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Characterization of Bacterial Polysaccharide Capsules and Detection in
the Presence of Deliquescent Water by Atomic Force Microscopy
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We detected polysaccharide capsules from Zunongwangia profunda SM-A87 with atomic force microscopy (AFM). The molecu-
lar organization of the capsules at the single-polysaccharide-chain level was reported. Furthermore, we found that with ScanA-
syst mode the polysaccharide capsules could be detected even in the presence of deliquescent water covering the capsule.

apsular polysaccharide (CPS) plays important biological roles

for many microorganisms, such as nutrient uptake (17), pro-
tection against environmental stresses (15), biofilm formation (8),
and survival against phagocytosis or antibiotics (3, 19, 20). More-
over, CPS is potentially economically important material (2, 6, 7).
Thus, detection and analysis of bacterial capsules are required for
understanding of the physiology, ecology, and toxicity of the rel-
ative bacteria.

Atomic force microscopy (AFM) has been used in microbio-
logical research for nearly 20 years (21), and this method is widely
used in detecting the ultrastructures of microorganisms and asso-
ciated extracellular materials (for review, see references 5, 14, and
18). Previous work with AFM has revealed liquid-like substances
surrounding the bacterial cells under ambient conditions, and
these substances used to be considered bacterial capsules (22, 23).
However, recent advances have pointed out that these liquid-like
structures are in fact deliquescent water instead of real bacterial
capsules (13). Thus, identification of the real bacterial capsule
under AFM remains elusive.

In this report, we selected the CPS-producing bacterium
Zunongwangia profunda SM-A87 (formerly named Wangia pro-
funda SM-A87) (16) for the capsule research. The strain was cul-
tured as previously described (11). Briefly, the strain was first cul-
tured on a marine agar medium (10 g/liter peptone, 5 g/liter yeast
extract, 15 g/liter agar, and artificial seawater) at 30°C for 1 day.
Then, the strain was inoculated into an Erlenmeyer flask (250 ml)
containing 50 ml basal medium (10 g/liter peptone, 5 g/liter yeast
extract, and artificial seawater) and incubated at 30°C at 200 rpm
for 1 day. Our previous work indicated that Z. profunda SM-A87
could produce more CPS when lactose was used as the carbon
source (11); thus, a 5% (vol/vol) inoculum was then added to a
flask (500 ml) containing 100 ml basal medium and 3% lactose,
and the flask was incubated at 10°C at 200 rpm for 1 week. The
final optical density at 600 nm (ODy,) usually reached 25 to 55.
The bacterial capsules were first examined with the traditional
negative-staining method, and the presence of capsules was con-
firmed before subsequent experiments were conducted (see Fig.
S1 in the supplemental material).

To avoid the influence of the introduction of deliquescent wa-
ter in AFM imaging experiments, the culture of Z. profunda SM-
A87 bacterial cells was diluted with distilled water instead of bio-
logical buffer to at least 10°-fold. A drop of the bacterial
suspension was placed on freshly cleaved mica and kept under
ambient conditions for drying. The use of distilled water to pre-
pare the samples would bring about hypoosmotic shock to the

3476 aem.asm.org

bacteria; for example, there would be a minor increase in cell
volume during the dilution process (4). Thus, there would be
changes in bacterial morphology. However, extracellular macro-
molecules such as polysaccharides were less affected by the os-
motic shock. AFM images were obtained by using a Multimode
Nanoscope VIII AFM (Bruker AXS, Germany) with a J-type scan-
ner. Probe (NSC11; MikroMasch) with a cantilever length of 90
pm and a nominal spring constant of 48 N/m was used. As poly-
saccharides are usually adhesive, sometimes the tip of the probe
was coated with polysaccharide molecules during the imaging
process, resulting in reduction of resolution or multiplication of
small structures (1). This effect could be eliminated by replacing
the probe.

AFM images of the capsulated bacterial cells were then re-
corded. A typical polysaccharide capsule had a diameter of about 9
um (Fig. 1A and B). The polysaccharide fibrils at the center of the
capsule entangled with each other to form a dense structure. Poly-
saccharide fibrils in the peripheral area formed a network with a
lower degree of cross-linking than in the center area. The polysac-
charide capsule was composed of fibrils with different heights. The
heights of the thin fibrils were around 0.3 nm (see Fig. S2 in the
supplemental material), which were close to the height of a single
polysaccharide chain (12). The heights of the thicker fibrils ranged
from 0.6 to 0.9 nm (Fig. S2), indicating the association of multi-
polysaccharide chains.

More than 400 images of capsulated bacterial cells were re-
corded in our experiments. Most of the capsules that we detected
were composed of fibril structures, with diameters ranging from 4
pm to 10 wm. Different amounts of the polysaccharide fibrils
around the cells might indicate different stages of polysaccharide
secretion (see Fig. S3 in the supplemental material). During our
observation, the longest single fibril reached as long as 12 um,
which was 7 to 8 times the length of the bacterial cell (Fig. S4).
Apart from polysaccharide fibrils, in some images sheet structures
surrounding the bacterial cells were noticed (about 19% of all
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FIG 1 AFM images of Z. profunda SM-A87 cells with polysaccharide capsules.
The amplitude image (A) and the phase image (B) of a commonly observed
capsulated bacterial cell are shown. (C) Amplitude image of a capsulated cell
showing that the sheet structures (white arrow) and fibrils coexist in the same
capsule. (D) Amplitude image of a capsule that was completely composed of
sheet structure. Scale bar, 1 wm.

images). In most of these images, fibril structure and sheet struc-
ture coexist in the same capsule (Fig. 1C). Only some capsules are
completely composed of sheet structure (Fig. 1D). The sheet
structures from different images shared similar heights, about 1
nm, and may have originated from the association of polysaccha-
ride fibrils side by side.

Some frequently used biological buffers often contain deli-
quescent components, such as K,HPO,, HEPES, CaCl,, and NaCl
(13). The use of these buffers to prepare the samples often brought
about the liquids surrounding the bacterial cells. Thus, the influ-
ence of deliquescent water on the detection of capsules was tested.
First, an area with two typical capsulated bacterial cells on a mica
surface was imaged, and the polysaccharide fibrils of the capsules
were clearly visible (Fig. 2A). Then, the mica was rinsed with 0.5
mM HEPES buffer. After the mica was air dried, the same two
bacterial cells were imaged again. As shown in Fig. 2B, the capsules
were completely covered by deliquescent water. Thus, it was
shown that deliquescent components in the biological buffers se-
riously influenced the detection of bacterial capsules with AFM.

Thus, in the presence of deliquescent water, how to detect
polysaccharide capsules remains an unresolved problem. To elim-
inate the influence of deliquescent water on the detection of bac-
terial capsules with AFM, different AFM scanning modes were
tested to image the same capsulated bacterial cell, which was sus-
pended by 0.5 mM HEPES buffer and then fully air dried. The
bacterial sample was first imaged in the most commonly used
tapping mode (Fig. 3A to D). It was noticed from the results that
the bacterial cell was covered by deliquescent water, and no cap-
sular polysaccharide fibril structures were visualized. Then, we
imaged the same bacteria with a newly available scanning mode,
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FIG 2 (A) Two capsulated Z. profunda SM-A87 cells imaged with AFM on
mica. Polysaccharide fibrils of the capsules were clearly visible. (B) The same Z.
profunda SM-A87 cells imaged after being rinsed with HEPES buffer and air
dried. Polysaccharide capsules of the two bacterial cells were embedded in
deliquescent water. Scale bar, 1 um.

ScanAsyst mode. The operation of AFM in ScanAsyst mode fol-
lowed the standard imaging method described by the manufac-
turer (10). In contrast to what was observed for tapping mode, in
which the same cell was imaged again, not only was the deliques-
cent water covering the bacterial cell detected, but the capsule
covered by deliquescent water was also successfully detected (Fig.
3E to G). In the peripheral area of the capsule, even a single poly-
saccharide fibril was clearly visualized (see Fig. S5 in the supple-
mental material). The polysaccharide fibrils of the capsule embed-
ded in deliquescent water were traced both in height and in peak
force error image. Therefore, it was found that the bacterial cap-
sules could be detected when covered by deliquescent water in
ScanAsyst mode.

Section analysis was carried out to compare the results ob-
tained from tapping mode and ScanAsyst mode. The height of the
bacteria was about 250 nm, and the diameter of the bacterial cap-
sule was about 5 wm (Fig. 4A). The results obtained from different
scanning modes were similar. However, the measured heights of
the capsules were different between different scanning modes. For
example, the highest point in the section analysis results for the
position indicated in Fig. 3 for ScanAsyst mode was 13.5 nm (Fig.
4B), which was less than 80% of the value obtained with tapping
mode (Fig. 4B), showing a great reduction of measured height.

ScanAsyst mode is a newly available commercial technology. It
is based on peak force tapping mode (Bruker AXS), which per-
forms a force curve at every single pixel in the image when imaging
the sample, and the peak force of the curve was used as the imaging
feedback signal (9, 10). Critical imaging parameters could then be
automatically adjusted by the instrument when operated in Scan-
Asyst mode, and the applied force could be minimized at all points
of the sample on both soft and hard areas (9, 10). Thus, the reso-
lution of the image obtained from ScanAsyst mode was usually
higher. In this work, the probe tip might have slightly penetrated
the surface of the deliquescent water when performing every force
curve. When the tip penetrated the water layer, the tip could con-
tact the polysaccharide capsules. Then, the capsules embedded
under deliquescent water could be imaged. This could also explain
why the measured height of the capsule was lower with ScanAsyst
mode than with tapping mode. However, elucidation of the exact
mechanism by which polysaccharide fibrils embedded in water
could be detected in ScanAsyst mode but not in tapping mode still
requires further work. Our experiments show a possible way to
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FIG 3 AFM images of a capsulated Z. profunda SM-A87 cell embedded in deliquescent water. The height image (A), 3-dimensional height image (B), amplitude
image (C), and phase image (D) collected in tapping mode are shown. The height image (E), 3-dimensional height image (F), peak force error image (G), and
inphase image (H) collected in ScanAsyst mode are also shown. Lines and dashed lines in panels A and E indicate the positions for cross section analysis shown

in Fig. 4. Scale bar, 1 wm.

detect the water film-covered small structures that can hardly be
detected by the traditional tapping method with AFM.

For many biological samples, observation in buffer or water
will provide researchers with information close to that observed
under physiological conditions. Here in our experiments, we suc-
cessfully detected the capsular fibrils embedded in deliquescent
water. It is reasonable to consider that the structure of the capsule
detected in this experiment is very close to the natural state of the
capsule under physiological conditions.
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FIG 4 Section analysis of the capsulated bacterial cell covered by deliquescent
water as shown in Fig. 3. This analysis was carried out to compare the results
obtained from tapping mode and ScanAsyst mode. Panel A shows the cross
section indicated with lines in Fig. 3, and panel B shows the cross section
indicated with dashed lines in Fig. 3.
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Conclusions. Previous work in detecting bacterial capsules
usually considered the liquid-like structure around the bacterial
cell to be capsule. However, recent progresses have pointed out
that the liquid-like structure is actually deliquescent water. Thus,
the morphology of bacterial capsules under AFM is still unclear. In
this work, the polysaccharide capsule of Z. profunda SM-A87 was
studied with AFM. The encapsulated bacterial sample was pre-
pared by diluting it with distilled water instead of buffers to avoid
introduction of deliquescent water. Subsequently, the morphol-
ogy and the molecular organization of the capsules at the single-
polysaccharide-chain level were successfully recorded with AFM.
The typical capsule was found to be formed by polysaccharide
fibrils at different association degrees. The commonly seen sheet
structure was also characterized. Furthermore, it was found that
deliquescent components such as HEPES indeed brought about
deliquescent water, which would cover the capsules and influence
detection of the capsules. However, we found that with a newly
available technique, ScanAsyst mode, the polysaccharide capsules
could be detected even in the presence of deliquescent water cov-
ering the capsule. The capsular polysaccharide fibrils embedded in
water provided us with the information of capsular structures at
near physiological conditions, showing the natural molecule or-
ganization of the capsules.
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