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P
otential applications of nanomateri-
als in biology and biodefense have
attracted much recent attention.1�5

In many cases, the nanomaterials are de-
signed and used as scaffolds for carrying or
displaying bioactive functional groups,2�9

which facilitate more effective and/or selec-
tive interactions of these nanoscale biocon-
jugates with targeted biological species.
For example, polymeric nanoparticles teth-
ered with mannose moieties were found to
bind to Escherichia coli cells to result in mas-
sive cell agglutination, while there were no
similar binding and agglutination with the
use of free mannose molecules.6

Single-walled carbon nanotubes (SWNTs)
are interesting nanomaterials of small diam-
eters and extremely large aspect ratios. Be-
cause of the unique structure, SWNTs repre-
sent an ideal pseudolinear platform for
displaying multiple copies of bioactive mol-
ecules, such as DNA,10,11 proteins and
peptides,12�14 and carbohydrates,9,15,16 en-
abling more effective interactions with or-
ganisms such as cells and other biological
species that are not available to the free bio-
active molecules. For example, through su-
pramolecular wrapping with lactose-
appended schizophyllan, SWNTs could ac-
quire specific lectin-affinity.16

Bacillus spores (especially Bacillus an-
thracis) and their surface structures rel-
evant to binding with bioactive species
have been an ongoing research emphasis
of the counter-bioterrorism community.17 A
number of investigations have been re-
ported on interactions of the spores with
peptides,18�21 lectins,22 and carbohy-
drates.23 The genetically closely related Ba-
cillus subtilis has often been used as a simu-
lant for B. anthracis.24 Although the current

knowledge is still limited on the spore sur-
face characteristics of these two species of
Bacillus genus, it has been suggested that
the spore surface is mainly composed of
glycoproteins and carbohydrates.25�27 For
example, one surface glycoprotein found to
be a structural component of B. anthracis
exosporium contained rhamnose, 3-O-
methyl rhamnose, and galactosamine.25,26

Quinovose and other unique sugars were
isolated from the B. subtilis spore.27

As reported previously,5 monosaccha-
ride (mannose or galactose)-functionalized
SWNTs could interact with B. anthracis
(Sterne) spores with the mediation of a di-
valent cation such as Ca2� to result in sig-
nificant spore aggregation and substantial
reduction in colony forming units (CFU).5

The aggregation of spores could be useful
to the ongoing effort on countering
anthrax-based bioterrorism because it is
known that aggregated spores would pose
significantly less or diminished threat in
terms of the most lethal inhalation anthrax
infection.28,29
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ABSTRACT It was reported previously that monosaccharide-functionalized single-walled carbon nanotubes

(SWNTs) could interact with Bacillus anthracis (Sterne) spores with the mediation of a divalent cation such as Ca2�

to result in significant spore aggregation and reduction in colony forming units. In this work a more systematic

investigation was performed on interactions of the SWNTs functionalized with individual mannose and galactose

moieties and their various dendritic configurations with B. anthracis and B. subtilis spores in the presence and

absence of a divalent cation. Significant differences and selectivity between the Bacillus spores and between

different sugars and their configurations were observed. The relevant results are presented, and their mechanistic

implications are discussed.
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Here we report a more systematic study of the
mannose- and galactose-functionalized SWNTs in vari-
ous configurations30 and their interactions with the Ba-
cillus spores in the presence and absence of a divalent
cation. Significant differences between B. anthracis and
B. subtilis and between different sugars and their con-
figurations were observed. The relevant results are
presented, and their mechanistic implications are
discussed.

RESULTS AND DISCUSSION
We previously reported the Ca2�-mediated aggrega-

tion of B. anthracis spores by monosaccharide-func-
tionalized SWNTs.5 In a more systematic study reported
here, SWNTs functionalized with monosaccharide mol-
ecules (Man-SWNT or Gal-SWNT) or with the sugar den-
drons (Man2-SWNT, Gal2-SWNT, Man4-SWNT, and Gal4-

SWNT) (Scheme 1) were dispersed in aqueous solution
for interactions with suspended B. anthracis or B. subtilis
spores with or without the presence of a divalent cation.
Major differences or significant variations in the interac-
tions were observed for the different functionalized
SWNTs and between the two Bacillus spores.

Cation Mediated Binding. In the presence of Ca2� both
Man-SWNT and Gal-SWNT could bind to B. subtilis
spores for their aggregation into large clumps of
20�100 �m in size (Figure 1), similar to the aggrega-
tion of B. anthracis spores.5 Since the size of a single
spore is on the order of one micrometer, these clumps
should each contain hundreds to thousands of aggre-
gated spores. The SEM imaging at a higher resolution
allowed a closer look at the spore aggregates, in which
the spores were tangled by the nanotubes in a spider
weblike morphology (Figure 2).

Scheme 1. Sugar-functionalized SWNTs.
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The aggregation of B. subtilis spores was accompa-

nied by reduction in CFUs at different Ca2� concen-

trations under otherwise the same experimental

conditions. For example, at a constant Man-SWNT

concentration (0.2 mg/mL mannose equivalent), the

CFU reduction was 71% for 25 mM Ca2�, 78% for 50 mM

Ca2�, 80% for 100 mM Ca2�, and reaching a more sig-

nificant 87% reduction for a higher Ca2� concentration

of 250 mM (Figure 3). The role of Ca2� might be the me-

diation of carbohydrate-carbohydrate interactions by

forming coordinate bonds among the sugars, as sug-

gested in the literature.31�34 As a well-established ex-

ample on the aggregation of live sponge cells in seawa-

ter, the presence of physiological Ca2� was found to

be necessary to mediate carbohydrate-carbohydrate in-

teractions.35

The same coordinating effect on carbohydrates

could be achieved with other divalent cations.34 In a

comparison of other cations Mg2� and Ba2� with Ca2�

at the same concentration of 100 mM, the effectiveness

in the CFU reduction of B. subtilis spores by Man-SWNT

was in the order of Mg2� � Ca2� � Ba2� (Figure 3). This

might be due to the same order of variation in the di-

ameter of the divalent cations, which as suggested in

the literature34 could affect the cation-mediated

carbohydrate�carbohydrate interactions, with a cation

of a larger diameter being more effective. However, cat-

ions such as Na� could not mediate the interactions,

consistent with what is known in the literature,36 nor di-

valent cations alone without sugar-functionalized nan-

otubes, as expected.

Although we did not intentionally change condi-

tions during our experiments, we frequently observed

aggregates of Man-SWNT with spores (either B. anthra-

cis or B. subtilis) in the presence of Ca2� that were rod-

like and 20�50 �m in length by 5�10 �m in diameter

by optical microscopy (Figure 4). We speculate that the

formation of this specific rodlike shape was related to

the nanotubes being linear in nature. Further investiga-

tions are necessary to determine the factors that drive

the formation of these aggregates and to understand

their mechanistic operations.

The sugar dendron-functionalized SWNTs, despite

their higher relative sugar contents and the sugars be-

ing in pairs or quartets, were found to be generally in-

effective or less effective in binding and aggregating

Figure 1. Optical microscopy images (40 �m for both scale
bars) for B. subtilis spores aggregated by (a) Man-SWNT and
(b) Gal-SWNT in the presence of Ca2�.

Figure 2. SEM images (1 �m for both scale bars) for B. subti-
lis spores aggregated by (a) Man-SWNT and (b) Gal-SWNT in
the presence of Ca2�.

Figure 3. The CFU reduction of B. subtilis spores by Man-
SWNT at different Ca2� concentrations or in the presence of
other divalent cations.

A
RTIC

LE

www.acsnano.org VOL. 3 ▪ NO. 12 ▪ 3909–3916 ▪ 2009 3911



the Bacillus spores in the presence of Ca2�. For B. an-

thracis (Sterne) spores, specifically, no significant aggre-

gation was observed with Man2-SWNT or Gal2-SWNT

and even less so with their tetrasugar counterparts. The

results from the corresponding CFU reduction assays

were equally negative (essentially no reduction). On the

other hand, the same dendron-functionalized SWNTs

were more active toward B. subtilis spores, exhibiting

some binding and aggregation effects in the presence

of Ca2�,30 though clearly less effective than their

monosaccharide counterparts Man-SWNT and Gal-

SWNT. For example, in CFU reduction assays the use of

Man2-SWNT resulted in about 50% CFU reduction for

the B. subtilis spores in the presence of Ca2� (100 mM),

compared to the 80% and 67% CFU reductions with the

use of Man-SWNT and Gal-SWNT, respectively, under

the same experimental conditions (Figure 5). Similar ex-

periments with the use of Man4-SWNT resulted in no

meaningful aggregation of the B. subtilis spores, with

the corresponding CFU reduction assays showing CFU

changes within experimental uncertainty.

The observed aggregation and CFU reduction of

the Bacillus spores (B. anthracis and B. subtilis) were at-

tributed to divalent cation-mediated multivalent

carbohydrate�carbohydrate interactions,33,34,37,38 or

more specifically, the carbohydrates tethered to SWNTs

with those expressed on the spore surface. The interac-

tions were not disrupted by the presence of the corre-

sponding free sugars as competition. The role of Ca2�

mediation was confirmed by the experiment in which

the aggregation of Bacillus spores was reversed with the

addition of EDTA, a strong chelating agent for Ca2�

and the other divalent cations. Experimentally, while

the Bacillus spores aggregated substantially using Man-

SWNT and Gal-SWNT with Ca2� under the specific ex-

perimental conditions described above, the subsequent

addition of an aqueous EDTA (sodium salt) solution

(20 mM, 100 �L) with gentle shaking resulted in an im-

mediate and complete redispersion of both the spores

and nanotubes (no aggregates at all). The observation

was consistent with what was known in the literature

on similar carbohydrate�carbohydrate

interactions.31�34,37,38

Binding without Cation. In the absence of any divalent

cations, the two Bacillus spores exhibited pronounced

differences in the binding and aggregation experi-

ments. As reported previously on the basis of prelimi-

nary experimental data,5 more systematic investiga-

tions in this study confirmed no binding or aggregation

of Man-SWNT and Gal-SWNT with B. anthracis (Sterne)

spores without the mediation of a divalent cation. Inter-

estingly, however, this was not the case for B. subtilis

spores.

Man-SWNT could bind to and aggregate B. subtilis

spores without the cation mediation. Experimentally,

upon the gentle mixing of an aqueous solution of Man-

SWNT and an aqueous suspension of B. subtilis spores

by slow rotation for 16 h, an aliquot of the mixture was

used to prepare specimens for optical microscopy

analyses. As shown in Figure 6, there were aggregates

of B. subtilis spores due to the binding of Man-SWNT in

optical microscopy images. A closer examination in SEM

imaging revealed that the aggregated spores were

tangled by the nanotubes in a weblike morphology

(Figure 7). The results from the corresponding CFU re-

duction assays without any cations suggested that the

aggregation of B. subtilis spores by Man-SWNT resulted

in about a 53% reduction (Figure 5).

Figure 4. Optical microscopy images (30 �m for both scale
bars) on the frequently observed rodlike aggregates of (a) B.
subtilis and (b) B. anthracis spores by Man-SWNT in the pres-
ence of Ca2�.

Figure 5. The CFU reduction of B. subtilis spores by Man-
SWNT, Man2-SWNT, and Gal-SWNT in the absence and pres-
ence (100 mM) of Ca2�.
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The observed interactions of Man-SWNT with B. sub-

tilis spores must be due to specific binding, not simple

adsorption or other nonspecific driving forces, because

the same interactions were not found with the use of

Gal-SWNT under similar experimental conditions,

namely that in the absence of any divalent cations Gal-

SWNT exhibited no meaningful effects on B. subtilis

spores in an aqueous suspension. Experimentally, when

Gal-SWNT instead of Man-SWNT was used in the same

experimental procedure described above, the mixture

remained homogeneous after the gentle rotation for

16 h. The corresponding specimen was analyzed by im-

aging with optical microscopy and electron micros-

copy, which suggested no detectable aggregates of B.

subtilis spores. This was confirmed by the results from

the CFU reduction assay showing no meaningful reduc-

tion (Figure 5).

The sugar dendron-functionalized SWNTs also did

not bind to B. anthracis (Sterne) spores in the absence

of any divalent cations, the same as their monosaccha-

ride counterparts. Similarly, Gal2-SWNT and Gal4-SWNT

were the same as Gal-SWNT, exhibiting no binding and

aggregation effects on B. subtilis spores without any cat-

ion mediation. On the other hand, Man2-SWNT could

bind to B. subtilis spores without any divalent cations,

but was less effective than Man-SWNT in the binding

and aggregation of the spores. According to results

from CFU reduction assays, there was only less than

10% CFU reduction with the use of Man2-SWNT, in com-
parison to the 53% reduction with the use of Man-
SWNT (Figure 5). Man4-SWNT was found to be even
less effective in the aggregation of B. subtilis spores,
with results from the CFU reduction assay showing only
some variations within the experimental uncertainty
margins.

More Discussion. The results presented above sug-
gest that both B. anthracis (Sterne) and B. subtilis
spores could be aggregated effectively by the
monosaccharide-functionalized SWNTs (Man-SWNT
and Gal-SWNT) in the presence of a divalent cation,
without any pronounced selectivity. However, the high
selectivity became evident in the absence of any diva-
lent cations, with the binding and aggregation ob-
served only for Man-SWNT with B. subtilis spores. It
should be noted that the binding would not necessar-
ily lead to aggregation (as correctly pointed out by a re-
viewer), though for the specific purpose in this work
only aggregation as a result of the binding was moni-
tored. Two ways for the binding leading to aggregation
might be considered. One could be that some sugar-
functionalized nanotubes bound to multiple spores;
and the other could be due to similar carbohydrate in-
teractions between the sugar-functionalized nano-
tubes. The former likely dominated the aggregation of
B. subtilis by Man-SWNT without cation, as the starting
Man-SWNT solution was homogeneous. For the cation-
mediated aggregation there were probably contribu-
tions from both because similar aggregation was ob-
served in Man-SWNT and Gal-SWNT solutions upon the
cation addition.39 In any case, simply functionalized
SWNTs (such as those with oligomeric polyethylene
glycol40,41) containing no carbohydrate moieties had
no response to the presence of cations for any aggrega-
tion of the spores.

As discussed above, the mediation of Ca2� or an-
other divalent cation was likely for carbohydrate�

carbohydrate interactions between those displayed
through tethers on SWNTs and those expressed on the
Bacillus spore surface. The reversibility with the use of
EDTA to take the divalent cation out of the mediation
was supportive to such a mechanistic explanation. In
the literature the Ca2�-mediated
carbohydrate�carbohydrate interactions have been ex-
plained in terms of a “zipper” model.33,42 The carbohy-
drate moieties in this model are equivalent to stumps of
the zipper, which must be in complementary conforma-
tions for strong enough binding. The role of divalent
cations is like that of the “zipper puller” to provide the
driving force for the interactions and to stabilize the
complementary carbohydrate conformations that are
required for stronger interations.33,42 Such a model may
explain the divalent cation-mediated interactions of
the sugar-functionalized SWNTs with the Bacillus
spores, for which the model emphasizes the comple-
mentary conformations of the carbohydrate moieties

Figure 6. Optical microscopy images (scale bar � 40 �m)
for B. subtilis spores aggregated by Man-SWNT in the ab-
sence of any divalent cation. Inset: a closer look (scale bar
� 4 �m).

Figure 7. SEM images (scale bar � 2 �m) for B. subtilis spores
aggregated by Man-SWNT in the absence of any divalent
cation. Inset: at a higher resolution (scale bar � 300 nm).
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but largely ignores the chemical identities of the carbo-
hydrates (Man vs Gal).

For the selective binding of Man-SWNT with B. subti-
lis spores, it is tempting or even logical to suggest their
being attributed to carbohydrate�protein interactions
of the nanotube-tethered mannoses with the specific
protein receptors on the B. subtilis spore surface. The
observed high specificity, not available for Gal-SWNT on
the carbohydrate side or B. anthracis on the spore side,
seems consistent with carbohydrate�protein binding,
which is known to be more specific.43,44 While no litera-
ture reports were found with our best effort for any ex-
isting experimental evidence on the presence of
carbohydrate-binding proteins on the spore surface,
there were previous studies suggesting that many
pathogens have surface proteins binding to specific car-
bohydrates. Fox example, the E. coli strain ORN178 con-
tains mannose-specific adhesin FimH of type 1 pili that
could bind selectively to mannose-functionalized
nanoparticles.6,45 In addition, it might be argued that
the larger CFU reduction of B. subtilis with Ca2� by Man-
SWNT than Gal-SWNT was due to additional contribu-
tions from the mannose-protein binding. However,
more systematic investigations are needed for more
quantitative conclusions.

Individually both carbohydrate�carbohydrate and
carbohydrate�protein interactions are known for their

low binding affinity,37 so that the multivalent display

of the carbohydrates is necessary. The sugar dendrons

were prepared for the purpose of displaying mannose

and galactose in pairs or quartets, thus intuitively for

significantly improved multivalency. It was surprising

that the sugar dendron-functionalized SWNTs, espe-

cially Man4-SWNT and Gal4-SWNT, were generally inef-

fective in the binding and aggregation of the Bacillus

spores either with or without the divalent cation media-

tion. Two possibilities may be considered. One is that

the paired sugar moieties may have stronger interac-

tions between themselves; and the other is that tether-

ing the sugar moieties in pairs or quartets may have

caused some kind of steric hindrance unfavorable to

the targeted interactions (namely a lack of or poorer

complementary conformations for the carbohydrate

moieties in terms of the zipper model33,42). On a related

note, it was reported previously5 and confirmed again

in this study that the binding and aggregation of the

Bacillus spores are unique to the mannose and galac-

tose displayed through tethers on the nanotube sur-

face, not available to the mannose- or galactose-

functionalized polymeric nanobeads (on the order of

100�200 nm in diameter). The obvious selectivity and

related issues require further investigations for their

mechanistic understandings.

EXPERIMENTAL SECTION
Sugar-Functionalized SWNTs. The synthesis and characterization

for the functionalized SWNTs (Scheme 1) with mannose (Man-
SWNT) or galactose (Gal-SWNT) moieties or their dendrons
(Man2-SWNT, Gal2-SWNT, Man4-SWNT, or Gal4-SWNT) have been
reported previously.30

Bacillus Spores. B. anthracis spores (Sterne 34F2, a nonvirulent
strain, but still requiring careful handling in a biosafety level-2
laboratory) were supplied by Colorado Serum Company (Den-
ver, Colorado). B. subtilis ATCC33234 spores were obtained from
American Type Culture Collection (Manassas, VA). Spores were
prepared by using a modified procedure from the literature.21,46

Briefly, Bacillus cells were grown at 37 °C on solid Difco sporula-
tion medium (DSM) until sporulation was essentially complete.
Vegetative cells and spores were collected from medium plates,
washed extensively with cold (4 °C) sterile distilled water, and
pelleted by centrifugation. The pellet was resuspended in a solu-
tion of Tris-Mg buffer (pH 8.0) that contained lysozyme at a con-
centration of 1 mg/mL. Subsequently, the suspension was
shaken slowly for 1 h at 37 °C. N-Laurylsarcosine was then added
to a concentration of 2%, and the solution was incubated for 30
min. The spores were then pelleted and washed four times with
sterile cold distilled water. Finally the spores were resuspended
in cold sterile distilled water and stored at 4 °C until further use.
The purification of spores was checked through spore staining
and phase contrast microscopy.

Binding Assays. By following experimental procedures de-
scribed previously,5 spore aggregation assays for Man-SWNT,
Gal-SWNT, Man2-SWNT, Gal2-SWNT, Man4-SWNT, and Gal4-SWNT
were carried out in the presence or absence of a divalent cation.
In a typical experiment without cation, an aqueous suspension
of either B. anthracis or B. subtilis spores (105 CFU/�L, 20 �L) was
added with a sugar-SWNT solution (sugar equivalent concentra-
tion �0.2 mg/mL, 20 �L) or distilled water (20 �L) as control. For
similar experiments with Ca2�, the spore and sugar-SWNT mix-

ture was added (after 30 min) with an aqueous CaCl2 solution
(100 mM, 10 �L). All resulting mixtures (samples or control) were
gently mixed with slow rotation for 16 h, followed by both a vi-
sual examination and with a microscope.

For optical microscopy analyses, a small aliquot (10 �L) of
the sample from above binding assay was dropped onto a glass
slide and covered with a coverslip. The specimen was imaged in
the differential interference contrast (DIC) mode on a Leica
DMIRE2 microscope equipped with a Leica TCS SP2 laser scan-
ning device and Leica HC PL APO 10�/0.30 and 20�/0.70
objectives.

For scanning electron microscopy (SEM) analyses, the sample
mixture from above binding assay was centrifuged at 6800g for
5 min. The pellet was washed with distilled water in several
centrifuging-suspending cycles, and the final pellet was sus-
pended for the fixing and postfixing treatment according to es-
tablished procedures.47 The final specimen upon critical point
drying was mounted on an aluminum stub with double-sided
carbon tape and coated with platinum. SEM images were ob-
tained on a Hitachi S4700 field-emission SEM system.

CFU Reduction Assays. A suspension of Bacillus spores (2.6 �
108 in 40 �L) was mixed with a sugar-SWNT sample (40 �L) or
with distilled water as control. After 30 min, an aqueous CaCl2 so-
lution (100 mM, 20 �L) was added with gentle mixing, followed
by rotation at room temperature for 16 h. The resulting mixtures
(samples and control) were centrifuged at a low speed (25g) for
1 min. A portion of each supernatant (40 �L) was used for the as-
say. Upon serial dilution, the diluted samples (0.1 mL each in trip-
licate) were spread evenly on solid trypticase soy agar (TSA)
plates. The plates were allowed for incubation at 37 °C over-
night. The colonies on the plates were counted, and the percent-
age CFU reduction was calculated in reference to the control.

Similarly for the binding assay without a divalent cation, a
suspension of B. subtilis spores (2 � 108 in 40 �L) was mixed
with a solution of the selected sugar-SWNT sample (40 �L) or
with distilled water as control. After being rotated at room tem-
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perature for 16 h, the mixtures (samples and control) were
treated in the same procedures as described above for the as-
says with Ca2�.
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