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SUMMARY

 

The microbial glycocalyx is composed of a variety of polyanionic exopolysac-
charides and plays important roles in microbial attachment to different substrata and to
other cells. Here we report the successful use of low-voltage scanning electron microscopy
(LVSEM) to visualize the glycocalyx in two microbial models (

 

Klebsiella pneumoniae

 

 and

 

Enterococcus faecalis

 

 biofilms) at high resolution, and also the dependence on fixation
containing polycationic dyes for its visualization. Fixation in a paraformaldehyde-glutaral-
dehyde cocktail without cationic dyes was inadequate for visualizing the glycocalyx,
whereas addition of various dyes (alcian blue, safranin, and ruthenium red) to the alde-
hyde cocktail appeared necessary for stabilization. The cationic dyes varied in size, shape,
and charge density, and these factors appeared responsible for different phenotypic ap-
pearances of the glycocalyx with each dye. These results suggest that aldehyde fixation
with cationic dyes for high-resolution LVSEM will be a useful tool for investigation of mi-
crobial biofilms as well as investigation of the extent and role of the glycocalyx in microbial
attachment to surfaces.

 

(J Histochem Cytochem 52:1427–1435, 2004)

 

T

 

he bacterial glycocalyx

 

 has been defined as
polysaccharide components lying outside the outer
membrane of gram-negative cells or the peptidoglycan
layer of gram-positive cells (Costerton et al. 1981).
This report uses the term glycocalyx to refer to the
layer of exopolysaccharides (EPSs) surrounding the
microbial cell, whether covalently bound or not. EPSs
have recently been subdivided into three subtypes: lin-
ear, branched, and cyclic (Starkey et al. 2004). On the
basis of cell association, the glycocalyx on the cell sur-
face has been called capsular EPS, or “slime,” if un-
bound. In some cases, depending on the microbial spe-
cies and environment, the glycocalyx has been described
as forming polymeric strands that wrap around the
surface, or strands that interact with one another to

form helical duplexes (Mayer et al. 1999). The glyco-
calyx consists of a highly hydrated polyanionic matrix
(

 

�

 

90% water) surrounding the bacterial cell and can
be composed of hundreds to thousands of monomeric
EPS units. The composition and degree of substitution
of these EPS subunits may vary widely, and cells may
make multiple forms (Schmitt and Flemming 1999;
Starkey et al. 2004; Sutherland 2001). The glycocalyx
may be involved in mediating bacterial adhesion, and
the attachment of bacteria to form biofilms can actu-
ally increase EPS production in sessile cells compared
with free-living planktonic cells (Vandevivere and Kirch-
man 1993).

Ultrastructural detection of the glycocalyx has been
difficult because of its high polysaccharide content,
which does not interact with the common postfixation
stain osmium. Therefore, the glycocalyx scatters few
electrons and is relatively indistinguishable in conven-
tionally processed samples for transmission electron
microscopy (TEM). Detection of the glycocalyx has
been facilitated by development of stabilization meth-
ods using cationic probes such as ruthenium red (Luft
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1971) and alcian blue (Behnke and Zelandeer 1970).
Both probes facilitate deposition of osmium, which in-
creases the electron density of the anionic polysaccha-
rides. Detection of microbial glycocalyx with these
methods at the TEM level has been reviewed (Erdos
1986; Fassel and Edmiston 1999). Several ultrastruc-
tural studies have used conventional scanning electron
microscopy (SEM) to investigate the glycocalyx, but
these studies (Marshall et al. 1971; Costerton et al.
1981; Fassel et al. 1991) were hampered by low reso-
lution and also by the inability to use low voltages
(

 

�

 

5 keV), which yield increased information from
small topographical features (Pawley and Erlandsen
1989). The development of field emission SEM, to-
gether with the improvements in producing thin metal
coatings of 

 

�

 

1 nm, has greatly improved SEM so that
resolution in the range of 3–4 nm can be obtained on
conventional specimens.

The aim of this study was to investigate the pres-
ence of the glycocalyx using cationic probes and high-
resolution field emission SEM at low voltages. Two
model microorganisms producing a prominent glyco-
calyx were selected for investigation: a gram-negative
bacterium, 

 

Klebsiella pneumoniae

 

, which produces a
mucoid capsule, and a gram-positive bacterium, 

 

En-
terococcus faecalis

 

, which produces an extensive gly-
cocalyx when forming biofilms on cellulose catheters
(Erlandsen et al. 2004). Our results demonstrate that
field emission SEM permits evaluation, previously un-
paralleled by TEM, of the extent and nature of the
bacterial glycocalyx. In addition, the phenotypic visu-
alization of the EPS was shown to vary with the type
of cationic probe and the length of fixation.

 

Materials and Methods

 

Reagents

 

Standard laboratory chemicals and reagents were obtained
from Sigma-Aldrich Chemical (St Louis, MO). Aldehyde so-
lutions and osmium were obtained from Ted Pella (Redding,
CA). Cationic probes were obtained from the following sup-
pliers: alcian blue 8GX (C.I. no. 74240; Matheson Coleman
and Bell Manufacturing Chemists, Norwood, OH), safranin
O (C.I. no. 50240; Allied Chemical, New York, NY), 

 

l

 

-lysine
monohydrochloride (Sigma Chemical; St Louis, MO), and
ruthenium red (K and K Laboratories; Plainview, NY).

 

Bacterial Strains

 

The OG1RF strain of 

 

E. faecalis

 

 was cultivated in tryptic
soy broth in 24-well microtiter plates as described (Kristich
et al. 2004). Hollow cellulose tubing (Spectra/Por; Spectrum,
Houston, TX), 200 

 

�

 

m in diameter and 3–5 mm in length,
was immersed in 

 

�

 

0.6 ml tryptic soy broth, and the medium
was inoculated with 

 

E. faecalis

 

. Medium was changed daily
and fixation of biofilms on cellulose tubing was performed
after 4 days of culture at 37C (Erlandsen et al. 2004). 

 

K.
pneumoniae

 

 (ATCC 13,883) was cultured overnight at 37C

in tryptic soy broth, and stationary phase cells were concen-
trated and washed with sterile PBS. Cells were attached for

 

�

 

20–30 min to glass chips pretreated with a thin film of
0.1% poly

 

-l-

 

lysine to increase adhesion, and then were im-
mersed in the desired fixative.

 

Fixation Protocol

 

Multiple experiments (four to six) were performed to inves-
tigate the role of cationic probes in visualizing the bacterial
glycocalyx. Either cellulose tubing with biofilms of 

 

E. faeca-
lis

 

 or glass chips with adherent 

 

K. pneumoniae

 

 were im-
mersed for 4–22 hr in a mixture of 2% paraformaldehyde
and 2% glutaraldehyde in 0.15 M sodium cacodylate buffer,
pH 7.4, containing no cationic additives. Probes used to sta-
bilize the anionic glycocalyx included the cationic dyes al-
cian blue, safranin O, and ruthenium red, and also the di-
amine 

 

l

 

-lysine hydrochloride. The properties of these probes
are listed in Table 1. To test the effect of different cationic
probes, the same aldehyde fixative was modified by adding
one of the following probes: 0.15% alcian blue 8GX, 0.15%
safranin O, 0.15% ruthenium red, 0.15% lysine monohy-
drochloride, a mixture of 0.15% alcian blue and 0.15%
lysine, or a mixture of 0.15% alcian blue and 0.15% ruthe-
nium red. Lysine added to the aldehyde cocktail at a concen-
tration of 0.15% tended to polymerize, producing loss of
sample, so the concentration was reduced to 0.0075%.

 

Tissue Processing and Low-voltage SEM

 

After primary fixation in aldehyde, with or without cationic
dye additives, the samples were washed in 0.15 M caco-
dylate buffer and postfixed for 90–120 min in 1% OsO

 

4

 

 in
0.15 M cacodylate buffer containing 1.5% potassium ferro-
cyanide. Samples were then rinsed in cacodylate buffer and
dehydrated in an ascending ethanol series [50, 70, 80, 95,
and 100% (twice)] before critical point drying with CO

 

2

 

.
Specimens were mounted on adhesive carbon films and then
coated with 

 

�

 

1 nm of platinum using an Ion Tech argon ion
beam coater. Examination of samples was performed in a
Hitachi S-4700 field emission SEM operated at 2 keV, and
secondary electron images were collected as TIFF files.

 

Results

 

To investigate the preservation of the bacterial glyco-
calyx by low-voltage SEM, an aldehyde fixation con-
taining 2% paraformaldeyde and 2% glutaraldehyde
in cacodylate buffer, which has been successfully used

 

Table 1

 

Common cationic probes for detection of anionic 
polysaccharides in the microbial glycocalyx

 

Alcian blue Safranin O

 

a

 

Ruthenium
red

 

L

 

-lysine

MW (Daltons) 1299 351 858 182.6
Charge �4 �2–�3 �6 �2
Shape Planar Planar Spherical Planar
Size �4 � 4 nm �3 � 2 nm 1.1 nm �1 � 2 nm

 

a

 

MW (molecular weight) for safranin O may vary because the dye is a mixture
of dimethyl and trimethyl isomers (Luft 1971; Erdos 1986; Fassel and Edmiston
1999; Horobin and Kiernan 2002).
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for TEM studies of microbial glycocalyx, was chosen
as the vehicle for dissolving different cationic probes
(Springer and Roth 1973; Fassel et al. 1997,1998). All
probes, except lysine, were used at a concentration of
0.15%. Lysine added to glutaraldehyde can form cross-
links through its two amino groups, and prolonged
fixation usually leads to solidification, resulting in
sample loss (Fassel and Edmiston 1999). To reduce
solidification, lysine was used at a concentration of
0.0075%. All probes were dissolved in the aldehyde

cocktail, and buffer rinses and postfixation steps were
performed without added probe.

Immersion fixation of 

 

K. pneumoniae

 

 in the para-
formaldehyde-glutaraldehyde cocktail without added
cationic probes revealed a complete lack of detectable
glycocalyx on the cell surface (Figures 1A and 1B).
Addition of alcian blue to the aldehyde fixation and 4
hr of fixation produced an entirely different appear-
ance. Thin spike-like processes extended from the cell
circumference to the substratum (Figures 1C and 1D).

Figure 1 (A) Low magnification of K.
pneumoniae fixed for 22 hr in a mix-
ture of 2% paraformaldehyde and
2% glutaraldehyde in cacodylate
buffer without any added cationic
probes. Individual cells are rod-
shaped bacilli and do not possess any
detectable surface structure. Bar � 1
�m. (B) Higher magnification of an
individual cell of K. pneumoniae
showing the absence of any discern-
ible features resembling the glyco-
calyx. Bar � 0.5 �m. (C) SEM of K.
pneumoniae fixed for 4 hr in identical
aldehydes fixative as in A, but con-
taining added 0.15% alcian blue.
Long spikes can be seen extending
outwards for 0.2–0.3 �m from the cir-
cumference of the cell. Bar � 1 �m.
(D) Higher magnification reveals sur-
face arranged in rugae and circumfer-
ential spikes (EPS) extending to sub-
stratum. Bar � 0.5 �m. (E) Fixation for
22 hr in aldehyde fixation containing
0.15% alcian blue produces increased
retention of EPS. Substratum is cov-
ered with thin mat-like covering in-
terpreted as extended slime layer.
Bar � 1 �m. (F) Higher magnification
of E showing an extensive network of
filaments (capsular EPS) bridging be-
tween individual rugae on the cell
surface. Bar � 150 nm.
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The surface of the cells exhibited a rugose-like appear-
ance of anastamosing folds. Extending the fixation
time in alcian blue from 4 to 22 hr also produced a
different appearance (Figures 1E and 1F). The at-
tached cells still possessed spike-like processes, but the
surface of the substratum was covered with a web of
thin filaments originating from the surface of the 

 

K.
pneumoniae

 

. Close examination of the rugae on the
cell surface (Figure 1F) also revealed a fine meshwork
of filaments extending between the rugae. Aldehyde
fixation in the presence of 0.0075% lysine resulted in
a surface topography that was distinct from that
shown using alcian blue. Fixation for 4 hr in the pres-
ence of lysine resulted in retention of the spike-like
processes around the cell circumference, but the cell
surface now possessed many short, fine fibrils and
small globule-like particles (Figures 2A–2C). Extend-
ing the fixation time from 4 to 22 hr did not appear to
produce any changes in the surface topography (Fig-
ure 2C). Fixation in the presence of ruthenium red
(Figure 2D) had an effect similar to that seen in the 4-hr
fixation in the presence of alcian blue (see Figures 1C
and 1D) and lysine (Figure 2C), in that spike-like fibrils
were seen extending between the cell margin and the
substratum. These spikes appeared thicker than those
seen when alcian blue or lysine was added, and the sur-
face topography appeared rugose, with a few fibrils
present between adjacent folds (Figure 2D).

A model system using biofilms of the gram-positive
bacterium 

 

E. faecalis

 

, formed on cellulose catheters,
has been shown to produce an extensive glycocalyx
associated with sessile bacterial colonies (Erlandsen et
al. 2004). Fixation of biofilms in paraformaldehyde-
glutaraldehyde cocktail without probes allowed visu-
alization of a few fibrils that appeared to anchor the
cocci to the surface of the substratum (Figures 3A and
3B). Cross-walls related to cell division were obvious,
and small fibrils could be seen on the cell surface. In
the same experiment, biofilms fixed in an aldehyde
cocktail containing the cationic probe alcian blue for
22 hr resulted in a different appearance of glycocalyx
(Figures 3C and 3D). Fine fibrils formed a branching
anastomotic network on the coccal surface and also
formed a thick mat of fibrils on the substratum. When
a different cationic probe, safranin O, was used for 22
hr in place of alcian blue, a totally different appear-
ance was obtained for the glycocalyx (Figures 3E and
3F). In the presence of safranin O, far fewer filaments
were present and there was considerable variation in
filament diameter. Filaments were directly attached to
the cell surface and formed a meshwork above cells at-
tached to the cellulose substratum. Addition of ruthe-
nium red to the aldehyde cocktail (Figure 4A) permit-
ted visualization of finger-like projections from the
glycocalyx, but the density of these projections was
less than that seen with addition of alcian blue or saf-

ranin. Likewise, addition of 0.0075% lysine had little
effect in enhancing projections from the glycocalyx
(Figure 4B). Both ruthenium red and lysine allowed vi-
sualization of fibrils connecting the microbial surface
to the substratum, but other surface projections were
minimal in number. Using a mixture of both alcian
blue and safranin O in the aldehyde cocktail preserved
a fine meshwork of filaments that appeared polar in
distribution, and large fibers, possibly aggregates of
smaller fibrils, were seen to originate directly from the
cell surface (Figures 4C and 4D).

 

Discussion

 

In this study we have demonstrated that low-voltage
SEM can be used to directly visualize the glycocalyx in
both a gram-negative and a gram-positive bacterium
treated with cationic probes. For nearly three decades,
cationic probes such as alcian blue and ruthenium red
have been used to increase the electron density of the
glycocalyx for TEM analysis of a wide variety of mi-
crobes (Pate and Ordal 1967; Springer and Roth 1973;
Costerton et al. 1981; Erdos 1986; Fassel and Edmis-
ton 1999) and, more recently, lysine has been used to
improve preservation of the glycocalyx (Boyles et al.
1985; Jacques and Graham 1989; Fassel et al. 1997;
Fassel and Edmiston 1999). Although providing infor-
mation on the existence of the glycocalyx, these TEM
studies were limited by section thickness and the ne-
cessity of the cationic probe to increase the electron
scattering capability for visualization of the glycoca-
lyx. Our approach, using cationic dyes to protect the
glycocalyx from collapse during dehydration/critical
point drying and using low-voltage SEM, has several
distinct advantages over TEM. First, SEM with sec-
ondary electron imaging does not depend on increas-
ing density with osmication but instead relies on a fine
heavy-metal film (

 

�

 

1 nm) produced by ion beam sput-
tering. The thin metal coating deposited on the stabi-
lized glycocalyx will generate the secondary electron
signal used for image formation. In addition, owing to
the directionality of the secondary electron detector,
the microbial image appears 3D-like, facilitating the
interpretation of surface topography of the entire cell.
This approach permits visualization of the arrange-
ment of filaments over the entire microbial surface
and permits examination of the interaction of these fil-
aments with the substratum and other bacteria.

Our results confirm and extend what others have
done using cationic dyes at the TEM level, and sup-
ports the finding that aldehyde fixation alone is inade-
quate for visualization of the bacterial glycocalyx
(Fassel et al. 1993). Our study is unique because we
have demonstrated that visualization of different com-
ponents of the glycocalyx is dependent on the dura-
tion of fixation and also on the choice of cationic
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probe. As shown in Table 1, the cationic probes we
employed (alcian blue, safranin O, ruthenium red, and
lysine) vary considerably in both charge and shape.
The biochemical composition of the microbial glyco-
calyx is known to contain many anionic mono- and
polysaccharides together with proteins, nucleic acids,
and lipids (Cooksey 1992; Nielsen et al. 1997; Flem-
ming and Wingender 2001; Starkey et al. 2004). It has

been proposed that preservation of the different ele-
ments in the glycocalyx might be related to a charge-
coupling effect (Fassel and Edmiston 1999). Thus, cat-
ionic probes such as ruthenium red and lysine are
quite small (

 

�

 

1 nm) compared with the larger planar
molecules (

 

�

 

4 nm) of alcian blue and safranin O, and
charge density varies considerably in these probes.

The variability seen in the phenotypic retention of

Figure 2 (A) Low magnification of K.
pneumoniae fixed for 4 hr in the
presence of 0.15% lysine. Fine spikes
extend from the cell margin to the
substratum, and the surface of bacte-
rium appears covered by fine fila-
ments with bulbous tips. Bar � 1 �m.
(B) Higher magnification of cell from
A. Fine spikes at the margin of cell
and network of filaments are now
discernible on the cell surface. Bar �
0.5 �m. (C) High magnification of K.
pneumoniae fixed for 22 hr in an al-
dehyde mixture containing both 0.15%
alcian blue and 0.15% l-lysine. Long
spikes extend from cell margin to
substratum; however, spikes are dec-
orated with short branches. EPS con-
sists of short fibrils and globule-like
particles seen on cell the surface and
on the substratum. Bar � 0.5 �m. (D)
K. pneumoniae cell fixed in 0.15% ru-
thenium red in paraformaldehyde-
glutaraldehyde fixative for 22 hr.
Long spikes of the glycocalyx are seen
projecting from the circumference of
the cell to the substratum. Note simi-
larity of the cell surface to that of
cells in shown in Figures 1C and 1D
fixed in alcian blue for 4 hr. Bar �
0.5 �m.
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Figure 3 Low-voltage SEM of E. faecalis biofilm. (A) Low magnification of enterococci adhering to the surface of cellulose tubing fixed for
22 hr in paraformaldehyde and glutaraldehyde. Short fibrils extend from the surface of diplococci to substratum (arrowheads). Bar � 0.4
�m. (B) High magnification of a single diplococcus showing adherent fibrils (arrowhead), cross-wall (arrow), and sparse fibril-like material
on the cell surface. Bar � 300 nm. (C) E. faecalis biofilm fixed for 22 hr in same aldehyde fixative as A but containing 0.15% alcian blue. Gly-
cocalyx or capsular EPS exists as extensive network of filaments covering diplococci and substratum. Bar � 0.5 �m. (D) Higher magnification
of E. faecalis cell fixed in alcian blue as in C. Note cross-branching of fibrillar network forming glycocalyx. Bar � 300 nm. (E) E. faecalis cells
in biofilm fixed in aldehyde containing 0.15% safranin O for 22 hr. EPS forming glycocalyx consists of fibrils of various diameters that ap-
pear less numerous than seen with alcian blue in C and D. Bar � 0.5 �m. (F) Higher magnification of a diplococcus fixed in 0.15% safranin O
showing the origin of fibrils at the cell surface. Variation in fibril diameter is evident. Bar � 200 nm.
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the glycocalyx for both K. pneumoniae and E. faecalis
is probably a result of the selectivity of each probe in-
teracting with different anionic species as a function of
probe charge density, and the ability of each probe to
penetrate into this highly charged hydrophilic layer.
Lysine also has the ability to form polymers with glu-
taraldehyde, which can be diminished by adding para-
formaldehyde to the fixative, but high concentrations
of lysine should be avoided to minimize the potential
for polymerization of the fixative (Fassel et al. 1997;
Fassel and Edmiston 1999). Fine branches on surface
fibrils were seen in Figures 2A–2C, and therefore short
fibrils on filaments may be a “decorative artifact” re-
sulting from lysine polymerization. Because of the cy-

tochemical variation in the visualization of glycocalyx
phenotype with different cationic probes, it was diffi-
cult to determine which one represented the correct
topography or whether the actual appearance would
be a composite of all methods. The spike-like exten-
sions surrounding the cell circumference were first de-
tected by Springer and Roth (1973), but the increased
presence of small fibrils linking adjacent rugae (Figures
1E and 1F), or the fine fibrillar material visualized
with lysine (Figures 2A–2C), has not been described.
Likewise, the dramatic visualization of glycocalyx in
E. faecalis biofilms seen with alcian blue is quite dis-
tinct from that seen with safranin O, ruthenium red,
or lysine (cfompare Figures 3C and 3D to Figures 3E

Figure 4 (A) Low-voltage SEM of E. faecalis biofilm. E. faecalis cell fixed in aldehyde cocktail containing 0.15% ruthenium red. Finger-like
projections extend outward from the glycocalyx. Bar � 200 nm. (B) Fixation of E. faecalis in aldehyde containing 0.0075% lysine. Short
fibrils anchor cells to the substratum, but only sparse fibrils can be seen on the glycocalyx. Bar � 200 nm. (C) Low magnification of E. faecalis
biofilm fixed in aldehyde containing 0.15% alcian blue and 0.15% safranin O. Glycocalyx consists of short filaments protruding from the cell
surface and large, thick, curved rods (arrows). Bar � 1 �m. (D) Higher magnification of glycocalyx from cells fixed as in C, showing the origin
of large, curved rods directly at the cell surface (arrowhead). Short fibrils can be seen on both glycocalyx and substratum. Bar � 200 nm.
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and 3F and Figures 4A and 4B). Direct comparisons of
visualization of the glycocalyx by alcian blue or ruthe-
nium red have suggested that alcian blue stabilizes a
more extensive glycocalyx than does ruthenium red
(Fassel et al. 1992). Attempts to improve visualization
of microbial glycocalyx by constructing cocktails of
different dyes, including alcian blue and ruthenium
red, alcian blue and safranin O, as well as alcian blue
and lysine, were less successful than the use of individ-
ual cationic probes (data not shown). Complex mech-
anisms related to charge coupling and diffusion in
highly charged hydrophilic films, together with other
components of the glycocalyx, may be involved in
protecting the dye–EPS interaction against forces (sur-
face tension) that may collapse the glycocalyx during
dehydration or critical point drying.

Our results suggest that the design of fixations con-
taining cationic dyes may require a trial-and-error ap-
proach. Because very little information exists about
the type(s) and number of polyanionic subunits in the
glycocalyx (Schmitt and Flemming 1999; Starkey et al.
2004; Sutherland 2001), it will be necessary to vary
time and dye concentrations for application to other
microorganisms. On the basis of our experience with
cationic dyes to visualize polyanionic substances in the
glycocalyx, we predict that anionic dyes (ponceau 2R,
orange G, or biebrick scarlet) may be more useful in
detecting and enhancing polycationic cell surfaces as
found in some strains of Staphlylococcus epidermidis
(Starkey et al. 2004).

In summary, our study shows that low-voltage
SEM can provide high-resolution imaging of the bac-
terial glycocalyx and allow visualization of the fila-
ments that compose it. We also observed that cationic
dyes can dramatically increase the visualization of gly-
cocalyx structure, and found that different cationic
dyes may selectively permit visualization of different
components in the glycocalyx. The actual determina-
tion of the “native” structure of the glycocalyx may
require the application of cryo-immobilization meth-
ods. Instead of using cationic probes to preserve com-
ponents of the glycocalyx, the cryo-immobilization
and cryo-sublimation would avoid typical processing
artifacts (such as fixation or dehydration), and water
would be sublimated at cryo-temperature and vacuum
conditions designed to prevent molecular collapse (Er-
landsen et al. 2001). This approach has been success-
fully used to discern the glycocalyx of the bacterium
Proteus mirabilus, and this study revealed that the gly-
cocalyx consisted of a fine meshwork of anastomotic
fibrils (Erlandsen et al. 2003). Our current knowledge
of the bacterial glycocalyx has been based on experi-
ments with cationic dyes in TEM. This study demon-
strates the potential of field emission SEM for enhanc-
ing and visualizing the bacterial glycocalyx and, together
with cryo-SEM approaches, may help to clarify the

role of the glycocalyx in bacterial adhesion and bio-
film formation.
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