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Stable Single-Walled Carbon Nanotube—Streptavidin Complex for Biorecognition
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A novel method is described for preparing single walled carbon nanotube (SWNT)—streptavidin complexes
via the biotin—streptavidin recognition. The complex shows stability in 18 days, strong biotin recognition
capability, and excellent loading capacity (about 1 streptavidin tetramer per 20 nm of SWNT). Capturing
biotinylated DNA, fluorophores, and Au nanoparticles (NPs) on the SWNT-—streptavidin complexes
demonstrates their usefulness as a docking matrix, for instance for electron microscopy studies, a technique
requiring a virtually electron transparent support.

1. Introduction

Integration of biotechnology and nanotechnology provides
new functional hybrid materials that incorporate the highly
specific interaction and catalytic properties of biomolecules with
the electronic, photonic, and chemical properties of nanomate-
rials.'> Biomolecule recognition systems can modify and
improve the nanomaterials’ self-assembly capabilities, allowing
the formation of supramolecular hybrid architectures that have
potential applications such as sensors or nanoscale devices in
proteomics, diagnostics, therapy, etc.® For successful application
of many bionanohybrids, the stability of the specific recognition
of target molecules is a critical issue.

The remarkable biomolecular recognition between the ho-
motetrameric protein streptavidin and the water-soluble small
molecule biotin is characterized by the extraordinary high
affinity constant of the streptavidin—biotin interaction of ~10'*
dm? mol ™!, the strongest ligand—receptor interaction currently
known.* Because of the chemical and thermal stability of
streptavidin and the relative ease with which target molecules
can be biotinylated, the streptavidin—biotin affinity interaction
is one of the most popular biological recognition pairs for
bionano hybridization, both in commercial products and aca-
demic research.’ Biomolecular recognition systems based on
single walled carbon nanotubes (SWNTSs) are especially attrac-
tive because of their extraordinary physical and chemical
properties. The small diameter (1 nm) and tunable length (up to
several micrometers) of SWNTs make them an ideal candidate
for trace amount sensing, even for single molecule analysis. For
instance, large molecular complexes captured by SWNT—streptavidin
may allow straightforward analysis by transmission electron
microscopy, in view of the high electron transparency of the
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SWNTs, if such a support would have been available, we could,
for instance, have analyzed ribosomal complexes carrying the heat
shock protein Hspl5 immediately in the microscope after having
captured them on SWNT—streptavidin with biotinylated mRNA
or biotinylated Hsp15. This would have avoided a tedious purifica-
tion procedure and would have speeded up the project significantly.®

SWNTs are ideal substrates for building complex architec-
tures. Their one-dimensional structure and specific electronic
properties’ allowed the preparation of chemical or biological
sensors.> 1% These studies indicate that carbon nanotubes based
biosensors and bioreactors have a higher efficiency compared
to glass carbon material due to their high surface to volume
ratio/surface area.'""!> The ease of functionalization of SWNTs
allows the introduction of different functional or reactive groups
along their one-dimensional structure, (e.g., —COOH groups
can be introduced by HNO; oxidation), allowing stable complex
formation by covalent bonding.'* Because of the extraordinary
strength and flexibility, SWNTs were also used as atomic force
microscopy (AFM) tips for biological imaging by conjugating
with biorecognition system.'* The SWNT based biological
complexes are used in vivo or in vitro for drug delivery,
bioimaging, and biosensing.!>~2!

Different methods such as physisorption and chemical
linking'? are used to attach streptavidin to SWNTSs. Immobiliza-
tion of streptavidin on SWNTs via physisorption relies on
nonspecific hydrophobic interactions between SWNTs and
streptavidin. Unfortunately, the SWNT—streptavidin complex
is unstable: the streptavidin can dissociate from the SWNTs
surface.?* Covalent coupling through reactive groups (—NH,
group, for instance) of the amino acid side-chains of streptavidin
is frequently used for tethering streptavidin to SWNTs, for
instance through carbodiimide cross linking.'>? Such chemical
reactions are not very selective, may lead to heterogeneous
attachment and involve residues required for function, and thus
may affect the activity of the protein.> Moreover, there is still
no conclusive evidence showing that such carbodiimide cross
linking could significantly improve protein immobilization on
carbon nanotubes above the level of adsorption.’® Therefore
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Figure 1. (a) Reaction scheme of the biotinylation of SWNTs, (b)
schematic representation of the preparation of SWNT—streptavidin
complexes via the biotin—streptavidin interaction, (c) schematic
representation of preparation of SWNT—DNA, SWNT—Au, and
SWNT—atto 550 NP complexes using SWNT—streptavidin as the
docking matrix via biotin—streptavidin recognition.

more powerful capturing techniques that can stably and ef-
ficiently tether streptavidin to SWNTSs are required.

Biotin binds to the streptavidin tetramer in 4:1 stoichiochem-
istry.?” This enables sandwich binding architectures on SWNTs,
i.e., [biotinylated SWNT]—[streptavidin]—[biotinylated species
of interest]. Biotin shows stable chemical properties and can
go through relatively harsh reaction conditions in different
solvents, which allows biotinylation of SWNTs through a variety
of routes and allows the introduction of other functional elements
such as a PEG segment for preventing the nonspecific absorption.

In this paper, SWNTs were biotinylated via the coupling
reaction between —NH, of an amine-terminated biotin (O-(2-
aminoethyl)-O’-[2-(biotinylamino)ethyl]octaethylene glycol, bio-
tin-PEGg-NH,) and —COOH group of SWNT-COOH, as shown
in Figure la. A short segment of (CH,CH,O)s (PEGg) is
introduced between the SWNTSs and biotin in order to render
the SWNTs soluble in H,O; it also serves as a spacer, decreasing
the steric hindrance between the SWNTs and streptavidin
and the nonspecific binding between SWNTs and proteins.
The biotinylated SWNT are soluble in H,O without any
detergent, which can be attributed to the PEGg unit.

Biotinylated SWNT in H,O can interact with streptavidin to
form SWNT—strepatavidin complexes, as shown in Figure 1b.
Note that the assembly of biotinylated SWNT and streptavidin
is a cross-linking aggregation system, because the functionality
of both the biotinylated SWNT (>2) and streptavidin (4) is
larger than 2, as in typical cross-linking polymerization system.?$%
Similar cross-linking aggregation has been reported for the self-
assembly of the biotinylated Au nanopartices (NPs) and
streptavidin, in which the aggregation of the Au NPs resulted
in a nonordered three-dimensional network of NPs.3%3! It was
found that the size of the aggregates and the formation rate
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depend on the relative concentrations of each species.’%3?

Therefore, in order to obtain an effective self-assembly of
biotinylated SWNT and streptavidin, a careful control of the
experimental details is required to eliminate cross-linking
between SWNTs and streptavidin. Three critical conditions of
this cross-linking aggregation system are described in Figure
2. In Figure 2a, comparable amounts of functional SWNT
immobilized biotin groups and streptavidin are used. In this case,
strong cross-linking of SWNTs will occur and a three-
dimensional network structure will be formed. In theory, a large
aggregate of SWNTs will eventually be formed under this
condition. In Figure 2b, an excess amount of SWNTs dominates
the mixture; here, the amount of streptavidin is so limiting that
the SWNTs cannot be linked together. On the contrary, the
biotin-binding sites in streptavidin may be more easily filled
by biotin moieties from the same SWNT, as these are more
accessible to the streptavidin than those from other SWNT.
Therefore, the cross-linking between SWNTSs can be prevented
and an aggregation structure of “intramolecular cross-linking”
between SWNTs and streptavidin and/or a SWNT-branch/
streptavidin-core structure can be formed. There will be no
active biotin-binding sites on the SWNT—streptavidin com-
plexes in this situation. In Figure 2c, an excess amount of
streptavidin is used in the mixture. In contrast to the case in
Figure 2b, the SWNTs are surrounded by streptavidin molecules,
the biotin moieties on SWNT are easily bound by different
streptavidin molecules and the SWNTs will hardly be cross-
linked because they are separated by the surrounding streptavidin
molecules. Finally, streptavidin-branch/SWNT-core complexes
will be formed and there are still active biotin-binding sites in
the SWNT—streptavidin complex. Hence, a small amount of
biotinylated SWNT and an excess of streptavidin should be used
for self-assembly of the SWNT—streptavidin affinity matrix.

To investigate the biotin-binding activity of the SWNT—
streptavidin complexes prepared in this paper, different bioti-
nylated species such as biotinylated DNA, biotinylated fluoro-
phore, and biotinylated Au NPs were used, as shown in Figure
lc. Such complexes of SWNT—DNA,”** SWNT—Au NP3
SWNT—fluorophores,'3 and multifunctional sensors based on
simple complexes'”** have attractive properties and applications.
For example, conjugates of DNA with SWNTSs have potential
applications in gene therapy,'> multidimensional devices,'* and
nanobiotechnology.® CNTs functionalized with fluorophores
can be visualized in biological environments using conventional
fluorescence microscopy.*®?’ Metal or metal compound NPs
were conjugated to SWNTs in order to obtain novel properties
or explore new applications:> SWNT—Au—SWNT junctions
were prepared by self-assembly** and quantum dot—SWNT!®
were prepared for cell imaging.

In this paper, a biotinylated DNA having 1000 base pairs, a
biotinylated fluorophore atto 550, and biotinylated Au NPs were
used to interact with the SWNT—streptavidin complex to form
SWNT—-DNA, SWNT—atto 550, and SWNT—Au NP conju-
gates. We investigated these complexes with AFM, which
required them to be immobilized on mica. However, because
DNA is negatively charged, it does not stick to the mica surface
and is easily removed by rinsing with H,O. Therefore, we
prepared a SWNT—streptavidin coated mica surface and then
incubated it with a biotinylated DNA solution to prepare the
SWNT—-DNA conjugates. This method rolls the synthesis,
purification, and AFM imaging of the SWNT—DNA conjugate
into a single step. The same preparation procedure was used
for synthesis of SWNT—atto 550 and SWNT—Au NP conjugates.
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Figure 2. Schematic representation of the cross-linking aggregation system of biotinylated SWNT with streptavidin in different critical conditions:
(a) comparable amounts of SWNT immobilized biotin and streptavidin, (b) excess amount of biotinylated SWNT compared to streptavidin, and (c)

excess amount of streptavidin compared to biotinylated SWNT.

2. Experimental Section

2.1. Materials. HIPCO SWNTs (Lot no. SP0295) were
purchased from Unidym, Inc. Streptavidin was purchased from
ProSpec-Tany TechnoGene Ltd. (7-Azabenzotriazol-1-yloxy)-
tripyrrolidinophosphonium hexafluorophosphate (PyAOP, 96%),
N,N-diisopropylethylamine (99.5%, biotech. grade), O-(2-ami-
noethyl)-O’-[2-(biotinylamino)ethyl]octaethylene glycol (biotin-
PEGg-NH,, =95% oligomer purity, the number 8 means that
the repeated —CH,CH,O— unit is 8), O-(2-aminoethyl)-O’-[2-
(boc-amino)ethyl]octaethylene glycol (PEGg-NH,, =95% oli-
gomer purity), 3-aminopropyltriethanoxysilane (APTES), atto
550, and biotinylated atto 550 were purchased from Sigma-
Aldrich. Biotinylated Au NPs (average diameter of 5 nm, 0.01%
based on Au) were purchased from NanoCS INC. DMF (99.8%)
was purchased from Biosolve Ltd. Bio-Rad protein dye
(#500—0002EDU) was purchased from Bio-Rad Ltd.

2.2. Preparation of SWNT—Streptavidin Complexes. The
SWNTs (20 mg) were sonicated for 10 min in Milli-Q H,O
(15 mL) using a tip sonicator (Sonics and Materials Inc., Model
VCX 750, 750 W) working at 24% amplitude, and then HNOj;
(65%, 16 mL) and Milli-Q H,O (70 mL) were added. The
mixture was refluxed at 120 °C for 2 h with magnetic stirring.
(Different reflux times were used for other oxidation conditions.)
This process was repeated twice to obtain individualized SWNT
with little fragmentation (see Figure S5 of Supporting Informa-
tion) and introduced —COOH groups onto the defects of tube
sidewall and ends. Then the SWNT-COOH were membrane
filtered (Hydrophilic, Tianjin Autoscience Ltd., 0.22 um) and
washed twice with NaOH (10 mM), HCI (10 mM), and Milli-Q

H,0. This SWNT-COOH preparation was vacuum-dried at 80
°C for 72 h (yield: 14 mg).

SWNT-COOH (2.5 mg) was dispersed in DMF (1 mL, dried
with molecule sieve (4 A) overnight), then Biotin-PEGg-NH,
(50 mg), PyAOP (38 mg), and DIEA (18.9 mg) were added.
The mixture was stirred for 1 h and then membrane filtered
(Nylon, 0.22 um, Tianjin Autoscience Ltd.) and washed
thoroughly with DMF and transferred to Milli-Q H,O. The
product is referred to “SWNT-biotin” below. There are some
insoluble SWNT aggregates produced during this process, which
can be removed by centrifuging at 7000 rpm for 30 min. The
SWNT assay indicated the yield of SWNT in the supernatant
to be ~0.6 mg. The synthesis of SWNT-PEGg without the biotin
moiety is analogous to the above procedure.

The SWNT—biotin solution in Milli-Q (0.02 mg mL™, 10
mL) was added to a streptavidin solution (1 mg mL~, 10 mL)
in PBS (phosphate buffered saline, pH 7.2,) dropwise with
shaking, and then mixed for 30 min at 40 rpm using a roller
mixer (Stuart, model STRID). Then the mixture was washed 3
times using a centrifugal filter (Amicon Ultra-15, 100 K), and
dispersed in Milli-Q H,O (5 mL). The product was marked as
SWNT —streptavidin. The control experiment of SWNT-PEGg
complexing with streptavidin was the same as the above
procedure.

2.3. Preparation of DNA, SWNT—DNA, SWNT—atto
550, SWNT—Au NP Conjugates. The biotinylated 1000-bps
DNA was obtained by a polymerase chain reaction (PCR) using
primers ZUN-1 (5'Bio-GTAATACGACTCACTATAGGCTA-
GCCACCATG-3’) and ZUN-4 (5'-CGATAAGCTTGATATC-
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GAATTCCTGCAGCCCGG-3") and plasmid pRLHL as tem-
plate. To obtain the nonbiotinylated 1000-bps DNA, primer
ZUN-1 was replaced by one without biotin (ZUN-2). The
resulting DNA fragments were purified over Micro Bio-Spin 6
chromatography columns (Bio-Rad, Hercules, CA).

SWNT—streptavidin complexes (0.05 mg mL™" for SWNT
assay) were deposited on freshly cleaved mica for 10 min, then
rinsed several times with water and dried gently under a stream
of nitrogen gas. Then biotinylated DNA (20 ug mL™"),
biotinylated atto 550 (0.01 mg mL™"), or biotinylated Au NPs
(0.1 mg mL~! based on Au) were deposited on the SWNT—strep-
tavidin complexes coated in mica for 30 min at room temper-
ature for the preparation of SWNT—DNA, SWNT—atto 550,
or SWNT—Au NP. After incubation, the mica was rinsed several
times with water and dried gently under a stream of nitrogen
gas. The control experiment of SWNT—streptavidin complexing
with non biotinylated DNA was performed analogous. The
control experiment of SWNTs complexing with atto 550 was
carried out on APTES treated mica.

2.4. Measurements (AFM, Fourier Transform Infrared
(FTIR), Fluorescence Microcopy (FM), and UV—Vis Spec-
troscopy). Tapping mode at 300 Hz was used to acquire the
AFM images under ambient conditions (AFM: Digital Instru-
ments Dimension 3100). The tip diameter of the cantilever was
~10 to ~20 nm. Samples of SWNT—streptavidin, SWNT—DNA,
and SWNT—Au NP complexes were prepared as described
above. FTIR spectroscopy measurements were performed at
ambient conditions using a Perkin-Elmer FTIR spectrometer
(Paragon 1000). Samples for FTIR were prepared with KBr to
form transparent pellets. Confocal microscopy (Olympus
BXS51TF) was used to collect fluorescent images of SWNT—atto
550 complexes after excitation at 488 nm using an argon laser.
UV —vis spectrophotometry (Varian Cary 50 series) was used
to obtain the spectrum of SWNTs and streptavidin. UV—vis
spectrophotometry (Ultrospec 110 Pro) was also used to obtain
the absorbance value of SWNTs, SWNT—biotin, and SWNT—
streptavidin complexes at 595 nm, required for measuring the
concentration of SWNTs, the experimental details are shown
in Figure S6 of Supporting Information.

2.5. Acid—Base Titration and Streptavidin Concentra-
tion Determination via Bradford Assay. The mole percentage
of the —COOH groups on SWNTs was determined using
acid—base titration.**** SWNT-COOH (14.34 mg) was dispersed
in 25 mL of H,O and then mixed with NaHCO; (10 mM, 25
mL) and stirred for 24 h under Ar protection. The above two
solutions were degassed in a vacuum and sonicated for 15 min
in order to remove the CO, in solution before being mixed
together. Then the reaction mixture was filtered through a 0.22
um membrane. HCI acid (5 mM, 50 mL) was added to the
filtrate and mixed for 15 min by shaking, and the same degassing
was carried out to remove the CO; in solution. Then the solution
was titrated (using a pH meter, inoLab pH 720) to pH = 7.0
under Ar protection, with 2.08 mL of NaOH (5 mM).

The loading extent of streptavidin on SWNT in the
SWNT—streptavidin complexes was determined by measuring
the streptavidin concentration and SWNT concentration, re-
spectively. The streptavidin concentration was measured using
a Bradford assay,* with soluble streptavidin as the standard.
Measurements of every sample were made in duplicate, and in
order to eliminate the influence of SWNTsS, the standard contains
the same concentration of SWNTs as in the target sample. The
experimental details are shown in Table S1 of Supporting
Information.
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Figure 3. AFM images of (a) SWNT-COOH and (b) biotinylated
SWNT. The cross-section analysis shows a diameter of 1.25 nm for
SWNT-COOH and of 2.38 nm for biotinylated SWNT.

3. Results and Discussion

3.1. Biotinylation of SWNT. Figure 3 shows AFM images
of SWNT-COOH and the biotinylated SWNT. The SWNT-
COOH was prepared by boiling the raw SWNTs in 2.6 M nitric
acid for 2 h twice. The oxidation of SWNTs has been
investigated in numerous studies,*'™** using agents such as
HNO; (2.6 M and 8M), mixture acid of HNO3/H,SO,, KMNO,/
KOH, etc.® It was reported that the mild oxidation (e.g., HNOs,
2.6 M) tends to introduce the —COOH groups on the tube ends
and at the defect sites of the sidewall but does not create new
defects.*'*3 Therefore, the —COOH content of SWNTSs remains
constant after all the defects have been carboxylated.* Small
fragments can be produced in this mild oxidation and their
amount tends to increase with time.* In the view of the
applications of SWNTs in biorecognition systems we have in
mind, we hope to (1) obtain individualized SWNT, (2) introduce
—COOH groups on the SWNTs and then render them soluble,
and (3) produce as few fragments as possible during this
oxidation process. Therefore, we investigated different oxidation
times, ranging from 2 to 15 h, shown as AFM images in Figure
S5 of Supporting Information. It was found that the 4 h oxidation
was best. Short-duration oxidation (2 h, e.g.) was not sufficient
to debundle the SWNTs, while longer-duration oxidation (e.g.,
>4 h) produced a lot of fragments. Similar results are reported
in the literature.** To obtain sufficient debundling of SWNTs,
we also tested twice repeated 2 h oxidation, with a sonication
process in between. As expected, the twice repeated 2 h
oxidation was the optimized oxidation condition in this paper.

This procedure cut down the SWNTs into short, individual-
ized tubes having a length distribution of several hundred
nanometers and diameter distribution of ~1 nm, as shown in
Figure 3a (see also Figure S1 of Supporting Information for
statistical analysis of length and diameter distributions). The
—COOH groups that were introduced during this HNO; oxida-
tion process can be observed as a weak peak at 1736 cm™! in
the FTIR spectrum in Figure 4. The mole percentage of the
—COOH groups on SWNTs was determined using acid—base
titration.’®* SWNT-COOH (14.34 mg) reacted with NaHCO;
(10 mM, 25 mL) and formed SWNT-COO~Na*. Then HCI acid
(5 mM, 50 mL) reacted with the remaining NaHCO;. The
remaining HCI acid was titrated to pH = 7.0 with NaOH (5
mM). As the same molar amounts of NaHCO; and HCI were
used, the molar amount of —COOH groups should be equal to
that of the consumed NaOH (5 mM, 2.08 mL). The molar
percentage of —COOH groups on SWNTs was calculated to
be 0.9%, corresponding to 4.8% mass percentage.

After biotinylation, the SWNTSs had diameters of ~2—5 nm
(see Figure S1 of Supporting Informtion for statistical analysis).
The cross-section analysis in Figure 3b shows a typical
biotinylated nanotube having a diameter of 2.38 nm. The
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SWNT—biotin, and SWNT—streptavidin in the range of 3000—500 cm ™.

diameter increase of SWNTSs after biotinylation can be attributed
to the linking of biotin-PEGg segment onto the SWNTs as well
as the aggregation of SWNTs during the biotinylation process.
The possible reason might be that the biotin-PEGg-NH, may
contain some impurities such as NH,-PEGg-NH,, which would
serve as a cross-linker of SWNTs in the reaction system. We
also found that not all of the SWNTs were soluble after the
biotinylation process, and we removed these insoluble ag-
gregates by centrifugation. After the biotinylation process, the
length distribution was almost unchanged, as can be seen in
Figure S1 of Supporting Information. The FTIR spectra in
Figure 4 confirm the presence of the biotin-PEGg-NH,, with
peaks at 1458 cm™! (corresponding to CH, bending) and at 1092
cm™! (corresponding to the vibration of the ether group in the
PEG segment), which also exist in the FTIR spectrum of SWNT-
biotin (1458 and 1112 cm™).

3.2. Preparation of SWNT—Streptavidin Complexes. By
carefully adding a dilute biotinylated SWNT (0.02 mg mL™!,
10 mL) solution dropwise into a streptavidin solution (1 mg
mL~!, 10 mL) followed by through washing, a complex of
SWNT—streptavidin with the SWNT fully covered by strepta-
vidin was synthesized. Figure 5a shows the AFM image of
SWNT—streptavidin complexes, about 16 h after preparation.
The SWNTs were fully covered with streptavidin molecules,
as indicated by the cross-section analysis in the zoomed-in image
(Figure 5b), which shows a typical complex having a diameter
of ~7 nm. The diameter distribution of the SWNT—streptavidin
complexes is mainly in the range from 5—15 nm, as shown in
the statistical analysis in Figure S1 of Supporting Information.
The increase in the diameter of the SWNT—streptavidin
complexes compared to the biotinylated SWNT can be attributed
to the attachment of streptavidin molecules to the SWNTs. The
FTIR spectrum of the SWNT—streptavidin complexes in Figure
4 also confirms the presence of streptavidin. Streptavidin shows
strong peaks at 1638 cm™! (corresponding to amide I: —C=0
stretch of protein) and 1534 cm™! (corresponding to amide II:
—C—N stretch and —C—N—H deformation), which were also
present in the FTIR spectrum of SWNT—streptavidin com-
plexes. By use of a Bradford assay, we determined the loading
extent of streptavidin on SWNT as 1.2 mg of streptavidin per
mg of SWNT. The experimental details and results are shown
in Table S1 and Figure S2 of Supporting Information, respec-
tively. By assuming all of the atoms of SWNT are carbon, the
mole percentage of streptavidin molecules on carbon atoms
relative to SWNT is 0.024%. As discussed previously, the mole
percentage of the —COOH groups relative to SWNT was
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Figure 5. AFM images of SWNT—streptavidin complexes (a), the
zoomed-in image (b), 18 days after preparation (c), and the zoomed-in
image (d). The cross-section analysis indicates the diameter of a

SWNT—streptavidin complex to be ~7 nm, irrespective of whether
the sample was freshly prepared or 18 days after the preparation.

determined to be 0.90%; therefore, about 2.7% of the —COOH
groups on SWNT were linked with streptavidin. By calculating
the average diameter of the SWNT below 3 nm in Figure S1 of
Supporting Information, we got an average diameter of ~1.3
nm for the SWNT. The perimeter of the circular cross-section
of the SWNT is & x 1.3 = 4.1 nm. By assumption that the
C—C bond length is 0.14 nm, there are 4.1/0.14 ~ 29 carbon
atoms on the cross section. As there are 2.4 streptavidin
molecules attached to 10000 carbon atoms on a SWNT, the
average distance between two streptavidin molecules on a
SWNT is 10000 x 0.14/(29 x 2.4) ~ 20 nm. An occupancy of
1 streptavidin tetramer per 20 nm of SWNT is in line with a
high coverage of the SWNT.

Figure 5 shows that most SWNTSs exist as separate tubes,
and a few SWNTSs are connected to one another forming a
branched structure, but almost no three-dimensional cross-linked
structures were observed. This was achieved by adding a vast
excess of streptavidin, achieving ligation of all the biotin
moieties of the SWNT with separate streptavidin molecules (see
also Figure 2c). Cross-linking structures will be formed at lower
amounts of streptavidin. We added a dilute biotinylated SWNT
(0.02 mg mL™!, 10 mL) solution dropwise into a streptavidin
solution (0.1 mg mL~!, 10 mL), followed by thorough washing.
As a result, the strong cross-linking happens between biotiny-
lated SWNT and streptavidin, as shown in Figure S3 of
Supporting Information, corresponding to Figure 2b. We further
decreased the amount of streptavidin and made a SWNT-rich
system by dropwise adding 1 mL of streptavidin solution (107
mg mL™!) into SWNTs (0.02 mg mL™!, 3 mL). As a result, a
SWNT branch/streptavidin core structure corresponding to
Figure 2a was formed, as shown in Figure S3 of Supporting
Information.

Note that unlike SWNT —streptavidin complexes reported in
the literature that are formed via nonspecific absorption (where
there are always unbound streptavidin molecules in the image®>*),
all streptavidin molecules in parts a and b of Figure 5 are ligated
and none occur separate from the SWNTs. This indicates that
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all unligated streptavidin molecules were removed by repeated
filtration and that almost no streptavidin molecules dissociated
from the SWNT—streptavidin complexes during the overnight
incubation. The surface properties of the SWNT—streptavidin
complexes are fully altered compared to the undecorated
SWNTs, because of the high coverage of the streptavidin on
the SWNT. The SWNT-COOH and the biotinylated SWNT did
not stick to the pure mica surface but could be absorbed tightly
on an APTES treated mica surface by the interaction between
the amine groups and the SWNT sidewall. In contrast, the
SWNT—streptavidin complexes could not be absorbed on
APTES treated mica but did stick tightly to the untreated mica
surface. The observed absorption of the SWNT—streptavidin
complex onto the mica surface can be attributed to the
electrostatic binding between streptavidin and mica.*>*7 It was
reported that the streptavidin in H,O strongly absorbs on mica
surfaces, which can be inhibited by adding monovalent cations.*’
To show that the streptavidin was specifically complexed to
biotinylated SWNT, we did a control experiment using SWNT-
PEGg without a biotin moiety. The SWNT-PEGg complexes
were synthesized using the same method as SWNT-PEGg-biotin,
and the SWNT-PEG; (0.02 mg mL™!, 10 mL) was added
dropwise into a streptavidin solution (I mg mL™!, 10 mL)
followed by thorough washing. The AFM images of SWNT-
PEGg before and after “complexing” with streptavidin are shown
in Figure S4 of Supporting Information. It can be seen that
almost no streptavidin molecules are attached on the SWNT-
PEGsg. Also, it should be noted that both the images are taken
on APTES-treated mica surface, and neither of the preparations
can stick to the pure mica surface, indicating the failure of
streptavidin complexing with the SWNT-PEGsg.

We also investigated the stability of the SWNT —streptavidin
complexes over 18 days, the AFM imaging 18 days after
preparation are shown in Figure 5c. The SWNTs were still
wrapped with proteins and there were no free streptavidin
molecules, indicating that streptavidin molecules did not dissociate
from the complex. Figure S1 of Supporting Information show the
statistical analysis of the length and diameter distributions of the
SWNT—streptavidin complexes, which almost did not change
compared with the freshly prepared one. The cross-section
analysis of a zoomed-in image (Figure 5d) shows a typical
complex with a diameter of ~7 nm. This indicated that the
complex was stable over 18 days, unlike the SWNT—streptavidin
complexes formed via nonspecific binding, which were reported
to dissociate upon repeated dialysis.** The stability of the
complex over 18 days indicated that all streptavidin molecules
bound to the SWNT via the specific biotin—streptavidin
interaction. We postulate that: (1) the high coverage of biotin-
bound streptavidin on SWNT competes with the nonspecific
absorption of streptavidin on SWNT; (2) the PEGg spacer
segment decreases the nonspecific binding of the streptavidin
to SWNT; (3) the repeated filtration process removed the
unbound streptavidin molecules.

3.3. SWNT—DNA, SWNT—Fluorophore, and SWNT—Au
NP Conjugates. Figure 6 shows the AFM images of the
SWNT—DNA conjugates. Almost all of the SWNT—streptavidin
complexes linked to a multitude DNA strands (parts a and ¢ of
Figure 6). This indicated a good biotin-binding ability and high
biotin-loading capacity of the SWNT—streptavidin complexes.
The zoomed-in images (parts b and d of Figure 6) suggest that
the loading of DNA strands on a single SWNT was so high
that they criss-crossed or compactly stacked onto one another.
They were not evenly dispersed on both sides of the SWNT,
which may have been caused by the H,O rinsing and subsquent
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Figure 6. AFM images of SWNT—DNA conjugates prepared via the
biotin—streptavidin affinity interaction, using SWNT—streptavidin
complexes as the docking matrix (a) and (c) and the zoomed-in images
(b) and (d).

N, blow-drying procedure. This high loading with DNA strands
also reflected the high coverage of streptavidin on the SWNT.
As far as we know, this is the highest loading of DNA strands
onto the SWNT visualized with AFM reported so far. The
compact stacking may be due to the extended aggregation,
perhaps enhanced by Marangoni effects. To show that the biotin-
DNA was linked to the SWNT via the specific streptavidin—biotin
recognition, and not by nonspecific interactions, we performed
a control experiment where DNA without a biotin tag was used.
Not a single DNA strand was found that was linked to any
SWNT—streptavidin complex (Figure S7 of Supporting Infor-
mation).

The fluorescence image of the SWNT—atto 550 conjugates
(a fluorescent dye) (Figure 7a) shows a strong specific signal.
Biotinylated atto 550 on mica gave no signal (Figure 7b),
indicating that the atto 550 does not specifically interact with
mica. When we incubated the SWNT—streptavidin with unbi-
otinylated atto 550, there was a very weak signal (Figure 7c),
which may be attributed to nonspecific interactions of atto 550
with the wall of SWNTs via w— interactions. It has been
reported that although small organic fluorophores can interact
with CNTs via z—sx interactions and form noncovalent as-
semblies*® the charge/energy transfer from the fluorophores to
the CNTs through these interactions results in fluorescence
quenching and low quantum yields.'® Therefore we did a control
experiment of atto 550 on unmodified SWNTs, as shown in
Figure 7d. It can be seen that there is faint signal in Figure 7d,
which should be attributed to the atto 550 nonspecifically
attaching to the SWNTs. Therefore, the strong, specific signal
in Figure 7a most likely reflects the specific biotin—streptavidin
interaction, rather than szzr bonding.

Parts a—c of Figure 8 show the AFM images of SWNT—Au
NP conjugates in height, phase, and amplitude. The Au NPs
have an average diameter of ~5 nm, which is similar to that of
streptavidin, as shown in the AFM image in Figure 9c and the
diameter distribution in Figure 9d. To help distinguish the Au
NPs, the height, phase, and amplitude images of the SWNT—
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Figure 7. Fluorescence images of atto 550 biotin on SWNT—streptavidin
complexes coated mica after washing with water (a), atto 550 biotin
on mica after washing with water (b), atto 550 on SWNT—streptavidin
complexes coated mica after washing with water (c), atto 550 on
SWNTs coated mica-NH, after washing with water (d).

p30 nm

0nm

T

Figure 8. AFM images of SWNT—Au NP prepared from biotinylated
Au NPs and SWNT—streptavidin complex in height (a), phase (b), and
amplitude (c), and AFM images of SWNT—streptavidin in height (d),
phase (e), and amplitude (f) as a comparison.

streptavidin complexes were measured as controls, for com-
parison with the SWNT—Au NP, as shown in parts d—f of
Figure 8. In parts a—c of Figure 8, the arrows point out some
NPs that had clear and sharp edges, which were clearly on the
“ridge” of the SWNT—streptavidin complexes. No such NPs
were observed in the SWNT—streptavidin complexes as shown
in parts d—f of Figure 8. Therefore, such particles could be the
Au NPs.

By use of the cross-section analysis* of the regions 1 and 2
pointed by the arrows, as shown in parts a and b of Figure 9,
it can be seen the height between these particles is 3.6
(corresponding to the region 1), 3.3, and 4.2 nm (corresponding
to region 2), in accordance with the diameter distribution of
the Au NPs shown in Figure 9d.

4. Conclusions

We have devised a novel method for preparing SWNT—strep-
tavidin complexes via the biotin—streptavidin interaction. The
streptavidin is specifically tethered to the SWNT and the
SWNT—streptavidin complexes show unique features such as
very high loading of streptavidin and very high biotin-binding
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Figure 9. (a) Cross-section analysis of the location 1 in Figure 8a, (b)
cross-section analysis of the location 2 in Figure 8b, (c) AFM image
of Au NPs on mica, and (d) statistical analysis of the diameter
distribution of the Au NPs by counting 100 particles.

capability, thus providing a versatile affinity scaffold. The
SWNT—streptavidin complexes show stability of over 18 days.
For long-term use, the stability over a longer period up to several
months will be carried out in further investigations. The method
provides a new generic tool for the construction of many
different types of SWNT based complexes. It offers promising
possibilities for assembling SWNT with biotinylated species,
and multifunctional structures can be formed by combination
with other methods. For example, the SWNT—streptavidin
matrix may be used for fishing for biotinulated proteins and
their complexes, for self-assembly using complementary ss-
DNA strands, and for functionalization with multiple different
groups. Compared to other affinity scaffolds, the SWNT—
streptavidin complexes have the following advantages: they are
very thin, therefore it can be used for TEM studies such as the
single particle analysis; they may enter the living cells, and thus
be used for gene/drug delivery; furthermore, they are easily
made and relatively cheap, allowing bulk quantity preparations.
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