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ABSTRACT: To be considered as a promising candidate for
mimicking biological nanochannels, carbon nanotubes (CNTs)
have been used to explore the mass transport phenomena in recent
years. In this study, the single nucleotide transport phenomena are
comparatively studied using individual CNTs with a length of ~15
pum and diameters ranging from 1.5 to 2.5 nm. In the case of CNTs
with a diameter of 1.57—1.98 nm, the current traces of nucleotide
transport are independent with the metallicity of CNT's and consist of
single peak current pulses, whereas extraordinary stepwise current
signals are observed in CNT with a diameter of 2.33 nm. It suggests
that there is only one molecule in the nanochannel at a time until the
diameter of CNT increases to 2.33 nm. Furthermore, it also
demonstrates that the single nucleotides can be identified statistically
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according to their current pulses, indicating the potential application of CNT-based sensors for nucleotides identification.
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B iological nanochannels play an important role in various
physiological processes. Facilitated by the significant
advancements of nanotechnology, numerous artificial nano-
channels have been fabricated to mimic the biological
nanochannels.'® Among them, carbon nanotubes (CNTs)
have emerged as a competitive nanochannel due to the
attractive advantages such as simple structure, uniform
composition, large aspect ratio, and hydrophobic inner wall
and can serve as a natural subfive-nanometer nanochannel
without any special processing.”’

For these features, many interesting and exceptional physical
phenomena have been revealed, such as enhanced water
transport”™"' and ion mobility,'* extreme phase transition
temperatures of water,”” ion selectivity,”' "'
relation between ionic conductance and concentration,
and strong electroosmotic coupling.'® In particular, the

power-law
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coherent resonance of ions in a ~500 pm long single-walled
carbon nanotube (SWCNT) was observed by Strano’s
group.'”™*" However, the ions in the electrolyte might
interfere with the analysis of other molecules in this system.
Compared with water and ions, the experimental studies
involving biomolecular transport in CNT are rarely reported,
and the results deviated from each other greatly. Lindsay’s
group reported the translocation of DNA oligomers through a
2 pm long SWCNT.*>** Different from Strano et al.’s results,
the electrolyte solution permits a steady current trace in their
system, while DNA translocation produces electroosmotic

© 2022 American Chemical Society

7 ACS Publications

2147

current pulses. After that, ultrashort SWCNT (~10 nm)
suspended in a planar lipid bilayer was utilized to detect
modified 5-hydroxymethylcytosine in single-stranded DNA.'*
In contrast to the current-increasing pulses obtained by
Linsay’s group, DNA translocation induces current blockages
in this platform.

Upon the achievements concerning water and ions, most of
the transport phenomena are strongly nanochannel diameter-
dependent. Thus, it is reasonable to suspect that CNT
diameter may affect DNA translocation. Furthermore, most
studies on nucleotides distinguishment using solid-state
nanopores focused on minimizing the interaction regions
between nanopores and nucleotides,”* ™" it is still an
unexplored territory to differentiate single nucleotides using
CNT in a micrometer length.

Herein, the single nucleotides transport phenomena were
studied comparatively using individual CNTs with a length of
~1S pm and diameters ranging from 1.5 to 2.5 nm. First, the
kinetics of ion transport in CNT were investigated via scanning
the time- and ion strength-dependent I-V curves of CNTs.
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Figure 1. (a) Schematic diagram of single nucleotides transport through a CNT nanochannel. (b) The photograph of a CNTchip. (c) SEM image
of the microchannels on the top of CNT. (d) SEM images of a CNT and the barrier on it before and after plasma treatment. The length of the

barrier is about 12.56 pm.
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Figure 2. Time and concentration dependence of ion transport phenomena in SilkB7%. (a) The variations of ionic conductances in different
concentrations of KCI buffers (buffered with 10 mM Tris and 1 mM EDTA at pH 8.0) over time. (b) I-V curves of SilkB7* at KCI concentrations
of 0.01, 0.1, 0.5, and 1 M after being immersed in a buffer for 8 h. Inset: The ionic conductance as a function of KCI concentration.

Whereafter, the dGTP transport was observed, and the current
pulses derived from the electroosmotic effect were revealed
associated with the CNT diameter and charged groups at the
tubal ends. Finally, for all four types of nucleotides, we
demonstrated the amplitudes and dwell times of the current
pulses were strongly correlated to their properties in a 1.85 nm
CNT. Results indicated the potential application of CNT-
based sensors for nucleotides identification. Figure la exhibits
the schematic diagram of single nucleotides transport through
a CNT.

Figure 1b is a photograph of a CNT-based chip. The SEM
images of the microchannels and barrier area before and after
plasma treatment (Figure 1c,d) indicate there is only one
open-ended CNT nanochannel under the barrier. No knotting
and twisting are found from the fabricated portion of the
CNTs (Figure Sla). The SEM images of all the barriers before
and after plasma treatment and the AFM images of the CNTs
and their corresponding profiles are shown in Figure S1b-c and
Figure S2. The lengths of the barriers and the diameters of
CNT are listed in Table SI.

B TIME AND CONCENTRATION DEPENDENCE OF
ION TRANSPORT PHENOMENA IN CNT

In order to explore the ion transport and associated ionic
equilibrium feature in CNTs, the time and concentration
dependence on ionic conductance (Giyy.) in SilkB7* were
studied in KCl buffer. The initial G, was measured after the
introduction of buffer into microchannels for several minutes.
Beyond our expectation, the -V curve characters are similar
to that of open-circuit, indicating no ionic passage through
CNT. It demonstrates the inner wall of the hydrophobic CNT
is not wetted immediately by a buffer. Whereafter, G, was
measured with an interval of 2 h for a total of 22 h. The G,
of this CNT increases gradually with the increase in time and
reaches equilibrium in 8 h at all buffer concentrations (Figure
2a), suggesting the wetting and ionic equilibrium in the CNT
follows slow kinetics.

Since the ion mobility was reported to be enhanced in
CNTs,”'” it rules out the possibility of the decrease in the ion
diffusivity in such small channels. Bocquet et al. postulated that
the inner surface of CNT is negatively charged due to the
chemisorption of hydroxide.”® Besides, all available cation sites
of the negatively charged surfaces in nanochannel are reported
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Figure 3. Voltage dependence of dGTP transport phenomena in SilkC8". (a) Continuous 50 s characteristic current traces in the absence and
presence of dGTP under different applied voltages. (b) Scatter plots of the amplitudes vs dwell times and corresponding normalized histograms.
Inset: The dependence between event frequencies and applied voltages. (c) The dependence between dwell times and applied voltages. (d) The
dependence between amplitudes and applied voltages. The red circles indicate the larger amplitudes (Population I), and the green squares indicate
the smaller amplitudes (Population II). The experiments were performed with 1 M LiCl buffered with 10 mM Tris and 1 mM EDTA at pH 8.0.
The concentration of dGTP was 100 pM. The applied voltages were +400, + 500, and +600 mV, respectively. The diameter and length of the CNT

were 1.57 nm and 16.17 ym, respectively.

to be occupied first by protons, and their diffusivity is higher
than other cations.”””’ Thus, it takes a relatively long
procedure to replace the protons for other cations, resulting
in a time dependence on Gy, On the other hand, although
the rate of cation exchange is reported to be increased as the
cation concentration increased,’’ the durations for equilibrium
in our system seem almost the same under all concentrations,
and the mechanism is unclear at present. The time dependence
on G, was also observed for SilkC8" in 1 M LiCl buffer. The
Gignie increases gradually with time elapsed and reaches the
equilibrium in 10 h immersed into buffer (Figure S6a). A 2 h
delay for equilibrium is likely a consequence of the smaller
diameter of SilkC8".

To further reveal the effect of ionic strength on ion transport
properties in CNT, the I-V curves of different concentrations
at 8 h are compared in Figure 2b. The I-V curves of SilkB7"*
show a primarily linear and slight asymmetric character under
positive and negative voltages. Considering the structural and
compositional uniformity of CNT, this may be due to the
asymmetry of the anionic carboxylic groups on the rims of the
plasma-treated CNT.”*”* In contrast to SilkB7%, the -V
curves of SilkC8" in 1 M LiCl buffer possess a good linear and
symmetric relationship versus applied voltages (Figure S6b),
which means the charge distribution on both tubal ends is
symmetric. In addition, similar to the previous report, the
change of G, with buffer concentration follows a power
function (Figure 2b, inset), revealing a strong coupling
between water and ion transport in the nanochannel.'®
Moreover, the exponent is 0.707 in our case, slightly higher
than 2/3, indicating the enhancement effect on electroosmotic
coupling in our CNT system.'®
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B DIAMETER DEPENDENCE OF DGTP TRANSPORT
PHENOMENA IN CNT

To clarify the role of diameter in nucleotide translocation,
dGTP in four CNTs (d = 1.57, 1.85, 1.98, and 2.33 nm) was
investigated. For SilkC8" (d = 1.57 nm), the characteristic
current traces in the absence and presence of dGTP in the
electric field are represented in Figure 3a. Upon observation,
the addition of dGTP to the cis channel produces coherent
single peak current pulses. This observation indicates the
translocation is actuated by electroosmotic flow rather than
electrophoretic force, consistent with the phenomena observed
by Lindsay’s*>** and Chen’s group.”® Statistical scatter plots
and corresponding histograms are shown in Figure 3b. The
event frequency (F) increases from 4.17 to 11.20/min with the
increasing voltage from +400 to +600 mV (Figure 3b, inset).
Furthermore, the dwell times are exponentially distributed with
time constants of 88.65 + 3.21,44.37 + 3.01, and 16.60 + 1.24
ms at +400, +500, and +600 mV, respectively, which decreases
linearly with the increase in applied voltage (Figure 3c). The
increasing event frequency, as well as decreasing dwell time,
indicates the signals are attributed to the translocation of
dGTP through CNT.*

Unlike the single distribution of amplitudes in SilkD2* (d =
1.85 nm) and SilkC5* (d = 1.98 nm), dGTP generates two
amplitude populations (both in Gaussian distribution) in the
1.57 nm CNT wunder all applied voltages (Figure 3b).
Population I located at 9.77 + 0.040, 28.11 + 0.064, and
42.37 + 0.32 pA, respectively, linearly increase with the
elevation in applied voltage (Figure 3d, red). Meanwhile,
Population II located at 6.40 + 0.031, 22.95 + 0.18, and 28.15
+ 1.01 pA, respectively, exhibiting a nonlinear dependence on
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Figure 4. dGTP transport phenomenon in SilkD4". (a) Continuous 30 s characteristic current traces in the absence (top) and presence (middle) of
dGTP. The bottom panel: the mean currents of levels extracted from the middle panel. The green lines indicate the original current traces, and the
red lines indicate the current traces filtered by a 200 Hz filter. (b) The histogram of current differences between two adjacent levels was extracted
from 10 min of the current trace. (c) The histogram of dwell times of each single step level was extracted from 10 min of the current trace. The
experiments were performed with 1 M LiCl buffered with 10 mM Tris and 1 mM EDTA at pH 8.0. The concentration of dGTP was 100 pM. The
applied voltage was +400 mV. The diameter and length of the CNT were 2.33 nm and 15.85 ym, respectively.

the applied voltage (Figure 3d, green). One plausible
explanation for the generation of population II is that some
counterions combined with the dGTP are stripped oft due to
the steric hindrance'” and increased ﬁee—energy barrier for
molecules entering into a small diameter CNT.>

The transport phenomena of dGTP in SilkCS* (d = 1.98
nm) and SilkD2* (d = 1.85 nm) were also analyzed. The
current traces and the shape of characteristic pulses in the two
CNTs are similar to that in SilkC8* (Figure S8a and Figure
Sb). Figure S8a also displays that the event frequency increases
sharply with the increase in applied voltage from +300 to +400
mV, suggesting the electric field force dominants the
interactions between dGTP and CNT. The data show the
average amplitudes in Gaussian fitting are 74.86 + 0.092 and
116.77 + 0.25 pA, while the most probable dwell times in
exponential fitting are 1576.40 + 229.02 ms and 1023.38 +
12121 ms, respectively (Figure S8b). Surprisingly, the
interaction between dGTP and SilkCS* lasted for more than
a second, much longer than that with other CNTs. Noticed
that this CNT experienced longer plasma treatment, the
extraordinary long dwell time might be attributed to the
stronger interaction between dGTP and excess carboxyl groups
at both ends of SilkC5". Details of dGTP transport in SilkD2"
will be discussed in the next section.

In CNTs with an inner diameter less than 2 nm, the
transport phenomena of dGTP are similar to the ion transport
reported by Strano’s group.'””’ Namely, there is only one
molecule/ion in the nanochannel at a time, and the next
molecule/ion gathered beside the mouth of CNT will enter the
tube only after the existing molecule/ion emerges from the
other side. Under this principle, the highly synchronized and
rhythmic current signals are generated by dNTP/ion transport
in CNT. Out of our expectation, the extraordinary stepwise
current signals are observed in SilkD4" (d = 2.33 nm) (Figure
4a, middle). The current trace in the absence of dGTP is
shown in the top panel of Figure 4a for comparison. The
bottom panel of Figure 4a shows the mean currents of levels
extracted from the middle panel. Ten mins of the current trace
were statistically analyzed for the distribution of the amplitudes
and dwell times. The histogram of current differences between
two adjacent levels is shown in Figure 4b, and the color lines
indicate the Gaussian fit. The current increase (positive values)
and decrease (negative values) are defined as the entrance and
exit of dGTP(s), respectively. Interestingly, the peak values for
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entrance and exit are almost symmetric, which locates at 80.57
+ 2.62, 24.58 + 0.95, —24.21 + 1.21, and —83.38 + 3.18 pA,
respectively. According to the previous analyses from other
CNTs, we presume the data distributed around 24.58 + 0.95/
—24.21 + 1.21 pA signify the entrance/exit of one dGTP. The
calculated probabilities for one molecule entrance and exit are
~88.25%. Thus, the data distributed around 80.57 + 2.62/—
83.38 + 3.18 pA indicate the entrance/exit of an aggregation of
3—4 dGTPs, and the probability for this situation is ~12%.
Considering the current trace is asymmetric, the molecules are
supposed to experience a reaggregation in the nanochannel.
Moreover, the event frequency of positive values (11.4/min) is
very close to that of negative values (12.5/min) (Figure 4b),
suggesting the opportunities for entrance and exit in these two
states are almost the same. The statistical dwell times of each
current level in exponential distribution are presented in Figure
4c, and the most probable dwell time is 1564.02 + 125.56 ms.
In terms of metallicity dependence study, it is difficult to find a
clue about the relationship between the CNT metallicity and
DNA translocation according to the present analyses.

Since the signal-to-noise ratio of our CNT chips was
comparatively low, a similar chip was fabricated with a
quartzose substrate considering its lower capacitance.35 Indeed,
the current traces and the power spectral density (PSD) plots
(Figure S9a-b) demonstrated the noise level was decreased
significantly in quartzose chips compared to silicon-based
CNT chips. Unfortunately, we did not observe any transport
event through this CNT. Furthermore, it was hard to grow
CNT with desired diameter and length on the quartzose
substrate, which limited the current application. However, a
novel transfer method could be used to obtain the desirable
CNT on quartzose substrate.*® In this case, the ideal chips with
improved signal-to-noise are expected to be achieved based on

this technology.

B NUCLEOTIDE-DEPENDENT TRANSPORT
PHENOMENA IN CNT

Previously, the translocation events of dGTP have been
reported in a 2 um long CNT by Lindsay’s group.”” However,
the transport phenomena of other types of nucleotides in CNT
are still unexplored territory. Therefore, the current traces of all
four types of nucleotides in SilkD2", a double-walled CNT
with an inner diameter of 1.85 nm, were recorded to reveal the
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Figure 5. Molecular structures and translocation of dNTP in SilkD2*. (a) Molecular structures of bases and dNTP. (b) Characteristic current
pulses of NTPs (Top) and continuous 20 s characteristic current traces in the absence and presence of dNTPs (Bottom). (c) Scatter plots of the
amplitudes vs dwell times and corresponding normalized histograms. The experiments were performed with 1 M LiCl buffered with 10 mM Tris
and 1 mM EDTA at pH 8.0. The concentrations of dNTPs were 100 pM. The applied voltage was +400 mV. The diameter and length of the CNT

were 1.85 nm and 12.56 pm, respectively.

differences in their transport phenomena and explore the
potential application of CNT-based sensors for nucleotides
identification. The molecular structures of bases and
deoxyribonucleotide triphosphate (ANTP) are illustrated in
Figure Sa.

As illustrated in Figure Sb, all types of single nucleotides
generate single peak current pulses under the applied voltage of
+400 mV. Besides, the characteristic signals depend on the
type of the single nucleotide (Figure Sb, top). The scatter plots
of the four types of single nucleotides are distinguished, and
the amplitudes of dGTP, dATP, dTTP, and dCTP are 69.29 =+
0.074, 47.79 + 0.056, 46.28 + 0.094, and 18.70 + 0.065 pA,
respectively (Figure Sc), correlating with the volume of each
nucleotide (G: 359 A3 A: 349 A% T: 339 A% C: 324 A%).”7
Nevertheless, the dwell time of dGTP, dATP, dTTP, and
dCTP are 11.62 + 0.084, 25.62 + 0.13, 523 + 0.031, and
22.85 + 0.37 ms, respectively, which are entirely irrelevant to
their volume. In the 12.56 ym CNT, the transport velocities of
dGTP, dATP, dTTP, and dCTP are calculated to be 1082,
491, 2400, and 551 nm/ms, respectively, which are more than
2 orders of magnitude higher than those in MoS,”* and SiN,
nanopores.”””” The enhanced rate agrees well with earlier
studies for mass transport in CNTs, which could attribute to
the frictionless slipping, large slip length, and confinement
effect in hydrophobic nanochannels.*~'* Note that the dwell
time of dTTP is much shorter and that its distribution is
narrower than other nucleotides. The difference appears to be
attributed to the presence of the methyl group (—CHj;) in
dTTP, which increases the molecular hydrophobicity and
decreases the interaction between dTTP and the hydrophilic
groups (—OH, —COOH, etc.) on CNT.*** In contrast, the
dwell time of dCTP, the other pyrimidine-based nucleotide, is
much longer and with a broad distribution, which may arise
from the complex interactions resulting from the small volume,
electrostatic interactions, and hydrogen bonding.*

According to the average amplitude (I) and the most
probable dwell time (t), the average number of charges (n)
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contained in each spike can be deduced by n = I X t/e, where ¢
represents the elementary charge. As listed in Table S1, the
number of charges for our CNTs ranges from 10° to 10%/spike,
almost the same order of magnitude as the values obtained for
dGTP** and 60 nt oligomer™ (~107/spike, Lindsay’s group).
Such enormous electroosmotic current cannot be simply
attributed to the additional ions carried with the single
nucleotide but is likely to arise from large changes in the
concentration polarization outside the tubes.””*" Because of
the indigent researches on the phenomenon, more theoretical
and experimental investigations are desiderated to explore the
underlying mechanisms.

It is a rather difficult and exciting experiment to fabricate the
CNT chips. We only monitored stable current baseline in 6 out
of 15 successfully fabricated chips combined with electronic
force to drive nucleotides transport across these nanochannels.
In our results, only 4 of them were observed the transport
events. The ionic current of the 6 CNTs display no
relationship with their diameters and metallicities (Table
S1), and their giant ionic currents are likely a consequence of
the nearly frictionless flow of water inside the CN'Ts.*!

Furthermore, SilkD2* was the only chip in which the current
traces of all four types of nucleotides were recorded. One
reason is that SilkD2* was the only survivor without leaking
issue after many times of rinse. On the other hand, it may be
due to the unique character of each CNT, which makes the
transport phenomena observed in our experiment relatively
CNT individual-independent. This problem should be avoided
if chips are fabricated by different portions of the same CNT."*
Indeed, many obstacles are waiting to conquer (ie., the
robustness of the chip), and we would like to share our
available results with the researchers working in this field,
which may accelerate the pace to touch the fascinating
application in the nanofluidics regime.

In conclusion, CNT-based nanochannels were fabricated
using standard photolithography. The time and concentration
dependence of ion transport in CNTs were studied by
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investigating the variation of G, and the shape of I-V
curves. Results demonstrate that the inner surface of CNT is
negatively charged, resulting in slow kinetics of ionic
equilibrium in the nanochannel. Meanwhile, the electro-
osmotic coupling effect was enhanced in CNT, leading to a
power-law relation between the ionic conductance and
electrolyte concentration, with a power exponent close to 2/
3. Furthermore, the diameter dependence of dGTP transport
in CNTs was observed. For narrow CNTs, single peak current
pulses were the only component of the current traces. It was
hypothesized there is only one nucleotide in the nanochannel
at a time. In particular, based on the stepwise current levels
extracted from the current trace of a 2.33 nm CNT, multiple
nucleotides may exist in the CNT nanochannel at the same
time, and there is a probability of ~12% for the entrance of
aggregated dGTPs. Finally, four types of single nucleotides can
be identified according to the nucleotide-dependent current
pulses through the same CNT. It is expected to elucidate the
underlying mechanism accounting for these phenomena based
on both experimental and theoretical investigations.
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