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Functionalization of carbon nanotubes with proteins and quantum dots
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We report here on a method of suspending carbon nanotubes (CNTs) in aqueous buffer solutions and
functionalizing CNTs with a molecule that is “sticky” to proteins. The specific bifunctional molecule
used in this study is 1-pyrene butanoic acid succidymidyl ester (1-pbase). We report successful
protein and quantum dot functionalization of the CNTs, using 1-pbase as a linking agent. © 2006
American Institute of Physics. [DOI: 10.1063/1.2171802]

The uses of individual carbon nanotubes (CNTs) for the
sensing of proteins,1 visualization, manipulation of biomol-
ecules, and other applications are now in their nascent stages.
One limiting factor for all of these applications is the ability
to suspend CNTs in biologically relevant aqueous environ-
ments. There have been quite a few efforts to incorporate
CNTs into such buffers including both covalent and nonco-
valent modifications of the inherently hydrophobic sidewall
of the CNTs.” Direct visualization of CNTs with florescence
microscopy has been accomplished by exposing the hydro-
phobic sidewalls of CNTs with long chained aliphatic fluo-
rescent molecules.” There also have been reports of function-
alization of substrate bound CNT,1’4’5 which avoids some of
the incompatibility problems between CNTs and aqueous
buffers.

In this letter, we discuss a method of functionalizing
multiwalled CNTs (MWCNTs) with proteins in solution.
Building on prior ﬁndings,6 we show that the functionaliza-
tion of MWCNTs with 1-pyrene butanoic acid succidymidyl
ester (I1-pbase) enables a stable suspension of CNTs in a
variety of aqueous buffers. Further, we report functionaliza-
tion of MWCNTs with proteins in solution as a result of this
sidewall modification. We also present the use of this mol-
ecule as a method of visualizing MWCNTs in biologically
relevant environments as well as through use of fluorescent
quantum dots (QDs).”

Because of the inherent hydrophobicity of CNTs
(sp*>-bonded graphene sheet), they are not soluble in aqueous
buffers. Through noncovalent functionalization with 1-pbase,
the MWCNT are stably suspended for a period on the order
of weeks. The interaction of the 1-pbase and the MWCNT
sidewall, as described by Chen, is hypothesized to be via a
-7 bonding interaction between the pyrene of the l—gbase
and the six-membered carbon rings of the MWCNT.” The
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MWCNT were observed to undergo a phase transfer from the
organic layer (DCE) to the aqueous layer with the 1-pbase
being the phase transfer catalyst. Functionalization of
MWCNT with 1-pbase and subsequent suspension in aque-
ous buffer was accomplished using two different methods.
Method 1: 1-2 mg of MWCNT soot produced by arc-
discharge (Alpha Aeser) was dispersed in DCE and then the
solvent was removed with vacuum. The average MWCNT
length was 2—7 um and 10-25 nm in width. The MWCNTs
were then incubated in their original vial with 10 ul of
0.5 mg/ml solution of 1-pbase in DCE for 30 min. The ex-
cess DCE was evaporated under vacuum and the 5 ml of
buffer solution of interest was added to the vial. The vial was
sonicated for 2-3 hr to ensure dispersion of the MWCNTS in
suspension. Method 2:200 ul MWCNT in DCE were put
into a centrifuge tube. 1 ul of 0.05 mg/ml 1-pbase in DCE
was added to the sample. This was incubated at room tem-
perature for 5-10 min. 200 ul of the buffer solution of inter-
est was then added to the centrifuge tube. This tube was then
vortexed for 15 s and centrifuged to separate the DCE and
aqueous layers. Then the DCE layer was removed. Optical
characterization of both methods showed no measurable dif-
ference in the dispersion or concentration of MWCNT.

The pyrene ring structure of 1-pbase interacts with the
sidewall of the MWCNT, thus leaving only the polar suc-
cidymidyl ester group to interact with the aqueous solution
(Fig. 1), thereby solubilizning the whole complex (MWCNT/
1-pbase). Figure 2 shows the result of the phase transfer of
MWCNT from the organic to aqueous layer. Without
1-pbase, the phase transfer of MWCNT does not occur.

Further investigation of 1-pbase binding was done with
atomic force microscopy (AFM). Before and after 1-pbase
functionalization data show a height difference of 2-3 nm.
AFM imaging was done with a Topometrix Explorer. Imag-
ing of the 1-pbase/MWCNT was done in air using 70 kHz
silicon nitride cantilevers from Nanosensors Corp. Samples
were prepared by spin coating MWCNT onto glass slides
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FIG. 1. Structure of 1-pyrenebutanoic acid, succinimidyl ester. The arrow
on the left points to the pyrene group hypothesized to interact with the
surface of the CNT. The arrow on the right points to the succinimydyl ester
group which forms covalent bonds to the protein.

\

with Au fiducials in order to revisit the same tubes after
modification. 10 ul of 0.5 mg/ml 1-pbase in DCE were put
onto to the sample for 2 min. This was then washed with
DCE and nitrogen dried three subsequent times to remove
excess 1-pbase. An analysis of the roughness on the
MWCNT implied a fairly uniform binding of the 1-pbase on
the MWCNT.?

Further characterization of the composite material was
done with fluorescence microscopy (1-pbase is commonly
used as an amine reactive dye molecule). In Fig. 3, MWCNT
are visible with both phase contrast and fluorescence imag-
ing. This-sample was prepared using method 2 and then spin
coated onto a glass slide at 2500 rpm in four 50 ul aliquots.
In addition to the MWCNT, labeled carbonaceous debris can
be seen (such debris is typical in MWCNT suspensions).
Images were taken using Nikon inverted Diaphot 200 with
Spot 2 cooled-Charge coupled device camera. Fluorescence
images of the l-pbase functionalized MWCNT were taken
with an UV filter (320 excitation/380 emission) from
Chroma Technology Corporation.

As reported by Chen et al.® the use of 1-pbase allows
for the immobilization of proteins on the sidewalls of CNTs.
In this letter we expand this finding by specifically function-
alizing MWCNT with proteins in aqueous buffer rather than
on substrate bound CNTs. The protein used for this study
was streptavidin, which was chosen because of the versatility
of the streptavidin-biotin complex. MWCNT/streptavidin
composites were prepared by mixing 1 ul of 1 pg/100 ul of
streptavidin in polybutene sulfone (PBS) buffer into 200 ul
of the 1-pbase functionalized MWCNT in PBS solution. This

FIG. 2. MWCNT functionalized with 1-pbase in DCE (left). On the right,
the top layer is the water and the bottom layer is the DCE. Arrow indicates
DCE layer transition.
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FIG. 3. Phase contrast image (left) and fluorescence image (right) of CNTs
labeled with 1-pbase. Scale bars are 5 um in length.

solution was incubated at room temperature for 1 h before
use/visualization.

Figure 4 is an AFM image taken in buffer solution,
which shows streptavidin adsorption onto the sidewalls of
MWCNT. The imaging substrates were glass coverslips
functionalized with BSA (10 mg/ml) applied for 5 min. BSA
was added to avoid nonspecific binding of excess streptavi-
din in PBS onto the glass surface. The streptavidin coated
MWCNT were then spin coated at 2500 rpm onto the BSA
treated glass cover slide. Images were taken in aqueous con-
ditions under phosphate buffered silane buffer. As can be
seen in Fig. 4, there is an uneven buildup of protein along the
length of the MWCNT. Here the modifications were done
only in solution and were untouched after being deposited
onto the substrate, unlike in other studies where postprotein
attachment washes were performed. In most cases, visualiza-
tion was carried out using rhodamine-labeled streptavidin.
Of course the fluorescence image does not have enough reso-
lution to indicate this uneven buildup.

There has been only one other claim of functionalization
of CNT with proteins in solution® (as opposed to substrate
bound CNT studies). In that study, the CNT sidewall was
modified covalently, altering the unique electronic properties
of the CNT. The attachment of 1-pbase as alluded to by Chen
et al. is noncovalent in nature and thus should not disrupt the
electrical properties of the CNTs. Several studies report on
the effect of conjugated ring structures adsorbed onto CNTs,’
which show a change in the resistivity of the SWCNT, but
not enough to alter the electronic properties significantly.
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FIG. 4. AFM image of streptavidin on CNTs in aqueous buffer.
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FIG. 5. Ultraviolet-visible spectra showing the electronic change of the
MWCNT due to the adsorption of 1-pbase onto CNTs.

UV-visible spectra data can elucidate the interaction be-
tween the CNT and the 1-pbase (see Fig. 5). UV-visible data
taken with a Varian Cary 400 Bio UV-visible spectrophotom-
eter. Samples of MWCNT in DCE, 1-pbase in DCE, and
1-pbase/MWCNT composites in water [MWCNT (aq)] were
all taken at room temperature with the appropriate blanks to
eliminate solvent absorption. For reference, the catalogued
spectra of pyrene in cyclohexanol is also shown in this
plot.10 We see that there is only one peak from the 1-pbase
spectrum absent in the MWCNT (aq) spectrum at approxi-
mately 275 nm. This missing peak should be in a place of
increasing absorption for the MWCNT (aq), whose increase
could mask the peak. We note because the 1-pbase is in-
soluble in aqueous solutions, the absorption of light in
MWCNT (aq) is coming primarily from the functionalized
MWCNTs and not from the possible excess 1-pbase in the
sample. Looking at the pyrene spectra we see that all of its
peaks are present in the MWCNT (aq) spectra, but are red-
shifted. We attribute this shift to solvent affects as described
by Waters'' and others. We note that this noncovalent inter-
action with the MWCNT would not dramatically change the
MWCNT'’s electronic properties.

We have also used a similar protocol to functionalize
CNT with QD. 1 ul 2 uM QD 605 streptavidin conjugates
(Quantum Dot Corp.) was diluted 1:10 in PBS buffer. 1 ul of
this was added to 199 ul of the 1-pbase/MWCNT suspen-
sion in PBS buffer. This was allowed to incubate at room

FIG. 6. This series of images shows the functionalization of MWCNTSs with
streptavidin coated QDs and then subsequent functionalization with biotin.
The scale bars in all of these images are 2.5 um in length.
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temperature for 30 min. Figure 6 shows single frame capture
of the QD on the MWCNT. There has been only one other
report of the attachment of QD to CNT through noncovalent
specific binding.12

We then investigated the chemical activity of the strepta-
vidin on the conjugated QD with biocitin-488, which has a
strong affinity for streptavidin. Biotin, labeled with Alexaf-
lour 488 (Molecular Probes) was diluted to 0.1 mg/ml. 1 ul
of this was added to the MWCNT/QD solution and allowed
to incubate for 30 min at room temperature. In Fig. 6, the
biotin is clearly visible on the CNT. This implies that the
QD/CNT complex can be functionalized easily in solution
with any protein that has been biotintylated. In theory, this
result is quite surprising as the ratio of QD to streptavidin is
1:1. Because there are multiple binding sites for biotin to
streptavidin, we still see relatively uniform binding across
the CNT. Images of the QDs functionalized MWCNT were
taken using a TRITC filter, and images of biocitin on
MWCNT were taken using a FITC filter. We note that the
QDs were not visible with fluorescence using the FITC filter
and the biotin was not visible using the TRITC filter; this
allowed us to distinguish the two materials.

In this letter we show a new way of functionalizing
CNTs with protein in aqueous buffer solutions. We have
found that noncovalent functionalization of CNT with
1-pbase allows us to stably solubilize the CNTs and to per-
form successful protein absorption in solution. This work
will inform future studies of CNT/protein complexes in ap-
plications that require them to be dissolved in aqueous
environments.
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