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ABSTRACT We use a resistive-pulse technique to analyze

molecular hybrids of single-wall carbon nanotubes (SWNTs) wrapped
in either single-stranded DNA or protein. Electric fields confined in a
glass capillary nanopore allow us to probe the physical size and
surface properties of molecular hybrids at the single-molecule level.
We find that the translocation duration of a macromolecular hybrid
is determined by its hydrodynamic size and solution mobility. The

event current reveals the effects of ion exclusion by the rod-shaped

hybrids and possible effects due to temporary polarization of the
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SWNT core. Our results pave the way to direct sensing of small DNA or protein molecules in a large unmodified solid-state nanopore by using nanofilaments

as carriers.
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he molecular combination of organic
Tand inorganic nanomaterials has led to
developments of functional hybrids."
These have applications in solar cells,’ super-
conductors,? bioelectronics,*>*® and medical
diagnostics,> " just to name a few examples.
In particular, systems based on the combina-
tion of water-soluble biomolecules and colloi-
dal nanomaterials have been intensively
investigated, such that versatile functional-
ities can be tailor-designed by tuning the
surface chemistry of the two components
for integration with biology.'”®"'> In some
cases, strong interaction affinity is already
present between the pristine forms of the
two constituents, thus facilitating highly
stable hybrids. For example, it is possible to
assemble macromolecular hybrids based on
single-wall carbon nanotubes (SWNTs) and a
variety of biomolecules, such as viruses,’
deoxyribonucleic acid (DNA),"® lipids,'* and
proteins.”'® Studies also reported sponta-
neous unfolding and attachment of biomo-
lecules onto SWNTs.'®~"?
The architecture of individual hybrids, as
well as their intermolecular aggregation,

plays a crucial role in device performance.’
To develop devices with novel functions, it
is therefore necessary to access their mo-
lecular structure on a single-molecule level.
Current technique facilitating direct struc-
tural characterization often relies on visua-
lization of the hybrids using high-resolution
microscopic techniques.'®?%?! This requires
deposition and fixing of the hybrids on a
surface. However, such a methodology di-
minishes many important attributes of hybrid
complexes in solution. These attributes, which
include the formation of electric double layers*2
and the dynamic aggregation behavior,'® are
key to many potential applications of these
functional hybrids.>419%

Advances in solid-state nanopore tech-
nology®* have significantly progressed the
field of single-molecule sizing in solution.*~2%
Information on the conformation of individual
molecules during translocation can be extra-
polated through a resistive pulse “read-out” of
the ionic current through the nanopore.?” This
technique was employed to study DNA fold-
ing? and to analyze the translocation of a
wide range of biomolecules.?® However, most,
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but not all,>*~2%3° have been organic and monolithic
molecules.3' Reference 32 has shown the translocation
of SWNTs wrapped with (AC)s (i.e., single-strand DNA
oligomers of 15 repeated units of adenine and cytosine)
through silicon nitride nanopores. This suggests the use
of solid-state nanopores as a structural characterization
tool for organic—inorganic colloidal hybrids.

To explore the potential of using the versatile capil-
lary-based nanopores® for molecular hybrid sensing,
we investigate the translocation characteristics of
SWNT—biomolecule hybrids, with different sizes and
surface properties. SWNT—biomolecule hybrids are pre-
pared using (6,5)-enriched CoMoCAT SWNTs (diameters
of ~0.8 nm) and arc-discharge SWNTs (diameter of
~1.5 nm). These two commercially available SWNTs with
distinct diameter ranges were chosen to ensure that the
results are not specific to a particular SWNT choice. We
design four hybrids by noncovalent functionalization
between SWNTs and biomolecules. For the surface bind-
ing, DNA oligomer (AC)+s is chosen because it represents
a large group of short single-stranded DNA (ssDNA) that
cannot be detected in large conventional, bare solid-state
nanopores.>* Detection would only be made feasible by
reducing the nanopore membrane thickness to below
10 nm, for example, as demonstrated by the technical
advance by ref 35. It is thus of interest to evaluate
whether using SWNTs as “carriers” of multiple, well-
organized oligomers can amplify the detection signals
in nanocapillaries,*® which can be fabricated using widely
available glass capillaries with short processing times and
a high degree of controllability. We also consider SWNT
and bovine serum albumin (BSA) hybrids (SWNT—BSA)
because BSA is a common and well-characterized model
blood serum protein,***” and the hybrids have good
biocompatibility,>*® demonstrating potential uses for
biotechnology.3®*° Following the characterization of
the hybrids using conventional microscopy and spectros-
copy techniques, we perform our translocation experi-
ments using a nanocapillary setup. Our results show
that the ionic current characteristics of translocation
can reflect the cross-section thickness of the hybrids with
subnanometer resolution.

RESULTS

Four SWNT—biomolecular hybrids with different
combination of geometries and surface properties
are produced. For the convenience of notation, the
SWNTs will be represented using their mean diameters.
We therefore label the samples as 1.5d-AC, 1.5d-AC-
6hr, 0.8d-AC, 0.8d-BSA. The prefix indicates the modal
diameter of the SWNT core, where P2 has a modal
diameter of 1.5 nm and CoMoCAT has a modal di-
ameter of 0.8 nm as confirmed by the results below.
The second part of the label indicates the biomolecule
coating. The third part, if present, indicates the dura-
tion of the sonication which differs from our standard
preparation period of 2 h.
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We believe that detailed characterization of the
SWNT hybrids is necessary for the interpretation of
the results generated by nanocapillary detection. At-
tributes such as the geometry, charge, and zeta-
potential®* of a translocating object are the well-re-
cognized general considerations, which determine the
resistive pulse read-out. We therefore employ atomic
force microscopy (AFM) and zeta-potential measure-
ments to determine these attributes. For the SWNT-
based hybrids, specifically, we adopt Raman spectros-
copy to measure the diameter distribution and the
conduction characteristics of the SWNT cores. The
dispersion qualities of the hybrids are further validated
by photoluminescence spectroscopy (PLE). In-depth
analysis of Raman and photoluminescence spectral
signals reveal significant doping of the SWNTs by the
biomolecules, which underlies the strong binding
essential for utilizing SWNTs as a molecular carrier.
Following the characterization process, our result anal-
ysis is dedicated to the translocation of SWNT hybrids
through a nanocapillary. We focus on understanding
how the event durations and currents of translocation
can reflect the physical characteristics of the hybrids in
an aqueous solution.

Solution Characteristics of Biomolecule—SWNT Hybrids. Ra-
man Spectroscopy. Raman spectroscopy is a fast,
powerful, and nondestructive method for characteri-
zation of carbon materials.*'*> A number of important
parameters, such as diameter, chirality, conduction
character, orientation, doping, etc., can be obtained
from Raman characterization of SWNTs. Hence, Raman
spectroscopy was employed to measure both the raw
SWNT powders and the deposited SWNT—biomolecule
hybrids, shown in Figure 1.

First, in the low-frequency region of the Raman
spectra of SWNTs, radial breathing modes (RBMs)*
are observed (Figure 1a,c,e,g). Their position, Pos(RBM),
is inversely related to the SWNT diameter, d,**~*® as given
by the following: Pos(RBM) = (C/d) + C,.** A variety of
C; and G, were proposed for this relation.**>*” Here
we use C; =2144cm™ ' nmand C, =187 cm™" from ref
44 because these were derived by plotting the SWNT
resonance energies as a function of inverse RBM fre-
quency, without any additional assumptions. Matching
the diameter given by Pos(RBM) with excitation wave-
length in the “Kataura plot"*® also gives information on
the semiconducting (s-SWNTs) or metallic (m-SWNTs)
character. The G* and G~ bands are typically located in
the 1500—1600 cm ™~ region.***° In s-SWNTs, they origi-
nate from the longitudinal (LO) and tangential (TO)
modes, respectively, derived from the splitting of the
E,g phonon of graphene.**”" In m-SWNTs, the assign-
ment of the G™ and G~ bands is the opposite, and the
fwhm of the G~ peak, fwhm(G™), is larger, and Pos(G™)
down-shifted with respect to the semiconducting co-
unterpart.**' Doping could also modify the positions
and fwhm values.>?** In m-SWNTs, a Pos(G™) blue shift,
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Figure 1. RBM and G band regions of SWNT powders and SWNT—biomolecule hybrids at laser excitations of 514.5 nm (a,b,e,f)

and 632.8 nm (c,d,g,h) .

accompanied by a fwhm(G™) decrease, is observed with
electron or hole doping.>*** In s-SWNTs, doping up-shifts
Pos(G™) but does not affect fwhm(G™).>%>® Raman
spectroscopy also probes possible damage via the D
peak.*>**>3 In the following, the RBM, G and D band
features of the hybrids are discussed, first on the
P2(1.5d) group and then on the CoMoCAT(0.8d) group.

For the P2(1.5d) group, the RBM region at 514.5 nm
excitation (black line in Figure 1a) shows peaks ranging
from ~146t0 ~185cm ™, corresponding to a diameter
of 1.29-1.68 nm.** The majority of the detected
tubes are s-SWNTs because they are in resonance with
this excitation wavelength.***® In the G peak region
(Figure 1b), evidence of splitting of the G~ peak is
seen in all spectra. The peak at lower wavenumbers
(~1557 cm ™" in the 1.5d sample), due to LO mode of
m-SWNTs*® with a diameter of ~1.0—1.1 nm,*® blue
shifts both for the 1.5d-AC (1568 cm ™) and the 1.5d-
AC-6hr (1563 cm™') with respect to the 1.5d one.
Moreover, fwhm(G™) is narrower both in the 1.5d-AC
(~5%) and 1.5d-AC-6hr (~50%) spectra with respect to
the 1.5d (fwhm(G™) = 207 cm™"). The peak at
~1567 cm™', due to a combination of LO of m-SWNTs
with a diameter of ~1.4 nm*® and TO of s-SWNTs with a
diameter of ~1.2 nm,*® is blue-shifted (~5 and ~7 cm™")
and narrower (~14 and ~58%) in the 1.5d-AC and
1.5d-AC-6hr spectra, respectively, compared to the
corresponding peaks of the 1.5d sample. This change
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in the G~ peak region could be related to a different
metallic or semiconducting nature of the tubes or to a
different diameter distribution.*® However, they show
similar RBM features and no particular enrichment of
m- and/or s-SWNTs (Figure 1a). Moreover, the differ-
ence in diameter is very small (0.08 nm) and not
compatible with such blue shift and decrease of
fwhm(G™) for both LO and TO modes.>>*3 Thus, we
infer that doping, likely due to SWNT—biomolecule
charge transfer,®> plays a role.?*® The presence of
doping is also confirmed by the ~4 and ~3 cm™" blue
shift of Pos(G™) in the 1.5d-AC and 1.5d-AC-6hr spectra,
respectively, compared to 1.5d powder (Pos(G™)
~ 1592 cm™"). We also note an increase of /(D)//(G)
from ~0.05 to ~0.25 in both 1.5d and 1.5d-AC. The
increase in the D peak could be associated with the
sonication time (6 h) that could damage the SWNTs.>%*7

The spectra measured at 632.8 nm show effects
similar to those from 514.5 nm excitation (Figure 1c,d).
The spectrum of 1.5d in the RBM region is dominated
by peaks from ~146 to ~178 cm™ ' corresponding to
1.34—1.68 nm diameter.** In the G region (Figure 1d),
the peak at ~1550 cm ™" is up-shifted for both 1.5d-AC
(~8cm™") and 1.5d-AC-6hr (~10 cm ") with respect to
1.5d. There is also a ~40 and ~10% fwhm reduction for
1.5d-AC and 1.5d-AC-6hr, respectively, compared to
1.5d. The peak at ~1570 cm ™" is blue-shifted ~5 cm™"
for both samples, with respect to the starting material.
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Finally, Pos(G™) of 1.5d-AC and 1.5d-AC-6hr is also blue-
shifted ~2 and ~4 cm ™', respectively. These confirm
the presence of doping®®® due to the wrapping of
AC and that this effect increases slightly with the
sonication time. Also, we note an increase of /(D)//(G)
in 1.5d-AC-6hr with respect to both 1.5d and 1.5d-AC,
from ~0.33 to ~0.5.

We then turn our focus to the CoMoCAT (0.8d)
group. The RBM region at 514.5 nm excitation for
the CoMoCAT (0.8d) starting material (black line in
Figure 1e) has peaks from ~207 to ~370 cm™ ', corre-
sponding to a diameter range of 0.61—1.14 nm.** The
majority of the detected tubes are m-SWNTs, with the
ones having RBMs above 300 cm ™" being s-SWNTs.*442
Although a blue shift of Pos(G™) and Pos(G") is de-
tected in the Raman spectra of 0.8d-AC and 0.8d-BSA
with respect to the starting material, fwhm(G™) in-
creases, while fwhm(G™) decreases. This could be
connected with the presence of m-SWNTs.*? Moreover,
IG™)/I(G™) increases in 0.8d-AC and 0.8d-BSA, with
respect to the starting material, another evidence of
doping.>?

The RBM region at 632.8 nm for the 0.8d indicates
the presence of s-SWNTs since this wavelength is
expected to be in resonance mostly with the second
excitonic transition of 0.8d (COMoCAT) s-SWNTs.>® In
the starting material (black line in Figure 1g), we detect
peaks ranging from ~174 to ~385 cm™ ' with a diameter
distribution in the 0.58—1.38 nm range.***® However,
the peaks at ~282 and ~295 cm™' corresponding to
(7,5) and (83), respectively, are the most intense.
s-SWNTs are also mainly detected in 0.8d-AC (red line
in Figure 1g) and 0.8d-BSA (green line in Figure 1g).

In the G peak region (Figure 1h), evidence of
splitting of the ~1550 cm™' peak, due to LO of
m-SWNTs and TO of s-SWNTs,*® is seen. We fit the G
peak with four Lorentzians (LO and TO of m-SWNTs and
s-SWNTs). Small diameter (<0.6 nm) m-SWNTSs contri-
bute to the LO ~1515 cm™ ' of the starting material.*
For both 0.8d-AC and 0.8d-BSA (red line and green
lines, respectively, in Figure 1h), there is a frequency
increase (~10—12 cm™') with respect to the 0.8d
sample. Moreover, I(G")/I(G™) increases in 0.8d-AC
and 0.8d-BSA, with respect to the starting material,
which we take as evidence of doping.>*>3

Based on the above analysis, Raman measurements
indicate doping®**® in 1.5d-AC, 1.5d-AC-6hr, 0.8d-AC,
and 0.8d-BSA. They also show a diameter distribution
ranging from 1.29 to 1.68 nm for 1.5d and from 0.58 to
1.38 nm for 0.8d. Thus, the 0.8d samples have a larger
diameter distribution with respect to 1.5d.

Photoluminescence Spectroscopy. s-SWNTs have a
direct band gap. Therefore, photoluminescence (PL)
from the isolated s-SWNTs due to exciton recombina-
tion is expected.®® Photoluminescence excitation spec-
troscopy (PLE) is now one of the most common
techniques to monitor SWNT dispersions.>>®' =% |n

SHA ET AL.

PLE, the (eh;; ehq4) resonances (where i = 1,2, .., etc.)
from different SWNTs appear as sharp features at
(AexAem), Where Ao and Ao, are the excitation and
emission wavelengths, respectively. Other peaks can
also be observed in PLE, either due to excitonic phonon
sidebands,”~° exciton energy transfer (EET),>%616>70~72
or bright phonon sidebands (BS) of dark K-momentum
excitons.”® In particular, EET occurs via Forster resonance
energy transfer between SWNTs in close proximity,®"®>
such as in bundles when eh;; excitation of large band gap
donor nanotubes induces emission from eh;; of a smaller
band gap acceptor®"®? EET can thus identify the pre-
sence of small bundles.”*%3~% The presence of m-SWNTs
in large bundles can strongly quench the luminescence
from s-SWNTs.”* Therefore, PL is not observed in large
SWNT bundles.”* We thus use PLE to detect isolated
tubes and small bundles in SWNT—biomolecule disper-
sions. This is crucial for the biomolecule translocation
study through nanopores, as individualization of SWNTs
increases the charge to mass ratio of the hybrids, hence,
increasing their driving force. This consequently increases
the probability of translocation.

Note that uncoated SWNTs, with their hydrophobic
surface, form bundles and may still be present in the
dispersions due to the 15000g centrifugation we
use here (which indeed were confirmed by AFM
analysis shown later). Such level of centrifugal force
ensures the presence of sufficient SWNTs to enable
the observation of translocation events. However,
the presence of m-SWNTs in these bundles will
strongly quench the luminescence from s-SWNTs.”*
Therefore, PL will only be observed from isolated tubes
or small bundles wrapped and stabilized by the bio-
molecules. Emission from large diameter (~1.5 nm) P2
SWNTs (present in the 1.5d-AC and 1.5d-AC-6hr hybrids),
with lowest excitonic transition energy eh;; > 1600 nm,”>”®
is not observed due to strong absorption from water””
and low sensitivity of our detector in this wavelength
region.>® In contrast, strong emission is seen from the
(6,5)-enriched CoMoCAT SWNT hybrids (0.8d-AC and
0.8d-BSA) due to their smaller diameter, with an associated
emission range of 900— 1100 nm.”>”® The corresponding
PLE maps are shown in Figure 2ab, where the SWNT
chiralities giving rise to the high intensity emissions from
(ehys, ehy;) resonances are also indicated.°*7>7¢ The strong
(ehyy, ehq4) emission (571 nm, 993 nm) from (6,5) and their
phonon sideband at (516 nm, 993 nm) is a signature of
isolated small diameter SWNTs that are coated with
biomolecules.?'®? Other weaker (eh,,, eh;;) features pre-
sent are due to isolated (6,4), (8,3), and (7,5) in 0.8d-BSA
and (8,3), (7,5), (7,6), and (8/4) in 0.8d-AC. In addition to the
key features assigned to the isolated SWNTs, one also
observes EET features due to small SWNT bundles. For the
0.8d-AC in Figure 2a, the bands (571 nm, 1042 nm),
(571 nm, 1124 nm), (993, 671) are assigned to EETS"62
from (6,5) to (7,5), (6,5) to (8,4), and (8,3) to (6,5). For the
0.8d-BSA in Figure 2b, the band at (669 nm, 993 nm) is due
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Figure 2. Photoluminescence maps of (a) 0.8d-AC, (b) 0.8d-BSA hybrids. (c) Comparison of the PLE contour of 0.8d-AC and
0.8d-BSA hybrids to the 0.8d dispersed using SC. Each (eh,eh;;) resonance is labeled with the chiral index of the
corresponding SWNT and is denoted by open ¢. The open [, solid + and x represent phonon sidebands, EET, and EET
between sidebands of donors and excitons of acceptor nanotubes in small bundles, respectively. In (c), the yellow, blue, and
red symbols denote positions of optical signatures from SC, AC, and BSA dispersed nanotubes, respectively. Histograms of
lengths of the SWNT—biomolecule hybrids measured by AFM for (d) 1.5d-AC-6hr, (e) 1.5d-AC, (f) 0.8d-AC, and (g) 0.8d-BSA;

the average height D,,; of each hybrid is also indicated.

to EET from (83) to (6,5). We also observe EET from
sidebands of (6,5) to (7,5) and (84) in 0.8d-AC.

Further, we also compare the PL emission from
nanotubes in the SWNT—biomolecule dispersions
with a 0.8d control sample dispersed in water with
SC (sodium cholate surfactant), following the same
procedure used for the biomolecule conjugation
(Figure.2c). The optical signatures of (6,5) and (8,3) in
0.8d-AC and 0.8d-BSA are red-shifted ~10 meV with
respect to the SC control sample. On the other hand,
(7,5),(7,6), and (8,4) do not exhibit any noticeable shifts.
Such large shifts in emission wavelength were also
observed by ref 5 in PLE measurements of virus-
wrapped SWNTs. The shifts are likely due to increased
doping through SWNT—biomolecule charge transfer,”®
consistent with the Raman analysis above. The larger
shifts in emission wavelength for the smaller diameter
tubes are further enhanced by the change in surround-
ing dielectric environment due to their preferential
wrapping and isolation by the biomolecules. In parti-
cular, BSA shows a strong preference of isolating
smaller diameter SWNTSs, as observed by strong emission
from isolated (6,4), (6,5), and (8,3), coupled with weak or
no emission from larger diameter SWNTs. In addition to
doping and preferential isolation of small diameter nano-
tubes, PLE thus confirms the presence of isolated SWNTs
and small bundles both of which are ideal candidates for
translocation through the nanopores.

Atomic Force Microscopy. Following the spectro-
scopic methods for determining the nature of the

SHA ET AL.

SWNT core, AFM was performed to measure the
physical sizes of the dried, SWNTs and hybrids depos-
ited on substrates First, the diameters of the bare,
unfunctionalized SWNTs (dispersed in N-methyl-2-
pyrrolidone) are determined by AFM height measure-
ments and found to be ~0.75—0.95 and ~1.3—1.9 nm
for CoOMoCAT and P2 SWNTs, respectively. These com-
pare well with Raman spectroscopy (ie, 0.6—1.37
and 1.29—1.68 nm for CoMoCAT and P2 SWNTs,
respectively). In all, both spectroscopy and microscopy
measurements confirm that bare CoMoCAT SWNTs
(mean diameter ~0.8 nm) have negligible overlap in
diameter distribution compared to bare P2 SWNTs
(mean diameter ~1.5 nm).

We then determine the size of the dehydrated
SWNT—biomolecule hybrids in Figure 2d—g. Typical
AFM images are presented in the Supporting Informa-
tion. It is noted that the structure of the biomolecule-
wrapped SWNTs has previously been evaluated by
computational simulation, for example, for BSA-
wrapped SWNTs”® and DNA-wrapped SWNTs.2° These
studies both demonstrated the wrapping of SWNTs in
the hydrophobic core of the biomolecules. 0.8d-AC is
measured to have a mean diameter of 1.3 nm (standard
deviation = 0.2 nm), implying an (AC),5 coating thickness
of ~0.25 nm, assuming a homogeneous layer. This (AC);5
layer thickness is similar to that previously reported in ref
20 for the same hybrid. The measured mean diameter of
~2 nm for 1.5d-AC (standard deviation = 0.4 nm) and
1.5d-AC-6hr (standard deviation = 0.6 nm) is consistent
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TABLE 1. Properties of SWNT—Biomolecule Conjugates Determined by Zetasizing Measurements, Calculated Based on

Scattering from Spherical Objects

sample zeta-p ial  zeta deviati R, polydispersity  Mcompiex, mobility (um-cm/ mobility deviation (um-cm/  R/Mcompiex (SI R/ (Mcompiex* E)

name (mV) (mV) (nm) index V-s) V-s) unit) (s)
1.5d-AC-6hr —27.4 69.2 2229 0.56 —-21 54 10.4 0% 107°
1.5d-AC —220 85.8 187.1 0.58 —17 6.7 10.8 11 % 107°
0.8d-AC —256 56.0 91.8 0.47 —20 44 46 46 x 10°°
0.8d-BSA =177 66.9 1512 0.41 —14 5.2 10.9 11x107°

with the fact that the (AC), 5 thickness is ~0.25 nm, similar
to that of 0.8d-AC. On the other hand, 0.8d-BSA shows a
mean diameter of ~1.9 nm (standard deviation = 0.6 nm),
indicating that the BSA layer contributes an additional
~1.1 nm. Reference 81 calculated that polypeptides in
BSA assumed an unfolded configuration with their single
twist of o-helix wrapping the nanotube surface. High-
resolution AFM studies on BSA-coated double-wall
nanotubes®' showed that unfolded BSA molecules are
present in localized regions along the tube length. Since
an o-helix has a diameter of ~1.2 nm,® an average
additional thickness of 1.1 nm is reasonable within
measurement errors. Thus, the measured 1.9 nm mean
diameter in 0.8d-BSA is within the expected range.

The length statistics of the SWNT—biomolecule
hybrids are also indicated in Figure 2. It is found that
the modal length of 1.5d-AC is 147 nm, and that of
0.8d-AC is 142 nm. That of 0.8d-BSA is 120 nm, even if
sonication-treated for the same period. With a further
4 h sonication (6 h in total), the modal length of 1.5d-
AC-6hr is reduced to 115 nm. Sonication cutting is a
known effect during dispersion of nanotubes.>®%3

Electric Charge and Zeta-Potential. Zeta-potential
quantifies the electric potential in the interfacial dou-
ble layer through which colloidal stability is defined.®*
The zeta-potentials of the hybrids are qualitatively
determined using a Marlvern Zetasizer Nano range.
This dynamic light scattering system measures the
colloidal electrophoretic mobilities, that is, the ability
of charges to move in a solution in response to an
electric field.®* Based on this empirical data, Table 1
summarizes the average hydrodynamic sizes (R,, mea-
sured in nm), zeta-potentials (measured in mV), and
electrophoretic mobilities (in um-cm/V-s), of which
values are calculated by considering light scattering
from spherical objects (therefore, they act as approx-
imation to our rod-shaped hybrids studied here). The
average hydrodynamic sizes (z-average, R,) for the 1.5d
hybrids are greater than that of the 0.8d hybrids. Note
that the ranking of R, among the four hybrids differs
from that measured by AFM in the dried hybrid
lengths. This could be due to the additional charge
screening lengths associated with the molecular wrap-
ping around the SWNTs in solution. Although the
measured zeta-potentials are all negative, as expected
for the biomolecular coatings at pH 8,2°%° the variation
of the values is significant in 0.5 M NaCl. Due to the large

SHA ET AL.

deviation in zeta-potential, the mobilities calculated also
show significant deviation. The correlation between the
nanopore translocation and the Zetasizer measurements
will be further elucidated in the next section.

Nanocapillary Detection. Resistive pulse sensing was
performed in a nanocapillary configuration.®* Figure 3a
shows the setup which consists of a glass nanocapillary
linking the cis- and trans-chambers of salt solutions.
The nanocapillary terminal which faces the cis-chamber
converges to a nanometer-sized aperture or “nanopore”,
where translocation of hybrids is detected. We perform
translocation studies by adding an aliquot of analyte
solution (~1/10 of the volume of the reservoir salt
solution) in the cis-chamber (see Methods). At 300 mV,
our control studies of molecule-free salt solution and
(AQ);5 show stable ionic current traces with similar
root-mean-square noise levels, /s < 4 pA at 10 kHz.
For BSA molecules, an increase in “noise” is observed at
+300 mV, which may imply the passage of BSA molecules.
However, no well-defined events could be recorded. For
each of the biomolecule—SWNT hybrids, translocation
events are observed when a positive potential is applied
by the electrode inside the capillary. This is consistent with
the negative zeta-potential of the hybrids determined by
Zetasizer, though it differs from ref 32, which showed
reversal translocation of (AC);5—SWNT hybrids ina 1 M
NaCl solution. Since the screening becomes increasingly
dominant at high salt concentration, with greater zeta-
potential variation, it is possible that a net positive electro-
phoretic mobility dominates at 1 M NaCl. Figure 3b dis-
plays typical current traces for each biomolecule—SWNT
hybrid. When an event occurs, a sharp decrease in current
(Al) is observed, indicating the exclusion of ions, by the
physical volume of the hybrid. The current subsequently
returns to the baseline level /g after a duration At as the
hybrid leaves the pore vicinity.

Event Dwell Time At. Studying At and the event
current Al can reveal rich information on the confor-
mation and structure of the translocating molecule.
Figure 4a shows typical scatter plots of translocation
characteristics, Al versus At, for all hybrids. The corre-
sponding histogram analyses are plotted alongside in
Figure 4b,c. These plots seem to only exhibit one
cluster, some having a “tail” extending to longer At
ranges. However, over 80% of the event population
has durations shorter than 0.5 ms for each sample.
We therefore consider the events which lie in the tail
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centration in buffered 0.5 M NaCl solution at pH 8, and +300 mV potential. (b,c) Duration and peak event current for the hybrids.

region to be rare and focus on analyzing the statistics
of At < 0.5 ms. We note that the apparent shape of the
scatter plot can vary between samples for the same
hybrid due to the deviation in dispersion quality (i.e.,
the fraction of isolated SWNT hybrids can vary between
different tests). By separately analyzing the At and A/,
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we aim to establish the correlation between the mea-
sured event signals and the physical characteristics of
the biomolecule—SWNT hybrids.

First, Figure 5a summarizes the measured At for the
different hybrids, with each data point being an aver-
age of five separate tests. The 1.5d-AC hybrid shows a
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Figure 5. (a) Mean At from nanocapillary experiments (left axis) and from Zetasizer measurements (right axis). (b) Schemes
illustrating how the current level may change from (i) steady state /g; to (ii) when an insulating rod is present blocking the flow
of charges with its occupied volume; to (iii) when the rod is replaced with a conducting one, not only inducing ionic current
exclusion but also giving a counteracting electric field. (c) A/, as a function of YR? for different runs of experiments for all
hybrids. Extrapolating the best-fit line for group-1.5d and group-0.8d yields a y-intercept Al*, which we suggest to relate to
the SWNT core polarizability. The dashed line shows the trend with a gradient of 1 and zero intercept.

modal translocation duration of 65 us, in agreement
with ref 32 for the same SWNT and biomolecule
combination. Altering the SWNT length and/or coating
shifts the modal At. As a hybrid is being driven through
the pore, we postulate it to align along the central axis
of the channel to allow efficient passage of the hybrid.
Hence, the total dwell time in the concentrated electric
field region is directly related to the hybrids' length.
Comparing the results from 1.5d-AC and 1.5d-AC-6hr
(i.e., the two hybrids that should share similar molecular
characteristics except for their lengths), a difference is
observed between their translocation times. The ratio
between the average At of 1.5d-AC and 1.5d-AC-6hr is
0.067:0.05~1.34, in agreement with the ratio between
the AFM measured lengths (i.e., L 59_acil15d—Ac—shr =
147:115~1.28). However, this rule does not apply for all
samples, such that the overall ranking of At for the four
hybrids is different from the ranking of the physical
lengths of the dried hybrids as determined by AFM. We
will postulate the reasons for the observed discrepancy in
the Discussion section.

Event Current Al. Next we analyze the result of Al
dependence on the hybrids' properties. The histograms of
Al based on the scatter plots from each hybrid are shown
in Figure 4c. Due to the difference in pore diameter (as
represented by the corresponding baseline Ig), the modal
values of event current vary between different runs, even
for the same hybrid. In our experiment, Al is measured as
the peak change in event current observed during trans-
location. Based on the consideration of ionic blockage, Al
is expected to occur when the whole hybrid has just fully
entered, such that the blockage of charges is most
significant in the field focusing region. Since the hybrids'
length is much greater than the pore diameter, and the
high intensity electrical field lines are concentric to the
capillary axis, they have a high probability to enter with
their longitudinal axis aligned with the capillary axis.
Figure 5b(iii) illustrate such a configuration.

In order to extract meaningful information from the
Al statistics, we model Al by considering the charge
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exclusion effect by only considering the physical occu-
pancy of the hybrid, assumed to be rod-shaped. Treating
the capillary tip as a cone (having a fixed cone angle
tan 6=0.15) with pore radius R, containing a salt solution
of conductivity 5 S/m, we can derive how Al changes with
respect to parameters, such as the radius (R.) and the
length (L) of the hybrid. We approximate Al ~ Yo(Rp)Rg,
where Y, =K,R, "°® A/m?is a geometry-dependent factor
affected by R, the size of the nanopore; K,, ~ 0.108 A/m°?
is the constant prefactor determined by the solution
conductivity and the conical shape of the pore.

Since Ig ~ 0.157g(dy/)R, ~ 0.77R,, (see Methods for
the dependence of /g on R;), we obtain

Al~Y(Ig)R? m

where Y ~ 0.082/5 % A/m?. To test this relation, we
plot the experimental Al, (the modal Al) against YRZ,
where R. is taken as the radius of the hybrids measured
by AFM. Several runs for each hybrid are plotted
together in Figure 5c. The data are located in two
distinct regions: 1.5d-AC and 1.5d-AC-6hr lie in the
upper region (Group-1.5d); 0.8d-AC and 0.8d-BSA lie in
the lower region (Group-0.8d). By a linear fit over the
two regions, the gradients D (dimensionless) are found
to be D ~ 0.9 and D ~ 0.7 for Group-1.5d and Group-
0.8d, respectively. The slopes agree reasonably with
the predicted value D = 1 according to eq 1.

The above analysis predicts that, with R. — 0, it follows
that Al — 0. However, for the two groups of data, extra-
polating the fit to R. = 0 yields an offset Af*. The values of
AF are different: A = 5.1 x 10" A for Group-1.5d and
2.5 x 10~ "" A for Group-0.8d. The offset should have weak,
or no R. dependence, because (1) the modelin eq 1 already
takes into account all geometry effects; (2) for Group-0.8d,
the 0.8d-BSA hybrids have a mean R. = 0.95 nm, and the
0.8d-AC hybrids have a mean R. = 0.65 nm. However, they
both lie on the line having the same offset. On the basis of
these observations, we modify eq 1 as

AI~Y(Ig)R? + AP* (2)
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It is the presence of A which separates the two hybrid
groups in the plot of Al, against YR? in Figure 5¢c. We will
further discuss the significance of this offset A in the
Discussion section.

DISCUSSION

As shown by the Results section, the event dwell
time At and event current Al combination is specific to
a particular SWNT hybrid. However, the correlation is
not straightforward and requires further elaboration.

First, At is clearly a function of other factors in
addition to the length of the hybrids. Since the hybrids
are present in a solution, it may be that the hydro-
dynamic interaction or unspecific binding manifests a
more dominating effect than the lengths of the hybrids
when concerning the values of At. An alternative
explanation accounting for the ranking observed in
Figure 5a can be given by considering the hydrody-
namic size R, and the mobilities Mcompiex Of the hybrids
in solution (shown in Table 1). Taking a simple picture
of a hybrid moving under an applied electric field E, the
drift velocity Vg is determined by Vi = McomplexE-
Thus, the time for each hybrid to travel through a
distance R, is Tr = R,/(McomplexE). Using the R, and
Mcomplex Values determined by our Zetasizer measure-
ments (shown in Table 1), we find the ranking of
R,/(ME) to resemble that of the At measured by
resistive pulse sensing with the nanocapillaries. More-
over, taking E = 10° V/m (i.e., an electric field similar to
that used in our experiments), we find Tz ~ 5—10 us,
which presents a lower limit for At. This is because
Mcomplex is measured as the free-hybrid mobility; con-
finement imposed by the nanopore and the possible
polarization of the charged DNA®” would result in
greater hindrance, thus lowering the translocation
speed.>* On the other hand, At has similar magnitude
to Tg. For translocation of flexible or semiflexible long
chain molecules studied in nanopores with diameters
above 10 nm,®8 At is dependent on the rate of uncoil-
ing of polymer chains®® The rigid structure of the
hybrid means that once the hybrid has the correct
orientation to enter, it traverses the pore channel
readily with small hindrance. We thus suggest that At
for a rigid SWNT—biomolecule hybrid reflects the ratio
between hydrated molecular size and mobility, where
Mecomplex includes factors due to the zeta-potential and
the shape-dependent drag coefficient of the molecule.

For the analysis of the event current, the origin of the
detected offset current, A* in eq 2, also requires
further discussion. One possible explanation for AF*
comes from the intrinsic conduction characteristics of
the SWNTs. As a conducting element is placed inside a
uniform electric field, an opposing electric field is
generated within the element, which reduces or even
cancels out the overall field effects in the vicinity due to
induced polarization.?® This effect is schematically
illustrated in Figure 5b(iii). Such an electric field
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shielding may introduce a further component which
reduces the current level; that is, it increases the
apparent current blockage Al The large diameter
1.5d SWNT cores are of either semiconducting with a
small band gap or of metallic characteristics; this is
because the fundamental band gap, associated with
the eh,; transition is inversely proportional to the
radius of a SWNT (i.e,, E; ~ 1/R)**”° and the fact that
we did not observe emission in PLE for A¢, < 1600 nm.
All the above results indicate the isolated s-SWNTs
present in the P2 hybrids have E4 < 0.77 eV. On the
other hand, the 0.8d SWNTs are enriched with (6,5)
(Eg ~ 2.15 V) and other chiralities with E5 > 1 eV (see
results of Raman and photoluminescence spectroscopies).
Finally, computational simulation by ref 90 has shown
that the polarizability of SWNTs is proportional to the
square of their radius. All of the above analysis seems to
support that the temporary polarization of the SWNT core
may contribute to a value AF* larger for Group-1.5d than
for Group-0.8d.

Another key feature of eq 2 is the gradient for each
data group, where Al is plotted against Y(/g)R2. Agree-
ment between the experimental and predicted gradi-
ents indicates that the net blockage current AI—AF* is
proportional to the cross-sectional area of the hybrid
(ie., Al—=AI* o< R2). The net blockage current results
from the entry of a single molecular hybrid into a pore.
Since the experimental gradients are between 0.9 and
0.7 compared to the theoretical gradient of 1, the
estimation for the radius will have a deviation of
(0.9/1)"2 or (0.7/1)"?, according to eq 2. This yields a
~15% error for R. ~ 1 nm. Therefore, eq 2 can be seen
as a form of “calibration curve”. Once the correlation
between Al and R? is established, rod-like hybrids of
other sizes can be directly measured even for nano-
capillaries of different pore sizes. In other words, using a
fixed SWNT core, provided the interaction between the
SWNTs and the molecules is sufficiently strong, we may
use SWNTs as carriers to detect short DNA oligomer or
polypeptides.

In summary, spectroscopic measurements reveal
doping of the SWNTs by the surface-bound biomole-
cules. The strong interaction associated with SWNT and
DNA or protein molecules underpins the feasibility of
translocating stable hybrids through a nanocapillary
for resistive pulse sensing. The signals resulting from a
nanocapillary detection can then be used to character-
ize the structure of hybrids. The event dwell time
reveals the ratio between hydrodynamic size and
mobility. For the event current, the rigid structure of
the hybrids also allowed us to correlate the peak event
current to the predicted current change induced by the
ionic blockage of a rod. We detect an additional offset
in the event current, assigned to the induced polariza-
tion of the SWNT core. We can thus estimate the cross-
sectional thickness of SWNT—biomolecule hybrids,
even for measurements in nanocapillaries of different
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sizes. This could allow one to compare the resistive
pulse results from different experiments and deter-
mine the nature of the biomolecular binding layer by
adapting a standard SWNT “carrier”. Thus, small DNA
oligomers and polypeptides might be directly analyzed

METHODS

Preparation of SWNT—Biomolecule Hybrids. For carbon nano-
tubes, COMoCAT (6,5)-enriched SWNTs and P2 arc-discharged
SWNTs were purchased from Sigma-Aldrich and Carbon Solu-
tions, respectively. (AC);5 oligomers (Invitrogen) and BSA pro-
tein (Sigma-Aldrich) were wrapped around SWNTs through the
following steps which involve a two-stage sonication. First, a
1 mg/mL SWNT in 0.1 M sodium chloride (NaCl) solution
(Trisethylenediaminetetraacetic acid, or Tris-EDTA buffer, pH
8) was prepared by tip sonication for 2 h (or 6 h) as for refs 13
and 56. Subsequently, this dispersion was mixed with the
biomolecule dispersion (1 mg/mL biomolecule in 0.1 M NaCl,
Tris-EDTA buffer, pH 8) at a 1:1 volume ratio, resulting in a final
concentration of SWNTSs in BSA solution of 0.5 mg/mL. For (AC)s
wrapping, the mixture was left to incubate for 48 h, followed by
sonication in an ice-cooled bath for an additional 2 h. The BSA
was found to achieve optimal coating without incubation
(determined by comparing the absorption spectrum of the
dispersion after incubation for different times). After sonication,
the SWNT—biomolecule hybrids were subjected to centrifuga-
tion (15000g, 30 min) to remove both unstable SWNTs and
hybrids.>®

Atomic Force Microscopy. The diameter of pristine SWNTs was
investigated by AFM studies. The pristine SWNTs were prepared
as follows: 0.5 mg of starting material (CoMoCAT (6,5)-enriched
SWNTs and P2 arc-discharged SWNTs, respectively) was dis-
persed in 30 mL of N-methyl-2-pyrrolidone (NMP) at 15 °C in a
180 W horn sonicator (Branson sonifier, S-450A) for 2 h. The
dispersions were then ultracentrifuged using a TH-641 swinging
bucket rotor in a Sorvall WX-100 ultracentrifuge at 40000 rpm
for another 2 h. For each material, a 1:100 dilution in NMP was
drop-casted on clean standard Si/SiO, substrates and then dried
first at room temperature for 12 h and finally in oven at 70 °C
for 3 h.

AFM of SWNT—biomolecule hybrids was prepared as fol-
lows. The centrifuged conjugate solutions (see procedures
above) were filtered through a 100 kDa filter (Amicon Ultra
Millipore) under 14 000g for 7 min to remove the free (AC);5 or
BSA in solution. The remaining concentrated filtrate was redis-
persed and deposited onto cleaved mica surface (0.5 M MgCl,
treated). All the atomic force microscopicimages were obtained
under the tapping mode. The obtained images were then
analyzed with Gwyddion.

Raman Spectroscopy. As-received SWNT powders were depos-
ited on a SiO,/Si substrate. The hybrids were also drop-cast on
300 nm SiO,/Si substrates and left to evaporate at room
temperatures. Raman spectra were acquired at 514.5 and
632.8 nm using a Renishaw InVia micro-Raman spectrometer.
The power on the samples was kept <1 mW in order to avoid
possible heating effects. We used Renishaw Holographic Notch
Filters having ~50 cm ™" cut off frequency at 514.5 and 632.8 nm.

Photoluminescence. PLE of the dispersions was carried out
using a Horiba Jobin-Yvon excitation—emission spectrofluo-
rometer (Fluorolog 3). We used a 14.7 nm slit for the double
grating excitation monochromator and 60 nm for the single
grating emission monocromator blazed at 1200 nm. The scan
step was 5 nm for 400—680 nm excitation, covering the eh,; range
of our nanotubes.”>”® The PL data were corrected by background
subtraction and normalized according to the lamp intensity profile
using the same excitation slit. The optical absorbance of the
SWNT—biomolecule hybrid samples in water was adjusted by
dilution using water to ~0.1—0.2 to avoid reabsorption effects.

Translocation Experiment. All nanocapillaries were produced
by Pipette Puller P-2000 using quartz glass with an outer

in a large conventional unmodified solid-state nano-
pore, paving the way to the understanding of generic
inorganic—organic hybrid transport through nanopores
and allowing for analysis of a wide range of molecules
that can be bound with SWNTs.

diameter of 0.5 mm and a wall thickness of 0.1 mm. Pulling
parameters were optimized to obtain nanopore openings be-
tween 13 and 60 nm. The capillary—PDMS fluid cell was con-
structed as shown in Figure 3a. Electrical potentials were delivered
by Ag/AgCl electrodes placed separately at the cis- and trans-
chamber. The fully constructed cell was then cleaned using oxygen
plasma and then filled with salt solution using a desiccator.

For all ionic current measurements, we used an Axopatch
200B (Axon Instruments, USA) amplifier in voltage-clamp mode
with the internal four-pole Bessel filter at 10 kHz bandwidth.
Real-time current/voltage traces were recorded using PClamp10.0.
These current—time traces were then analyzed in Clampfit to
determine the event current and event dwell time. For blank salt
solutions, Figure Sl1a shows a slightly asymmetrical I—V curve
characteristic to the conical pore configuration.

The inner diameter, d;, of the nanopore can be estimated
through a simplified equation for conical nanocapillaries:*° d; =
4G,pl/mgdy. Here, lis the length (in unit of meters) of the conical
part, dy, the diameter (in meters) of the capillary before starting
to converge, g the specific conductance (in S/m) of the salt
solution, and G, the nanocapillary conductance (in S). In our
case, | = 0.001 m and d, = 3 x 10~* m. Measurements were
performed in 0.5 M NaCl salt solutions (Tris-EDTA buffer, pH 8),
thus g = 5 S/m (measured by Mettler Toledo pH/ion meter
SevenMulti 580). G, is the ratio between the open pore baseline
current (lg) to the voltage (300 mV), that is, Gcop = /8/0.3 S. The
translocation events were detectable when [z ~ 5—24 nA,
equivalent to pore diameters in the 13—60 nm range. For
translocation experiments, the number of events in each run
ranged between 400 and 3000.
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