryo-EM (De Carlo et al., 2002). The major
interest is the high contrast of cryo-negatively stained particles; they can be imaged close to
focus thus better preserving the high-resolution information, even when access to a field-
emission gun (FEG) microscope is not available (De Carlo et al., 2002). For instance, the
DNA packaging was clearly shown in bacteriophage T2 capsids. Nevertheless, this
advantage was not demonstrated quantitatively: the 3D reconstruction of the TBSV virus 2D
crystal did not show an improved result, perhaps due to the small number of virus particles
present and the 2D crystal disorder. An improved resolution was claimed but this first
encouraging pioneering work left unanswered many important biological questions. The
most important is whether the biological structure is preserved down to atomic resolution for
non-crystalline objects. This question can be asked using other words: does the negative
stain penetrate deeply within the protein, and if yes, to what extent (ie what kind of internal
details can be revealed)? We will present data to address this difficult question (see Section
3).

2. Negative Staining of Air-dried Specimens: Techniques, Results and
Discussion
2.1. Conventional negative staining on continuous carbon films

The most commonly used negative stains are listed in Table 1. A number of examples of
biological samples adsorbed to carbon support films and contrasted for electron imaging by
surrounding the material with a thin aqueous film of negative stain solution and allowing it
to air-dry will now be given. Relevant technical comments on the stains and on specimen
preparation will be given, rather than full protocols, which in all cases are available
elsewhere in the literature.
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Uranyl acetate, despite its cationic reactivity towards biological materials and the acidity of
the aqueous solution, continues to be widely used as a negative stain. It is often the first
choice for initial TEM screening of an unknown sample or for rapid preliminary biological
structure quality assessment. The main disadvantage of uranyl acetate for high magnification
studies is the granular/microcrystalline nature of the dried stain and its sensitivity to the
electron beam. The latter can be offset by the use of low dose imaging. Uranyl formate has
continued to be used successfully by some, primarily because of the finer grain of the dried
amorphous layer of stain (Charalambous et al., 2009; Min et al., 2002). Of the anionic
negative stains, ammonium molybdate is considered by many as the most suitable, although
as a 2% w/v aqueous solution it does generally impart a considerably lower mass thickness
and lower image contrast than uranyl acetate. One slight disadvantage of ammonium
molybdate is that specimen storage before TEM study tends to be limited to a few days.
Sodium phosphotungstate and sodium silicotungstate are also well-established negative
stains and in both cases a finely grained thin layer of dried stain can be produced,
particularly from the silicotungstate salt. Methylamine tungstate has found some favour as a
negative stain with plant virologists, but is not currently widely used. On the other hand,
methylamine vanadate has found a specific use as a low contrast negative stain, in particular
for revealing nanogold and undecagold particles bound to macromolecules (Hainfeld et al.,
1994; Jiang et al., 2007), where other stains would mask the small gold particles. In practice,
it is also possible that the use of a 1% w/v (or lower) aqueous solution of some of the other
negative staining salts may well achieve much the same result, particularly if trehalose is
also included. Indeed, it is likely that almost any metal salt that dries as a non-crystalline
amorphous layer will have negative staining properties, as demonstrated by Massover
(2008b) and Massover and Marsh (1997) using sodium tetraborate and other light-atom
salts. The incorporation of metal atoms such as gold onto carbohydrates as in
aurothioglucose or the use of disodium glucose-phosphate (Massover and Marsh, 2000;
Massover et al., 2001), generates a low contrast negative stain, possibly also possessing
protective properties due to the carbohydrate, but such compounds have not gained broad
usage to-date.

The negative staining procedure can generate areas on the carbon-coated specimen grid
where the stain layer is too thick, or too thin where the biological material is only partly
covered and supported by the stain. The user has to select an optimal stain depth, generally
dependent upon some experience with the technique and biological sample, in order to
obtain satisfactory images and a meaningful interpretation of the TEM data. The inclusion of
trehalose along with the negative stain provides superior coverage of molecules adsorbed to
a carbon film (Harris et al., 1995), although there is a tendency for the stain layer to be too
thick in places. In general, this is not a problem, unless the specimen grid under study
contains only one or other extreme of stain depth, which is not usually the case. One
approach to overcome this variability of stain depth has been to use a double layer or pleated
film of carbon with the biological material and negative stain trapped as a sandwich between
the two carbon layers. This technique has the advantage of providing an even thickness of
negative stain, without producing a pronounced halo of stain around individual particles, but
carries with it a considerable risk of particle flattening. Although introduced many years ago
by a number of researchers, this approach was presented again by Ohi et al. (2004), who
recommended it's use for producing molecular images suitable for subsequent image
classification, despite the likely restricted range of molecular orientations. A comparison
from electron crystallography of unstained frozen-hydrated and negatively stained
specimens of photosystem II (Stoylova et al., 1998) serves to emphasize the overall
limitations of negative staining.

Four examples of negative staining of biomolecular samples adsorbed to a continuous
carbon film are given in Fig. 1. The anthrax PA63 protective antigen (Fig. 1a), fibres
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produced from the amyloid-beta peptide with bound human erythrocyte catalase molecules
(Fig. 1b), cholesterol microcrystals and a cochleate cylinder (located centrally) (Fig. 1c) and
cholesterol microcrystals with bound pyolysin domain 4 (Fig. 1d), are all negatively stained
with 2% uranyl acetate.

2.2. Negative Staining-Carbon Film Technique
This negative staining technique was introduced primarily for the production of 2D arrays
and 2D crystals of plant viral particles (Horne and Pasquali-Ronchetti, 1974; Wells et al.,
1981), but has also found considerable use for the production of 2D crystals of protein
molecules (Harris and Holzenburg, 1995; Zahn et al., 1993). The principal features of this
technique are as follows. The sample material is allowed to dry on the surface of freshly
cleaved mica, in the presence of ammonium molybdate and 0.1 or 0.2% w/v polyethylene
glycol (PEG) (Mr 1,000 to 10,000). Under these conditions viral particles or protein
molecules are able to form ordered 2D arrays, which form primarily at the air/fluid interface
rather than in-solution or attached to the mica (Harris, 1997). As there is no interaction with
or binding to the hydrophilic mica surface, following carbon-coating the carbon-adsorbed
2D protein or viral arrays can released/floated-off onto the surface of a negative stain
solution (which can be ammonium molybdate, uranyl acetate or other negative stain, or
indeed a buffer solution or water for subsequent labelling, followed by negative staining)
and transferred to EM grids. This final step can be performed in small Petri dishes or in
micro-wells in a Teflon block, with the EM grids (blank or coated with a holey carbon film)
being inserted into the negative stain solution beneath the floating carbon film. In the hands
of one of the authors (JRH), many successful molecular applications have been achieved,
but it needs to be acknowledged that there is a hydrophobic tendency for the protein 2D
arrays/crystals adsorbed to the carbon film to be only partly covered by negative stain. This
presents a limitation for the production of crystallographic 3D reconstructions unless care is
taken to use only images of 2D crystals that are completely embedded in negative stain
(Harris et al., 1993). Four examples of 2D protein crystals produced by the negative staining
carbon film technique are given in Fig. 2, together with 2D crystallographic projection
averages. The molecules depicted are: the proteasome from Thermoplasma acidophilum,
oriented on-side (Fig. 2a); the keyhole limpet hemocyanin type 1 didecamer, orieneted on-
side (Fig. 2b); the E. coli chaperone GroEL, oriented on-end, showing the 7-fold symmetry
in the 2D image average (Fig. 2c); the E. coli chaperone GroEL crystallized in the presence
of Mg-ATP (Fig. 2d), with the molecules oriented on-sides, exhibiting a markedly different
hexagonal 2D crystal. The ability of this technique to generate varying 2D crystal forms
from human erythrocyte catalase in exemplified by the studies of Harris and Holzenburg
(1989; 1995) and Harris et al. (1993).

However, when equivalent 2D crystals are formed across holes by essentially the same fluid/
air interface forces (see below section 2.3), there is complete embedding within a thin
unsupported film of negative stain, generally without any molecular distortion due to
flattening or adsorption to the carbon film (which can occur in some instances).

Despite it's undoubted possibilities, and even though considerable success has been
demonstrated using this technique by a number of groups, the negative staining-carbon film
technique has not gained widespread use in recent years, primarily because of the
rehydration step with repeated air-drying of the biological material, which could induce
molecular damage, and the partial-depth coverage with negative stain. The latter problem
can be largely overcome by including a low concentration of neutral surfactant, such as 1
mM octyl-glucoside, in the negative stain solution to improve the spreading properties
(Harris et al., 1998).
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Variants of the initial negative staining-carbon film procedure include the production of 3D
microcrystals of protein molecules on mica, when PEG alone is used as the crystallizing
agent on mica (Harris et al., 1992) and the fact that carbon-adsorbed samples floated from
the mica surface can subsequently be labelled with suitable probes (see below), together
with appropriate washing steps prior to negative staining. Molecules or viral particles in
glycerol and a volatile buffer solution can be spread on mica, with removal of the glycerol
and buffer in vacuo prior to carbon coating. Furthermore, if the mica surface is cationized
with Alcian blue, intact cells in a protective glycerol solution can be bound, washed, carbon-
coated and wet-cleaved prior to negative staining. The upper surface of the cleaved cells
remains attached to the carbon film and can be subsequently negatively stained (Harris,
1991). In general, intact cells are too thick for negative staining; thus this approach provides
the means for the study of plasma membranes, cytomembrane and cytoskeletal components.
Figure 3 presents an example showing carbon-adsorbed cholesterol produced on mica, and
subsequently labelled with the cholesterol-binding domain 4 fragment of pyolysin (cf. Fig.
1d). Antibody or other affinity labelling such as biotin-streptavidin can readily be
incorporated within the negative staining-carbon film procedure, as with any conventional
negative staining protocol.

2.3. The Holey-carbon Negative Staining Technique
A variant negative staining technique has been developed, which enables viruses,
macromolecules, fibrils, liposomes and subcellular components to be spread across the holes
of holey/perforated carbon support films, supported only by a thin film of negative stain +
trehalose (Harris and Scheffler, 2002; Harris, 2008). The presence of trehalose (0.1 to 1.0 %
w/v) is beneficial as it assists the spreading of the negative stain across the holes and
maintenance of a thin film, while at the same time providing some molecular protection
during drying, due to the properties of this disaccharide (Furuki et al., 2009; Sakurai, 2009).
Under these specimen preparation conditions, macromolecules are randomly oriented within
the stain-trehalose film, thereby generating a complete range of projections images, suitable
for digital 3D molecular reconstructions. As no orientation restriction is present and owing
to the lack of adsorption to a carbon surface, no adsorption-induced molecular deformation
is present. Although for macromolecules there is generally no detectable flattening, for some
viruses, liposomes and fragile vesicular components from cells some flattening may be
induced by the interface forces from the two opposing fluid/air biconcave menisci during the
drying of the aqueous stain-trehalose film, at positions where this becomes exceptionally
thin.

In practice, prior to drying, vesicular components, large macromolecules and viruses have a
tendency, due to surface tension forces from the two opposing menisci, to diffuse towards to
the edge of the holes where the fluid stain-trehalose film is thickest. Figure 4 shows
biochemically isolated micronemes from sporozoites of the parasite Cryptosporidium
parvum (Harris et al., 2003), where there is a pronounced clustering of micronemes within
the thicker film of negative stain at the edge of a hole (Fig. 4a). At higher magnification
(Fig. 4b) it is possible to distinguish damaged from undamaged micronemes; the latter
(arrowheads) are not permeated by the negative stain.

Another example, showing the ∼240kDa antioxidant enzyme, peroxiredoxin-2, from human
erythrocytes is given in Fig. 5, negatively stained with ammonium molybdate-trehalose
spread across a holey carbon support film. Molecular images such as this can be utilized for
medium resolution (ca 20 Å) negative stain 3D reconstructions, within which is possible to
fit for correlation purposes a higher resolution X-ray structure, when available (Harris et al.,
2001). Of the several available examples of fibrillar material negatively stained when spread
across holes (Harris, 2008), we have selected an image showing DNA tubules formed from
biotinylated oligonucleotides, subsequently labelled with a streptavidin-antibody (scFv)
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fusion protein (Fig. 6a). Also shown are fibrils formed by the bacterial peptide Pepstatin A
(Fig. 6b), the detail of which can be compared with the amyloid-beta fibrils imaged by
conventional negative staining with uranyl acetate in Fig. 2b. In general, superior image
detail is produced from samples spread in stain and trehalose across holes, compared to
carbon-adsorbed specimens. Although most work has been performed using the 6% w/v
ammonium molybdate 0.1% w/v trehalose combination, success has also be achieved using
sodium phosphotungstate and sodium silicotungstate solutions containing trehalose, but
when the combination of uranyl acetate and trehalose is used, the thin dry film of stain and
carbohydrate has been found to be very sensitive to irradiation damage in the electron beam.

This holey-carbon negative staining technique has also been extended to include PEG along
with the ammonium molybdate and trehalose, in an attempt to induce 2D crystallization of a
number of different protein molecules and viruses. Some success has been achieved using
this approach with both air-dried samples and also with samples subjected to cryo-negative
staining (see below, Section 3). In both cases there is a strong parallel between the crystal-
inducing phenomenon that occurs at the fluid/air interface of the holey carbon specimen grid
with sample and stain spread across the holes, and what occurs at the air/fluid interface
when essentially similar conditions are applied to samples spread thinly on the surface of
freshly cleaved mica at the first stage of the negative staining-carbon film protocol. It
appears that under these conditions protein molecules and viruses have a tendency to
migrate to the fluid/air interface, where evaporation can induce an increase in concentration
of the particles at the interface (Cyrklaff et al., 1994), thereby producing inter-molecular or
inter-viral interactions, leading to 2D array and 2D crystal formation. Figure 7 shows
examples of 2D crystal formation by tomato bushy stunt virus and the octopus hemocyanin
decamer.

Quite unexpectedly, it has also been found that instead of producing 2D crystals during
negative staining across holes in the presence of ammonium molybdate and PEG, the
decameric erythrocyte peroxiredoxin-2 has been found to form a higher-order dodecahedral
macromolecular assembly (Fig. 8) that possesses a marked similarity to enzyme complexes
and supramolecular assemblies such as clathrin and viral capsids (Meissner et al., 2008). It is
likely that other protein molecules, in particular viral proteins, could also be experimentally
“encouraged” to form larger assemblies under these “in-solution” as well as “air/fluid
interface” conditions during specimen preparation, which in turn could lead to bulk
preparations in larger volumes of solution, if optimal higher-order assembly conditions can
be defined.

When trehalose is used alone, thin air-dried films produced by spreading a 1% w/v aqueous
solution across holes (which are remarkably stable in the electron beam) generate a mass-
thickness very close to that of a monolayer of most small protein molecules. Thus, such
molecules will not be revealed in the electron beam due to contrast matching. For larger
biological particles, such as the relatively thick collagen fibrils, and viruses where the mass-
thickness of the nucleic acid-containing core is greater than that of protein, the virions can
be revealed. Figure 9a shows an example of turnip yellow mosaic virus spread across a
holey carbon support film in the presence of 1% trehalose alone; the slightly higher mass
thickness of the nucloprotein cores is visible whereas the protein shell is essentially contrast
matched by the surrounding trehalose. Block copolymer particles often have a mass
thicknesssomewhat higher than that of protein molecules, and if gold crystallites have been
incorporated within the polymer they will be readily revealed (Fig. 9b). If there is some
integral heavy metal component, such as is found with the iron-transport protein frataxin,
then the particulate, often microcrystalline, iron densities will be revealed (Fig. 9c,d) (see
Harris and Scheffler, 2002). Indeed, the iron core of the ferritin can be revealed, with iron
oxide atomic lattice if studied in a high resolution 200 or 300kV FEG TEM (Fig. 9e). The
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∼1.4 nm monomaleimide Nanogold® can be defined when embedded within a thin film of
trehalose (Fig. 9f), and it is likely that spreading in trehalose alone would be useful for
metal-tagged protein molecules (cf. Nishino et al., 2007).

2.4. Dynamic negative staining
Dynamic structural changes to macromolecules can be induced by a variety of treatments,
such a temperature, chemical treatments (e.g. pH, salt and buffer ionic strength, temperature,
drugs, enzyme substrates or inhibitors, reduction or oxygenation and toxin interaction) and
illumination by a particular wavelength of light. Since the early days of electron microscopy
it was apparent that experimentally induced dynamic structural changes of macromolecules
could be assessed from negatively stained specimens (Simon et al., 1991). In general the
minimum time period for such treatments is thought to be limited by the grid preparation
time and drying time of the negative stain on a specimen grid (e.g. 1 or 2 min). However,
recent investigations by Zhao and Craig (2003; 2008) have shown that time-resolved
structural changes to myosin filaments can be trapped on a millisecond time scale by the
rapid stabilizing interaction of uranyl acetate (Fig. 10); it is likely that other experimental
systems could readily utilize this approach.

The interaction of the cytolysin from Vibrio cholerae (VCC) has been show to interact with
the bilayer edges of cholesterol microcrystals at short time periods, and that with increasing
time the planar surfaces of the microcrystals become coated with the cytolysin (Harris et al.,
2002). Similarly, the relatively rapid oligomerization time of the cholesterol-dependent
cytolysin pyolysin from Arcanobacterium pyogenes and also attachment of its cholesterol-
binding domain 4 fragment (on a time-scale of minutes), has been demonstrated by negative
staining (JRH, unpublished data). Others have also utilized negative staining for the
dynamic study of macromolecular structures (Burgess et al, 2004; Kondo et al., 1999;
Willows et al., 2004). The investigations on 2D crystallization and macromolecular
assembly formation, mentioned above, where PEG is included in the ammonium molybdate-
trehalose negative staining solution, also require time-dependent TEM studies to assess the
progression of intermolecular interaction. This approach can readily by linked to the
biochemical and biophysical assessment of such interactions.

3. Cryo-negative Staining: Techniques, Results and Discussion
3.1. Frozen-hydrated specimens in the presence of a saturated ammonium molybdate
solution at neutral pH

We usually follow the cryo-negative staining protocol of Adrian et al. (1998), using lab-
made holey carbon films on 200-mesh copper grids (Fig. 11). The best results can be
obtained after evaporating a thin layer of Au/Pd on one side of the holey carbon grid to
assist sample spreading, a useful innovation introduced by Marc Adrian. The negative
staining solution consists of ammonium molybdate at saturated concentration. A detailed
protocol including all required materials and a step-by-step guide to successfully achieve
cryo-negative staining with ammonium molybdate is available (De Carlo, 2008a). Briefly,
we add 1.2 - 1.3g of ammonium molydbate tetrahydrate to 0.875 ml water, neutralized to pH
7.2-7.4 with the addition of 0.125 ml of 10M NaOH at room temperature. This forms a
saturated slurry that can be stored as such for some time. Immediately before the use we
shake the slurry quickly again, let it sediment for a few seconds and take the supernatant as
the negative staining solution. At this point we have measured a solution density of 1.45 ±
0.05 g/cm3. Finally, 100 μl aliquots of this staining solution are deposited on Parafilm and
subsequently used for the staining procedure (De Carlo et al., 2002). A short evaporation
period (1 – 3 sec) after blotting and before plunge freezing is essential for production of
satisfactory thin films of vitrified ammonium molybdate (Fig. 11). Under these conditions,
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the vitrified specimens are almost fully hydrated (in terms of protein-bound water), as the
vitrified medium contains a saturated heavy-metal salt with approximately 30% water by
volume (Adrian et al., 1998). Nevertheless, the results obtained through the past decade and
more recently have clearly demonstrated that although not in their fully hydrated state,
samples prepared with the Adrian cryo-negative staining technique are well-preserved in a
vitreous/frozen-hydrated state. Examples where a direct side-by-side comparison can be
made are now available in the literature, among these are the bacterial chaperonin GroEL
(Fig. 12) (see De Carlo et al., 2002; De Carlo et al., 2008b), and several eukaryotic RNA
polymerases (Fig. 13) (see De Carlo et al., 2003; Kostek et al., 2006). In other cases, cryo-
negative staining has revealed molecular details (i.e. between 10Å and 15Å) for proteins
considered to be too small for cryo-EM, such as the human transcription factor TFIIE, which
is a dimeric protein complex of ∼ 110 kDa (Jawahri et al., 2006).

The improved resolution resulting from cryo-negative staining seems to be due to several
factors: these may include hydration of the biological particles, suspension in a thin layer of
vitreous ice instead of adsorption to a continuous support and the documented increase in
signal-to-noise ratio. Partial specimen hydration is an obvious advantage, since it allows the
embedded protein to maintain almost complete hydration, thus avoiding fine structural
collapse that is likely to occur in the total absence of water. The stain does not dry, thus
preventing the formation of a dried cast onto and around the protein, the molybdate anions
remain free in the vitreous solution and may rapidly diffuse into the protein globular
molecules, allowing the high resolution fine structure of the protein to be imaged in reversed
contrast instead of imaging only the surface stain-excluded protein volume, as is the case for
air-dry negative staining at room-temperature. The key is in the combination of adding
solutes to the solution that preserve the hydration of protein, as has been proven for
trehalose, with the cooling of samples (and their hydrated surfaces) to liquid N2
temperatures. Stark and colleagues used glycerol embedded samples with uranyl formate for
cryo-negative staining, and achieved 9Å resolution with the carbon-sandwich method (Golas
et al., 2003).

A more detailed analysis of this phenomenon was presented by De Carlo et al. (2008b), for
the comparison between frozen-hydrated GroEL as compared to cryo-negatively stained
samples in the presence of a vitrified saturated ammonium molybdate solution. Clearly,
imaging only 14,000 particles in the vitrified stain allowed the authors to reach about 10Å
resolution, as opposed to the hundreds of thousands of unstained GroEL particles necessary
to reach sub-nanometer resolution, as demonstrated by several research groups (Ludtke et
al., 2008; Stagg et al., 2006; Ranson et al., 2006). Studying biological enzyme activity has
proved to be possible in the presence of the vitrified stain on a continuous carbon film.
Kostek et al. (2006) showed that human RNA polymerase could be imaged at ∼20Å
resolution, fully preserved in the thin vitreous stain layer, allowing the enzyme to be
reconstructed in two distinct conformational states.

Another advantage of using anionic molybdate over the commonly used cationic uranyl
salts, is that even at saturated concentrations it can be buffered to any desired physiological
pH by the addition of a very small volume of strong base, although this comment could also
apply to the phosphotugstate/silicotungstate negative staining salts. Cryo-negative staining
can readily be performed in a semi-automated fashion inside a blotting and vitrification
device that is fully computer controlled, such as the Vitrobot (FEI) or the Cp3 (Gatan). It
should be noted, however, that there can be a difference between specimens prepared by
single versus double-sided blotting, particularly if it is desirable to induce 2D crystal-
formation at one untouched fluid-air interface prior to plunge freezing. Special precautions
may need to be taken if the blotting chamber is used at 100% relative humidity. In our
experience it is better to keep the sample environment relatively dry immediately before
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blotting. If the sample buffer concentrations need to be maintained at defined humidity
values the blotting parameters on the automated vitrification device will need to be changed
accordingly.

Since we have also considered 2D crystal formation by proteins and viruses during cryo-
negative staining, we would like to discuss here the advantages to be gained by addition of
polyethylene glycol (PEG). A few examples of para-crystalline formation for a solution of
viruses or proteins are presented in Fig.14. Tomato Bushy Stunt Virus (TBSV) in the
presence of 0.1g/L of PEG-1000 is shown cryo-negatively stained in panel A) of Fig. 14,
whereas hexameric hemoglobin from the marine annelid Nereis virens is shown in Fig. 14
panel B). In our experience, adding 1-2% PEG induces order formation in particulates
suspended at the air-water interface. This may be interpreted as protein-protein interaction
becoming dominant by decreasing solute-solute repulsion, as observed for protein solutions
near their isoelectric point. The combination of ions from the staining solution as well as the
presence of PEG may facilitate this condition, inducing pseudo-crystal formation of larger
size as compared to the same solutions, but in the total absence of PEG (see Lorber et al.,
2008).

Provided the protein complex under investigation endures well structurally in the staining
solution (this may be cross-checked with conventional negative staining and cryo-EM and
can be judged from the fitting parameters of individual particles to each other), cryo-
negative staining has been found to have several advantages. Our main conclusions obtained
so far from cryo-negative staining on biological particulates imaged both in 120kV LaB6
and a 200 kV FEG electron microscope under strict cryo-conditions can be summarized as
follows:

• The negative staining solution produces a higher signal-to-noise ratio than
conventional unstained cryo-EM (Adrian et al., 1984). This has several positive
effects on 3D structure determination of macromolecular complexes, as further
outlined below.

• For reaching a certain resolution on a given structure fewer particles have to be
collected than with conventional cryo-EM.

• The minimal size of particles may be lower because they are more easily visualized
and classified due to the higher contrast.

• The defocus values during image recording can be lowered, extending the first
zero-node of the CTF further out. Unstained GroEL is hardly detectable on electron
micrographs recorded with ∼1000 nm defocus at 200 kV while they are well visible
in the presence of negative stain.

• Our previous study has shown that samples are less beam-sensitive in the presence
of stain as shown by the absence of damage despite the three-fold increase in the
exposure dose (see Fig. 1 in De Carlo et al., 2002). However, a precise
quantification remains to be done.

• The vitrified and stained particles deliver a stronger Thon ring pattern, facilitating
image quality control and CTF correction.

We have, however, also encountered a few limitations of cryo-negative staining. Most
importantly, the structure under study must withstand the exposure to the concentrated
ammonium molybdate. Over the last decade, a few biological assemblies studied by cryo-
negative staining showed sensitivity to the saturated stain and tended to partially split apart
into their smaller subunits (e.g. KLH, Fig. 15). Among these rare, yet important,
unsuccessful cases we can cite microtubules, and some multimeric ATPases, such as NtrC
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(De Carlo et al., 2006), which dissociate completely (data not shown). Even in these cases, it
is possible that useful information on the dissociation intermediates might be gained, for
correlation with other biochemical or biophysical data. The other important finding is that,
while the macromolecules that are well preserved in vitrified saturated ammonium
molybdate and their structure is revealed with a good accuracy to about 10Å resolution,
internal fine structures are sometimes lost, i.e. the resolution may not be isotropic in the 3D
reconstruction. This is either due to insufficient stain penetration at these locations, or the
structural detail may be imaged at reverse contrast (positive contrast as in conventional
cryoEM instead of negative contrast as from cryo-negative staining). Alternatively, cryo-
negative staining may over-emphasize the contrast of low-resolution features while
reproducing high-resolution structures at a far lower contrast. Hence, the range in contrast
from low- to high-resolution structures seems much larger than in conventional cryo-EM.
Also, contrast enhancement may not be the same for all spatial frequencies, and it is difficult
to estimate the real contribution of stain to the amplitude contrast in the CTF, especially at
low spatial frequencies.

Cryo-negative staining represents a complementary method to conventional cryo-EM of
unstained vitrified samples and a valuable alternative, in particular for situations where cryo-
EM reaches its limits in terms of sample visibility, or where a preliminary 3D model is
required to initiate a cryo-EM image averaging approach. It can be useful for cryo-electron
tomography of non-symmetric viruses or small particulates. Indeed, the presence of
ammonium molybdate helps preserving the samples being imaged with a total cumulative
electron dose of 80-100 el./Å2 (Messaoudi et al., 2003). The present review demonstrates
that cryo-negative staining preserves the structure of biological macromolecules to fine
detail (i.e. 10 Å). The vitrified ammonium molybdate solution surrounding the sample can
access and reveal internal densities of a protein. This finding is of great importance for
structural biology studies of macromolecules that are too small for single particle
reconstruction (less than 200 kDa), and especially with cases where subunits or even smaller
functional domains of a protein complex cannot be easily detected in cryo-EM density maps,
due to a lack of contrast. A useful technical innovation termed “GraFix”, presented by
Kastner et al. (2008), enables labile molecular complexes to be stabilized by weak chemical
fixation during isolation on a glycerol density gradient, prior to conventional negative
staining, cryo-negative staining or unstained cryo-EM. The recent application of cryo-
negative staining to proteins attached to carbon nanotubes (Edri and Regev, 2010) indicates
the expanding use of this approach for molecular imaging.

4. Conclusions
We have discussed in some depth the range of technical possibilities available for the
production of air-dried negatively stained specimens from macromolecular and viral
samples, and have demonstrated within the figures some achievable electron images from
such specimens. Emphasis has been placed upon the benefits to be gained from the
production of air-dried specimens spread across holes and supported in negative stain alone.
As with the mica-spreading “negative staining-carbon film” procedure, protein and viral
samples dried across holes in the presence of negative stain and PEG have been shown to
form 2-dimensional crystals, and also generate supramolecular assemblies in some instances
(Meissner et al., 2007). This air-drying negative staining approach correlates particularly
well with cryo-negative staining, where samples are also initially spread across holey carbon
support films, blotted and then plunge-frozen. Indeed, it has been our intention to place
strongest overall emphasis on the cryo-negative staining procedure (see Section 3), as this
offers the greatest possibilities for future high-resolution molecular studies. Accordingly, a
thorough account of the cryo-negative staining procedure and some recent applications has
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been given. The benefits and limitations are discussed, and meaningful comparisons made
with the conventional air-dry negative staining and unstained vitrification procedures.
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Fig. 1.
Four examples of TEM images produced by conventional negative staining of biomolecular
samples adsorbed to a continuous carbon film. (a) The pre-pore complex of the anthrax
PA63 protective antigen; (b) fibres produced from the Alzheimer amyloid-beta peptide with
bound catalase molecules;(c) cholesterol planar microcrystals and a cochleate cylinder; (d)
cholesterol microcrystals with bound domain 4 of the cholesterol-dependent cytolysin
Pyolysin. All samples were negatively stained with 2% uranyl acetate. The scale bars
indicate 100nm.
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Fig. 2.
Four examples of 2D protein crystals produced by the negative staining-carbon film
technique. a) the 20S proteasome from Archeobacterioum acidophilum; b) Keyhole limpet
hemocyanin type 1 (KLH1) didecamers; c) the E. coli chaperone GroEL; d) the E. coli
chaperone GroEL crystallized in mica in the presence of Mg-ATP. Insets show the 2D
image average generated from the respective 2D crystals. All samples were negatively
stained with 2% uranyl acetate. The scale bars indicate 100 nm.
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Fig. 3.
Immobilized carbon-adsorbed cholesterol produced by the negative staining-carbon film
procedure, labelled with pyolysin domain 4. The protein is bound as a quasi 2D array to the
cholesterol, following release of the carbon-adsorbed cholesterol from mica onto the protein
solution (cf Fig. 1d). Note the varying lattice angles of the bound pyolysin domain 4,
determined by the underlying cholesterol crystal. Negatively stained with 2% uranyl acetate.
The scale bar indicates 100 nm.
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Fig. 4.
The holey carbon negative staining technque applied to biochemically isolated micronemes
from Cryptosporidium parvum sporozoites. (a) At the edge of the hole, shown by the dense
arc towards the top of the image, there is a pronounced clustering of micronemes within the
thicker negative stain (see Harris et al., 2003); (b) At higher magnification, the damaged
micronemes show internal structural features and can be readily distinguished from the
intact smooth-surfaced stain-excluding micronemes (arrowheads). Negatively stained with
5% ammonium molybdate, 0.1% trehalose (pH 7.0). The scale bars indicate 100 nm.
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Fig. 5.
The peroxiredoxin-2 decamer from human erythrocytes, negatively stained with 5%
ammonium molybdate, 1% trehalose after spreading across a holey carbon support film.
Molecules selected from the original TEM data (c) were divided as class averages (a), from
which a 1.9 nm 3D reconstruction was produced within the IMAGIC software package (b).
The external diameter of the peroxiredoxin-2 decamer is ∼ 13 nm. The scale bar (c)
indicates 100 nm. (modified from Harris et al., 2001)
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Fig. 6.
DNA tubules and protein fibrils negatively stained with 5% ammonium molybdate, 0.1%
trehalose, after spreading across a holey carbon support film. a) Biotinylated DNA tubular
arrays labelled with the streptavidin-single chain variable fragment (scFv) fusion protein (cf
Mitchell et al., 2004); (b) three different polymorphic helical and ribbon-like fibrils formed
from the bacterial peptide Pepstatin A. The scale bars indicate 100 nm.
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Fig. 7.
2D crystal/array formation across holes when ammonium molybdate-trehalose negative
staining is performed in the presence of polyethylene glycol (PEG). (a and b) Tomato bushy
stunt virus showing two different 2D arrays, with considerably greater disorder present in (a)
than (b) (modified from Harris and Scheffler, 2002); (c) octopus hemocyanin decamers,
showing the stacked “edge-on” molecules as multidecamer rods and “face-on” ring-like
molecules (hole edge shows dark at left-hand-side). The scale bars indicate 100 nm.
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Fig. 8.
The peroxiredoxin-2 dodecahedral assembly, produced by incubation for 3 h in the presence
of 0.2% (w/v) PEG followed by negative staining across holes with 5% (w/v) ammonium
molybdate, 0.1% (w/v) trehalose, 0.1% (w/v) PEG (pH 6.5). Instead of a 2D molecular
array/crystal, under these conditions this virus-like this supramolecular assembly has been
formed. (a) Many Prx-2 dodecahedra are present together with single Prx-2 decamers, short
chains and clusters; (b) a composite of randomly orientated Prx-2 dodecahedral complexes
are shown in the first three columns. Class averages and reprojection images, exhibiting
five-, three- and two-fold symmetry are in the fourth and fifth column. To emphasize the
overall structural features the class averages were low-pass filtered. Differences between
class averages and reprojections are the result of different masking and filtering. Thus the
reprojections, which are produced from the 3D-reconstruction, contain more detailed
information. The scale bars indicate 100 nm. From Meissner et al. (2007).

De Carlo and Harris Page 24

Micron. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 9.
Images of several biological and physical samples thinly spread across holes in the presence
of trehalose alone. (a) Plant virus core; (b) Polymer + gold; (c and d) The iron transport
protein Frataxin, from yeast, in the presence of trehalose alone (c) and for direct comparison
in the presence of ammonium molybdate-trehalose (d); (e) two colloidal gold particles with
bound and free ferritin molecules, imaged at 300 kV in a FEG TEM; (f) 1.4nm Nanogold®

particles. Scale bars indicate: (a to d) 100 nm, (e) 10 nm, (f) 20 nm.
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Fig. 10.
Time-resolved negative staining showing the msec time-course of head reordering on
scallop thick filaments following Ca2+ removal. Each panel shows a field of negatively
stained scallop thick filaments, an oscilloscope trace (left inset) showing time in activating
(high Ca2+) and/or relaxing rinse (low Ca2+), and an averaged Fourier transform of 20
representative filaments at right (numbers indicate spacing of main helical repeat (∼ 48 nm)
and axial spacing of head crowns (∼14.5 nm); the presence of layer lines indicates helical
ordering of the myosin heads). (a) relaxed control: grid rinsed for 70 msec with relaxing
rinse, then stained – myosin heads are ordered; (b) activated control: 30 msec activating
rinse then stained – heads disordered; (c) 20 msec reversal: 30 msec activating rinse, 20
msec reversing rinse, then stained – heads partially reordered; (d) 30 msec reversal: 60 msec
activating rinse, 30 msec reversing rinse, then stained – heads more reordered; (e) 50 msec
reversal: 60 msec activating rinse, 50 msec reversing rinse, then stained – heads fully
reordered. (From Zhao and Craig, 2003).
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Fig. 11.
A schematic outline of the cryo-negative staining procedure (Adrian et al., 1998). 5 μl
Samples are pipetted onto holey carbon support films and on a Parafilm surface are mixed
with 100μl saturated ammonium molybdate solution. Blotting is generally applied from one
side only, but can be double-sided. Immediately after the blotting stage, a short period of
time (a few seconds) will enable some evaporation to occur with concentration of the sample
and stain, prior to plunge freezing/vitrification. This procedure can also incorporate PEG
and other solutes within the sample prior to freezing which may structurally influence the
biological material under investigation, e.g. by creating 2D crystals.

De Carlo and Harris Page 27

Micron. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 12.
A field of view of GroEL prepared with the Adrian cryo-negative staining method shown in
the background. a) Side-by-side comparison of GroEL 3D reconstructions obtained in cryo-
EM (EMD-1081, Ludtke et al., 2004) and cryo-negative staining (De Carlo et al., 2008); b)
side-by-side comparison of 2D projections along the same direction (0 and 30 degrees)
obtained from the above 3D reconstructions. Projections of the cryo-EM model (B, left) are
to be compared to corresponding projections of the cryo-negatively stained model (B, right).
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Fig. 13.
(A) Cryo-negatively stained images of human RNA polymerase II (RNAP); (B) molecular
model obtained from these images (Kostek et al., 2006) at about 18Å resolution; (C) high-
resolution homology model of the human RNAP fitted in the cryo-negative staining
molecular envelope shown in (B).
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Fig. 14.
(A) Tomato Bushy Stunt Virus (TBSV), cryo-negatively stained with saturated ammonium
molybdate and in the presence of 0.1g/L PEG-1000. (B) Hexameric hemoglobin from the
marine worm Nereis virens in the presence of 2% (v/v) PEG-3350. The scale bar (B)
indicates 0.2 μm.
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Fig. 15.
Keyhole limpet hemocyanin (KLH) didecamers and multidecamers prepared by cryo-
negative staining. Increased exposure of the sample to the saturated ammonium molybdate
staining solution (60 s) may induce dissociation of this large homo-oligomeric protein into
decamers (arrowheads).
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Table 1
The Principal Heavy-metal Negative Staining Salts

Ammonium molybdate

Methylamine Tungstate

Methylamine Vanadate (Nanovan®)

Sodium/Potassium Phosphotungstate

Sodium Silicotungstate

Uranyl Acetate

Uranyl Formate
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