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Carbon nanotubes have been widely investigated for their
unique combination of properties including their one-dimen-
sional hollow structure, high-strength with flexibility, large sur-
face area, and chemical stability.[1, 2] There has also been grow-
ing interest in their potential biological applications, especially
in biosensors[2] and vaccine- and drug-delivery systems.[3, 4]

Both single- and multiple-walled carbon nanotubes (SWNT and
MWNT, respectively) can be modified and conjugated with bio-
active molecules and biological species including carbohy-
drates,[5, 6] amino acids and peptides,[7–9] nucleic acids and ana-
logues,[10–12] and proteins.[13–16] We have previously demonstrat-
ed that SWNTs are naturally protein affinitive in water and that
covalent modification of the nanotubes with proteins gives
stable conjugation and excellent aqueous solubility of the con-
jugates.[15] Here we report the preparation of immuno-carbon
nanotubes by conjugating pathogen-specific antibodies to the
SWNTs that are functionalized with bovine serum albumin
(BSA) protein (Scheme 1) and, for the first time, the recognition
of target pathogen cells by the immuno-carbon nanotubes via
antibody–antigen interactions in physiological environment.

The SWNT–BSA conjugate was prepared by a carbodiimide-
activated amidation reaction of the nanotube-bound carboxyl-
ic acids with pendant amino moieties on BSA.[14a] The conju-
gate sample was readily soluble in water (nanotube equivalent
solubility >5 mg mL�1), forming a dark-colored but homoge-

neous solution. The solution was used to cast a solid-state thin
film for optical absorption measurements. The spectrum thus
obtained exhibits near-IR absorption bands at ~1900 and
~1010 nm that are characteristic of the first (S11) and second
(S22) van Hove singularity transitions of semiconducting SWNTs,
respectively.[17] Atomic force microscopy (AFM) imaging of the
sample on a mica surface shows that the BSA-functionalized
SWNTs are well dispersed and that each nanotube is intimately
associated with multiple BSA species (Figure 1). These results
agree well with those already available in the literature,[14] thus
confirming the formation of an SWNT–BSA conjugate.

The nanotube-bound protein species can be selectively re-
moved in the thermal gravimetric analysis (TGA) to allow an
estimate of the nanotube content.[18] According to the TGA
result, 25�5 % (w/w) of a typical SWNT–BSA conjugate sample
is nanotube. The conjugate sample was also analyzed in a
modified Lowry assay to determine the total protein con-
tent.[14] The result of ~70 % (w/w) total protein in the sample
(with the rest being primarily SWNTs) is consistent with the
nanotube content estimate based on TGA.

The SWNT–BSA conjugate was coated with the antibody
goat anti-Escherichia coli O157 (Ab1) by direct adsorption. In a
typical procedure, a solution of Ab1 (10 mg mL�1, 90 mL) in
phosphate-buffered saline (PBS; 0.1 m, pH~7.4) was added to
the SWNT–BSA solution (20 mg mL�1, 100 mL, 0.1 m PBS).[19] The
mixture was subjected to slow rotation (Dynal Biotech Sample
Mixer Model 947.01) at 40 rpm for 20–24 h at room tempera-
ture, and then separated in a centrifuge at 14 000 g (Eppendorf
Centrifuge 5417R) to remove free Ab1 (in the discarded clear
supernatant). The black pellet was resuspended in PBS buffer
(100 mL), and another round of the centrifuging/suspending
process followed. The final sample was again suspended in
PBS buffer (100 mL) to yield a homogeneous dispersion of the
SWNT–BSA-Ab1 conjugate (or “immuno-SWNT”).

A solution of freshly cultured E. coli O157:H7 cells (100 mL,
0.85 % NaCl, ~109 CFU mL�1) was added to the immuno-SWNT
solution (100 mL, 0.1 m PBS). The mixture was subjected to slow
rotation at 40 rpm for 1 h at room temperature, and then sepa-
rated in a centrifuge at 14 000 g. The pellet was repeatedly

Scheme 1.

Figure 1. An AFM image of the SWNT–BSA sample on a mica surface (scale
bar = 1 mm).
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washed with PBS buffer to remove unbounded immuno-SWNT
species, and the final suspension in PBS was passed through a
membrane filter (0.2 mm). The filter with the immuno-SWNT-
bound E. coli cells was used as the specimen (after the applica-
tion of a thin conductive coating) for scanning electron micro-
scopy (SEM) analysis. The SEM images thus obtained provide
visual evidence for the conclusion that there are indeed strong
interactions between the immuno-SWNT and E. coli cells. In
fact, the E. coli cells are covered by SWNTs, as shown in
Figure 2.

The interactions of the immuno-SWNT with E. coli cells are
specific. In a control experiment, the SWNT–BSA conjugate
rather than the immuno-SWNT was used with the E. coli cells
in the same experimental procedure. However, the SEM results
suggest no meaningful binding of the nanotube conjugates
with the E. coli cells (Figure 3). The cells in these images are in
sharp contrast to those from the E. coli–immuno-SWNT sample
(Figure 2). Evidently, the immunofunctionality induced by the
coating of SWNT–BSA with Ab1 is critical to the binding with
the E. coli cells. The results also suggest that SWNTs conjugated
with immunofunctionalities are indeed bioactive and capable
of specific antibody–antigen interactions with pathogenic cells.

The specific antibody–antigen interactions were verified in
terms of the use of a secondary antibody, goat anti-rabbit IgG
(H+L) (Ab2). The secondary antibody Ab2 is such that it binds
only to the primary antibody (Ab1) but not to the E. coli.[20] To
enable confocal microscopy imaging, E. coli cells labeled with a
green fluorescent protein (GFP) marker[21] and secondary anti-

body Ab2 labeled with rhodamine (red fluorescence) were
used. In the experiment, a solution of Ab2 (5 mg mL�1, 15 mL,
0.1 m PBS) was added to a mixture of the immuno-SWNT and
E. coli cells (15 mL, 0.01 m PBS), and the resulting sample was in-
cubated at 37 8C for 30 min. After centrifuging at 10 000 g, the
sample was washed repeatedly with PBS (0.01 m) to remove
unbound Ab2, and then resuspended in PBS. A small drop of
the suspension was placed on a glass slide and sealed with a
glass cover slip for confocal microscopy analysis.

In the confocal microscopy imaging, the green fluorescence
spots (Figure 4 A) identify the
E. coli cells (GFP-labeled), and
the red fluorescence spots (Fig-
ure 4 B) identify the Ab2 species
(rhodamine-labeled). Figure 4 C
shows a combination of the two
images, in which the yellow fluo-
rescence spots are due to the
superposition of the green and
red signals. Since Ab2 only binds
to Ab1 but not to E. coli and
there was no free Ab1 as a result
of the thorough washing, the
confocal microscopy results sug-
gest strongly that the antibody–
antigen interactions with the
E. coli cells are specific to Ab1 in
the immuno-SWNT.

The immuno-SWNT–E. coli in-
teractions are through the nano-
tube-bound Ab1 species and the
cell surface antigen sites. In
immuno-SWNT, the initial nano-
tube conjugation with BSA intro-
duces the necessary aqueous
solubility, making it easier to fur-
ther modify the nanotubes in a
physiologically compatible envi-
ronment.[19] However, the ad-

sorption mode of the antibodies onto the SWNT–BSA is proba-
bly complex, including the issue of whether the nanotube-
bound BSA species repel or facilitate the conjugation with the
antibodies. Several possibilities for the adsorption mode will
be evaluated in further investigations.[22]

It is known that the conformational structures of the anti-
body proteins might play a critical role in some antibody–anti-
gen interactions.[23] For the antibody Ab1, possible changes in
its conformation upon being attached to the SWNT–BSA conju-
gate remain to be explored and understood. It does appear,
however, that whatever the effect might be, it does not funda-
mentally change the immunological function of the SWNT-
bound antibody species. The observation of clearly strong in-
teractions between the immuno-SWNT and the target E. coli
cell suggests that the conjugated antibodies are capable of
specific recognition toward their antigen counterparts. Similar-
ly, Dai and co-workers reported that some antigens that were
immobilized onto SWNT devices by covalent linkages to surfac-

Figure 2. SEM images of E. coli cells bound with immuno-SWNT species. There was the possibility occasionally to find
two cells bound together by the nanotubes (D). This became even rarer when the bacteria concentration was lower.
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tant molecules still retained activity toward their antibody
counterparts.[13a]

In summary, we have shown that the antibody goat anti-
E. coli O157 can be conjugated to the SWNT–BSA conjugate to
form the immuno-SWNT under physiologically compatible con-
ditions. The immuno-SWNT is capable of recognizing patho-
genic E. coli O157:H7 cells through specific antibody–antigen
interactions. Carbon nanotubes are species of unique proper-
ties, such as large aspect ratio and high surface area. These
nanomaterial properties are being explored for biosensors and
related bioapplications. The work reported here might prove
valuable to the potential development of rapid and ultrasensi-
tive pathogen-detection techniques based on the use of
carbon nanotubes.
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