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Introduction

Versatile cyclodextrin nanotube synthesis with
functional anchors for efficient ion channel
formation: design, characterization and

ion conductancet

Hajar Mamad-Hemouch,? Laurent Bacri, () * Cécile Huin,? Cédric Przybylski, (°
Bénédicte Thiébot, Gilles Patriarche, &2 9 Nathalie Jarroux*? and Juan Pelta (2 *?

Biomimetic ion channels with different materials have been extensively designed to study the dynamics in
a confined medium. These channels allow the development of several applications, such as ultra-fast
sequencing and biomarker detection. When considering their synthesis, the use of cheap, non-cytotoxic
and readily available materials is an increasing priority. Cyclodextrins, in supramolecular architectures, are
widely utilized for pharmaceutical and biotechnological applications. Recent work has shown that short
nanotubes (NTs) based on alpha-cyclodextrin (a-CD) assemble transient ion channels into membranes
without cytotoxicity. In this study, we probe the influence of new cyclodextrin NT structural parameters
and chemical modifications on channel formation, stability and electrical conductance. We report the
successful synthesis of - and y-cyclodextrin nanotubes (3-CDNTs and y-CDNTs), as evidenced by mass-
spectrometry and high-resolution transmission electron microscopy. CDNTs were characterized by their
length, diameter and number of CDs. Two hydrophobic groups, silylated or vinylated, were attached
along the y-CDNTs, improving the insertion time into the membrane. All NTs synthesized form spon-
taneous biomimetic ion channels. The hydrophobic NTs exhibit higher stability in membranes.
Electrophysiological measurements show that ion transport is the main contribution of NT conductance
and that the ion energy penalty for the entry into these NTs is similar to that of biological channels.
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sequencing,
peptide and protein detection,

single molecule mass spectrometry,

722728 protein unfolding,?~*?

Biological channels, with electrical detection, are extensively
used to sense ions, polymers and biomolecules."™ These
highly reproducible recombinant channels are selective, sensi-
tive and stable within a lipid membrane. The net flow of water
through a channel depends on ion selectivity and applied
voltage sign, and influences the dynamics of the molecules.®™"!
Recently, the control of the electro-osmotic flow through a
protein channel has been used to capture and detect several
peptides as biomarker models.'> This method has been the

basis for numerous applications including ultra-fast DNA/RNA
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and real-time enzymatic assay.'®**7°

For the past two decades, numerous teams have designed
and manufactured new biomimetic channels striving to obtain
the same sensitivity and selectivity as biological channels. To
achieve this, improved environmental resistance to applied vol-
tages or chaotropic agents and pressure and an increase in the
observation scale, from sequence determination to particle
detection, are sought.’’”*® Thanks to the recent advances in
nanotechnology and materials science, new classes of bio-
mimetic nanopores have emerged. Among them, drilled solid-
state membranes based on silica,** polymer®* or graphene®***
materials have been used for DNA sequencing,”™*”
detection,*®>°
formational change observation, and protein biomarker
models.>>*® Nevertheless, these nanopores are limited by high
production cost, a lack of selectivity, low responsiveness to
stimuli and low reproducibility. Bio-inspired synthetic nano-
pores with natural bilayers or with protein scaffolding have
also been used to mimic protein translocation®® and the
nuclear pore complexes.®? Other synthetic channels have been

viral

micro-RNA identification,®® protein size or con-
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designed from macrocycles,” peptides®® and more recently
using surface functionalized ordered hybrid porous solids®>*®
to control the ionic conductance and selectivity in lipid
membranes.

The fast development of DNA origami created a need for
the development of tri-dimensional DNA nanopores.®” These
nanopores have been used to unzip the DNA hairpin®® to study
DNA translocation® for the controlled transport of charged
molecules through the molecular valve.”® The open and closed
state of these channels can be controlled by applied voltages.”*
Hydrophobic molecules, such as cholesterol or porphyrin,
have been used as lipid anchors for lipid membrane insertion
of these biomimetic ion channels’>”* and also for thermo-
phage portal protein.”* Recently, short carbon nanotubes
inserted into lipid membranes have been used to study ion
transport and DNA translocation.”””® Nevertheless, cytotoxicity
remains a major concern with these DNA and carbon bio-
mimetic channels.””"”®

To overcome this hurdle, we previously decided to use
natural and biocompatible molecules, such as cyclodextrins
(CDs), to manufacture short nanotubes to form biomimetic
ion channels.”” Modified CDs are well-known to form tran-
sition-conducting channels®*®* and have also been used as
molecular adaptors to improve the sensitivity of the nanopore
itself.*® CDs are natural cyclic oligosaccharides obtained by
enzymatic conversion of starch. Their cavity sizes depend on
the number of glucopyranose units, i.e. 6, 7 or 8 corresponding
to a-, B- or y-CDs, respectively. They are soluble in aqueous
solution and can easily encapsulate molecules inside their
hydrophobic cavity.®® Cyclodextrins are versatile platforms
which can be functionalized®” or used in supramolecular
assemblies.®® Their interesting properties are extensively used
in pharmaceutical, food, cosmetic and textile industries such
as in drug formulation, nucleic acid delivery or in bioconver-
sion processes.®”® Recently, we successfully manufactured
and characterized short biomimetic NTs based on a-CD with a
sub-nanometric diameter.”” We showed that these NTs form
spontaneous transient ion channels in lipid membranes, the
conductance of which was mainly due to the transport of ions.
Interestingly, under our previous experimental conditions,
these NTs did not alter the mitochondrial dehydrogenase
activity or the morphology of living cells.

The next challenge is to establish a general synthesis
pathway to obtain versatile nanotubes with controllable struc-
tural parameters and ionic conductance that are more stably
inserted into lipid membranes.

Here, we successfully designed a user-friendly and reliable
route to build new p- and y-CD based nanotubes (B-CDNTs and
y-CDNTs) and functionalized y-CDNTs with hydrophobic
group anchors. Until now, few studies have reported polyrotax-
ane synthesis based on low threading rate p- and y-CD mole-
cules along the polymer.”’®> The main challenge is to limit
the CD unthreading during their synthesis.”® To the best of
our knowledge, the design and the synthesis of p-CDNTs and
y-CDNTs have not been reported yet. Thanks to a radical coup-
ling reaction optimization previously described®” and suitable

operating conditions, CD-based polyrotaxanes can be syn-
thesized faster and used as precursors for NT construction.
These supramolecular assemblies lead to biomimetic ion
channels, which are systematically characterized by mass-spec-
trometry, high-resolution transmission electron microscopy
and electrophysiological measurements.

Results and discussion

Design, synthesis and characterization of f- and y-cyclodextrin
nanotubes

The general route to produce CDNTSs from polyrotaxanes based
on f- and y-CDs consists of four reaction steps: (1) formation
of an inclusion complex called pseudopolyrotaxane which con-
sists in CDs threaded on a polymer chain; (2) addition of bulky
pyrene groups at each end-chain leading to a polyrotaxane; (3)
formation of the NTs by covalently bridging each CD and; (4)
hydrolysis of the blocking groups leading to the NTs. Taking
CD’s cavity sizes and the kind of polymer into account, our
synthesis route (Fig. 1) permits us to manufacture single-
stranded polyrotaxanes. Polyrotaxanes are made from poly
(propylene oxide) (PPO) and -CD and also from poly(isobutylene)
(PIB) and y-CD leading, respectively, to f-CDNT and y-CDNT
formation. This route also permits us to synthesize double
stranded polyrotaxanes such as two poly(ethylene oxide) (PEO)
and y-CDs leading also to y-CDNT formation.

Cyclodextrin nanotubes with various constitutive elements
were synthesized i.e. B-CD and PPO with a molecular mass of
2000 g mol™" (B-CDNT2000), y-CD and PIB with a molecular
mass of 2300 and 20000 g mol ' (y-CDNT2300 and
y-CDNT20000, respectively) and y-CD with two chains of PEO
for a molecular mass of 1000 g mol™" (y-CDNT1000"). The syn-
thesis of a-CDNTs has been previously described;”® the prepa-
ration scheme is recalled in ESI Scheme S1.7

MALDI-TOF MS analysis is performed both in linear and
reflector modes to probe the various mass distributions and to
attribute each peak in relation to the diversity of the structural
content. These spectra successfully show the expected general
structure of polyrotaxane. Each distribution of the spectrum
presents a population of polyrotaxane composed of a given
number of CDs. Similarly, each peak within a given distri-
bution reflects both the polydispersity of the polymer and vari-
able numbers of bridges between the CDs. Such results are of
prime importance to ensure that the threading rate of CDs on
the polyrotaxane molecules is enough to allow an efficient NT
synthesis. For CDNTs reported herein, MALDI TOF MS spectra
acquired in linear mode offer a good snapshot of the sample
content as reported in Fig. 2-4. Such spectra show that each
center of mass distribution is 1295.5 Da (Fig. 2 and 4) and
1134.3 Da (Fig. 3) matching with the molecular weight of y-CD
and B-CD, respectively. The analysis in reflector mode gives an
opportunity to obtain fine structural data for a given distri-
bution, especially on the modifications occurring on the
primary and secondary rims of CDs (detailed description in
the ESIf). The analysis of high mass nanotubes by this tech-
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Fig. 1 Summary of the polyrotaxane synthesis route as precursors of f-CDNT2000 and y-CDNT1000"/20000 and characterization results obtained
by MALDI-TOF MS. - or y-CDs are represented in red, the a—o diallyl polymer is colored in black and the pyrene-based blocking groups are colored
in blue. (a) Pseudopolyrotaxane synthesis, (b) polyrotaxane synthesis and (c) positive MALDI-TOF mass spectrum of PR involving CD and PIB 2300
obtained in linear mode. PR was mixed with THAP/TMG, in DMF.°® Even if lithium and potassium adducts were also observed, some examples of
putative assignment were given considering only prominent sodiated ions for clarity and the sulfate content in CDs (xS) as follows: Py(H)-
(CHz(CH3)2)1o—(H)py (D), Py(H)—(CHz(CH3)2)1o—(S)Py (<>), Py(s)—(CHz(CHs)z)lo—(s)Py (O), Py(Py)—(CHz(CH3)2)1o—(H)Py (V), Py(Py)—(CHz(CHs)z)lo—(S)Py
(%) and Py(Py)—(CH2(CHz),)10—(Py)Py (*). Further details are given in ESI Table S1.1

nique remains very difficult to perform. To obtain the best
resolution, we have tested several matrices. Moreover, we have
observed, under our experimental conditions, up to six cyclo-
dextrin units by using nanotubes.

The manufactured NTs from the polyrotaxane populations
are also analyzed by High-Resolution Transmission Electron
Microscopy (HRTEM) to overcome mass limitation. Indeed,
quantitative structural parameters were obtained by HRTEM
experiments with y-CDNT2300, y-CDNT20000, B-CDNT2000
and y-CDNT1000". The statistical analysis of the structural
parameters extracted from the HRTEM pictures leads to distri-
butions of NTs as a function of their lengths and diameters
(Fig. 2-4). Thus, data obtained reveal average lengths of 2.4 +
0.7 nm with 4 + 2 y-CDs, 4.4 + 0.9 nm with 8 + 2 y-CDs and
3.2 + 1.1 nm with 5 + 2 y-CDs for y-CDNT2300, y-CDNT20000,
and y-CDNT1000", respectively. (B-CD based NTs ie.
f-CDNT2000 present a length of 2 + 0.4 nm with 3 + 1 p-CD.
The average values gathered from Gaussian fits of each distri-
bution are shown in Table 1. Using y-CDNT2300 and
y-CDNT20000, we observe that y-CDNT20000 is twice as long

as y-CDNT2300 while we would have expected it to be longer.
This surprising result could be explained by the behavior in
solution of the PIB versus the CDs, leading to the unthreading
of CDs during the polyrotaxane synthesis step (Fig. 1a). We can
interpret that during the nanotube synthesis i.e. crosslinking
between CDs, a part of the CD assembly might have been sep-
arated from PIB moieties, evidenced by the turbid solution in
water (bad solvent conditions). We hypothesize that CDs
would get closer to each other, and therefore they would cross-
link, thereby reducing the nanotube length.

Now, we compare the diameters of y-CDNT2300 and
y-CDNT1000" (Table 1). They have a diameter of 4.2 + 0.4 A
and 3.6 + 0.5 A, respectively. This slight difference of the dia-
meter is linked to the synthetic pathway. Even considering that
these results are close enough, the values might show that
y-CDNT1000"” undergoes a possible diameter restriction and
an elongation of the CD length. It could be due to the twist
effect generated by the flexibility of yCDs and the use of two
PEO chains instead of a single PIB chain for y-CDNT2300. To
improve the insertion time of the nanotubes inside lipid mem-
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Fig. 2 HRTEM and MALDI-TOF MS analysis of y-CDNT2300. (a) Picture of y-CDNT2300 obtained with conventional HRTEM and magnified on the
areas delineated by the green frames. (b) Picture of y-CDNT20000 obtained with conventional HRTEM and zooms on the areas delineated by the
blue frames. (c) Length distribution of y-CDNT2300 (Iyt = 2.4 + 0.7 nm) and y-CDNT20000 (Iyt = 4.4 + 0.9 nm) measured from HRTEM images. (d)
Diameter distribution of y-CDNT2300 (@ = 4.2 + 0.4 A) and y-CDNT20000 ( = 4.0 + 0.3 A) measured from HRTEM images. (e) MALDI-TOF spec-
trum in linear mode and negative polarity. Further details are given in ESI Table S2.7

branes, we performed two types of y-CDNT2300 chemical
modifications. The first modification is a silylation of the
hydroxyl groups of the nanotube with trimethylsilyl moieties
leading to a silylated nanotube called y-CDNT2300Si. A second
batch of y-CDNT2300 was modified by vinyl ether moieties,
thanks to nucleophilic substitution between the hydroxyl
groups of YCDNT2300 and 2-chloroethyl vinyl ether, leading to
a vinylated nanotube called y-CDNT2300Vi.

Ion channel formation in lipid membranes, stability and
ionic conductance

As the lipid membrane behaves as an insulator, we do not
observe any ionic flow through the membrane in the absence
of insertion. In this case, the average ionic current is null. New
f- and y-CD based NTs’ structural parameters and chemical
modifications were probed for biomimetic channel insertion
and stability into a lipid bilayer (Fig. 5a). The ion transport

was tested using these NTs in a confined medium. Lipid mem-
brane stability was checked for a few hours; no spikes were
observed when a steady voltage was applied. After the addition
of the y-CDNT, several current drops appeared (Fig. 5b). The
histogram depicted in Fig. 5¢ shows four distinct peaks within
this trace, and each of them is fitted by a Gaussian law, which
reads A exp(—(I — I,,)*/(26%)), where A is the peak amplitude, I,
is the peak position and o is the variance (Fig. 5c). Each peak
is numbered and corresponds to the insertion of one single
NT, as shown by the linear fit of the current steps as a function
of the number of inserted channels (Fig. 5d). The slope 80 =
9 pS defines the unitary conductance of the CDNT for an
applied voltage of 80 mV. To plot the current-voltage charac-
teristics of this channel, we repeated this procedure by increas-
ing the applied voltage from —100 mV to +100 mV. This bio-
mimetic channel follows typical Ohm’s behavior with the
current responding in a linear trend as a function of the
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Fig. 3 HRTEM and MALDI-TOF MS analysis of 3-CDNT2000. (a) Picture of 3-CDNT2000 obtained with conventional HRTEM and zooms on the areas de-
lineated by the purple frames. (b) Length distribution of 3-CDNT2000 measured from HRTEM images ([t = 2.0 + 0.4 nm). (c) Diameter distribution of
$-CDNT2000 measured from HRTEM images (& = 4.1 + 0.3 A). (d) Spectrum in linear mode and negative polarity. Further details are given in ESI Table S3.+

applied voltage under our experimental conditions. The have previously observed the same conductance of 77 + 5 pS
7-CDNT conductance found is 76 + 2 pS. This measurement is with a-CDNTs.”® This behavior allows us to believe that the
consistent with the unitary current measured at 80 mV. We conductance is due to the ionic transport through the NT.
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in ESI Table S4.1
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Table 1 Average structural parameters of 3-CDNT2000, y-CDNT2300,
y-CDNT1000” and y-CDNT20000 obtained after statistical measure-
ments of HRTEM images, where Lyt is the length of the nanotube, @nt
is its diameter, ncp is its number of cyclodextrins, and Lcp is the length
of each cyclodextrin composing the nanotube

Lyr (nm) Onr (A) Lep (A) Nep
BCDNT2000 2.4+0.7 4.1+0.3 5.6 £0.5 3+1
YCDNT2300 2.4+0.7 4.2+0.4 5.4+0.6 4+2
yCDNT1000" 3.2+1.1 3.6 £0.5 6.4+04 5+2
YCDNT20000 4.4+0.9 4.0 +£0.3 5.1+0.5 8+2

Potential applications in the biological or biotechnological
fields using subnanometric NTs depend on their lifetime
control of the sensor stability in the lipid bilayer and on their
capability to avoid or limit multiple channel insertions into
the membrane. To reach this goal, raw CDNTs can be chemi-
cally modified to enhance their insertion stability while avoid-
ing aggregation.

We have previously demonstrated that silylated groups
attached to a-CDNTs do not modify the structural parameters
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Ground

of the channel and prevent supramolecular organization of the
NT.”” The effect of silylation modification on nanotube
channel formation and stability has never been studied. With
designed silylated y-CDNTs, we can observe that the time of
insertion of this modified NT is longer than the recording
time (at least 15 seconds, Fig. 6a). The best interpretation is
that the substitution of the hydroxyl groups by silylated groups
increases the nanotube hydrophobicity and favors its insertion
in the lipidic bilayer, while preventing self-aggregation. The
NT’s unitary current from the current histogram (Fig. 6b) is
7.3 £ 2 pA at AV = —100 mV. This measurement was repeated
four times at least to obtain a statistical average, which
informs the plot of the IV curve (Fig. 6¢). The conductance
76 + 2 pS of silylated y-CDNTs is identical to that of unmodi-
fied y-CDNTs (76 + 2 pS). These measurements confirm that
the y-CDNT silylation does not modify the internal structural
parameters and conformation of the nanotube. We also
observe that an increase in the channel lifetime in the mem-
brane silylation could prevent self-aggregation.

To increase the channel conductance, a vinylated group of
high hydrophobicity was used (Fig. 6d). The current trace is
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Fig. 5 Electrical characterization of y-CDNTSs in a lipid membrane: (a) sketch of insertion of CDNTs into a lipid bilayer. Both electrodes apply a
potential difference and measure the ionic current between the cis and trans compartments, 1 M KCl buffer. (b) Part of a current trace measured in
the presence of y-CDNTs, 1 M KCl buffer, AV = 80 mV. (c) Histogram of current steps obtained from the current trace. Each peak is fitted by a
Gaussian function. Each numbered peak corresponds to the insertion of one CDNT. (d) Current of each peak as a function of the number of inserted
CDNTs. The unitary conductance of the CDNT is equal to the slope of the straight line: 80 + 9 pS. (e) Current—voltage curve obtained from current
traces. Error bars are processed from the standard deviation of the unitary current. The dashed line represents a linear fit, the slope of which equals

the CDNT conductance 76 + 2 pS.
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line represents a linear fit, the slope of which equals the CDNTs conductance 76 + 2 pS. (d) Current trace in the presence of vinylated y-CDNTs, 1 M
KCl, AV = —=100 mV, (e) current—voltage curve measured in the presence of vinylated y-CDNTs. The dashed line represents a linear fit, whose slope

is equal to the CDNTs conductance 167 + 6 pS.

consistent through a long recording suggesting sensing capa-
bilities. Moreover, the IV curve shows that the conductance
increases by a factor of two from 76 to 167 + 6 pA. This result
is in agreement with the unmodified y-CDNT conductance
(Fig. 6€).

To compare all the geometrical and chemical modifications
of biomimetic nanotubes in terms of their ionic conductance,
normalized current-voltage representations were plotted. From
a theoretical point of view,”® the ionic conductance of a cylind-
rical single channel reads as:

G = 2nr?cA/l exp(—SE/kgT) (1)
where r is the channel radius, # is the channel length, c is the
KCI concentration in water, 4 is the KCl conductance in water,
T is the absolute temperature, kg is the Boltzmann constant
and JF is the energy barrier amplitude for the entry of ions
into the confined channel. We were able to increase the NT
length from 2.70 + 0.70 nm to 4.40 + 0.90 nm while keeping
the nanotube section constant (0.43 + 0.04 nm and 0.44 =+
0.06 nm respectively). Then, we processed the ionic current by
multiplying it by the channel length £ to plot the normalized
IV-curves (Fig. 7a). These curves are linear following an Ohm’s
law: I x ¢ = (G x ¢) AV versus the applied voltage AV. We can
see that both IV-curves have the same slope. Therefore, we can
deduce that the energy barrier amplitude 8E of the entry of
ions into NT is the same whatever the NT length is. These
amplitudes are comparable for short 8Egp o = 2.7 + 0.1kpT and
long NTs 8Ejong = 2.9 = 0.2kzT. Under our experimental con-

ditions, the ion penalty for entry into the NT is independent of
the nanotube length. However, we do not observe the same be-
havior if we modify the NT section.

Next, we wanted to compare y-CDNTSs’ ionic conductance
and structural parameters according to the threading process
with either two thin PEO chains or one single PIB chain. In
the former case, we followed the same procedure described with
a-CDNTs.”® As yCDs are larger than aCD, the two PEO chains
induce different rod like structure, in which two EO units of
the 2 chains are included inside each yCD cavity leading to a
polyrotaxane containing two PEO chains (Fig. 7b). In the latter,
we obtained a polyrotaxane containing one PIB chain (Fig. 7b).
This chain behaves like a flexible polymer chain, which prevents
the threading from being effective.

Following the same process that was previously performed
(Fig. 7a), the ionic current is normalized according to the NT
length (Fig. 7b). The linearity of both curves confirms the
Ohm’s law relevance in both NTs. Nevertheless, both slopes
are different: 0.09 + 0.02 nS nm (double thread) and 0.2 + 0.02
nS nm (single thread), leading to a ratio of 0.45 + 0.15.
Assuming that the energy barrier amplitude 8E of the ion entry
is the same for both nanotubes, abiding by eqn (1) makes this
ratio equal to the one for the nanotube section. If we plot the
section ratio according to the TEM measurements (0.36 +
0.05 nm and 0.42 + 0.04 nm respectively), this ratio is equal to
0.7 £ 0.3 and is in agreement with the ratio calculated from
the ionic current measurements. This ratio is explained by the
variation of the threading geometry between double and single
threading. In the first case, the cyclodextrin is deformed by
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both PEO chains and shows a concave shape, while in the
second case, the shape tends to be convex with a large appar-
ent diameter (Fig. 7b). These observations show that the CD
section is dependent on its environment due to the flexibility
of the cyclodextrin ring. These diameters are smaller than that
of y-CD (0.95 nm), measured in a y-CD crystal.'

Another way to check the NT diameter is to plot the
reduced current versus the applied voltage for -, p- and
y-CDNTs in the same graph with 6, 7, and 8 glucopyranose
units, respectively (Fig. 7c). This reduced current is calculated
from the ratio between the ionic current and the conductance
Go = 2nr’cA/¢ of a cylinder having the same dimensions as the
considered NT. By using eqn (1), we process the energy barrier
amplitudes 8E = 3.0 + 0.2kgT for a-CDNTs, 2.9 + 0.1kgT for
f-CDNTs and 2.7 + 0.1kgT for y-CDNTs. These energy magni-
tudes are comparable and show that the mechanism of ion
entry is independent of the size of each CD unit. Furthermore,
we see that the IV-curves are linear and are similar to the gra-
micidin A channel.'*!

Now, we focus on the influence of the salt concentration on
the IV curves for a,y-CD and silylated NTs. The conductance of
the three NTs increases linearly with the KCl concentration
(Fig. 7d). This result confirms that the silylation does not
modify the CDNT conductance. The slopes are also compar-

able when considering the error bars. This is consistent with
HRTEM observations where both NT nanotubes presented
similar geometrical properties. Conductive behavior is
observed between 0.5 and 3 M KCl suggesting that the
ionic conductance is dominated by the ionic transport inside
the described by  Poisson-Nernst-Planck
equations.

This ionic behavior was previously observed with different
biomimetic channels such as those based on a self-assembled
cylindrical p-sheet peptide architecture®'**'*> where the
internal diameter of the channel (0.75 nm) is similar to that of
the CDNTs. More recently, new channels based on the DNA
duplex architecture were synthesized with an internal diameter
of 2 nm®*7°7? or 0.8 nm."°® More recently, metal-organic poly-
hedra, with 0.45 and 0.66 nm diameters, respectively, were
used to control the conductance of a lipid membrane.®® An
ohmic behavior was observed and the conductance variation
as a function of the salt concentration (KCl) saturated at a
high salt content. This is explained by the progressive satur-
ation of surface charges of the channel by the counter ions.®®
In another example, Gopfrich et al. measured a high conduc-
tance and observed an ohmic behavior using a larger channel
with a DNA architecture vestibule (20-23 nm) and constriction
(11 nm).”? Generally, for channels larger than 2 nm, the con-

nanotube
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ductance is described by using an ionic model from linear I-V
curves measured experimentally or calculated from molecular
dynamics.”>'%” At the same time, other research teams devel-
oped a synthesized channel based on the carbon nanotubes
(CNTs). In early publications, CNTs were hundreds of nano-
meters large and long to design nanofluidic devices.'*®*'°
This size was reduced to 50 nm to allow the detection of
M-DNA based on the variation of the ionic conductance.'**
This ohmic regime of ion transport is also observed with
similar boron nitride nanotubes.'*?

Nevertheless, the sub-2 nm CNT shows an ion rejection,'?
which is mostly governed by the electrostatic effects among
the ionized group at the CNT mouth, the co-ions and the
counter-ions."™ The same behavior is observed if the CNT is
inserted into a lipid bilayer:"'>'*® if the diameter is in the
range of 1-2 nm, the pore conductance is described by the
usual ionic model. If this diameter is below a critical size,
around 1 nm, the IV curve is not linear and the measured con-
ductance is much smaller than the expected one. This behav-
ior could be due to the hydration layer around the ions, which
becomes larger than the CNT diameter. The deformation of
this shell leads to a strong increase in the energy barrier mag-
nitude of ion insertion into the CNT and could explain the
strong decrease of the CNT conductance. Similar behaviors
were observed in the case of nanopores drilled into ultra-thin
graphene membranes.""” In addition, Noy et al. observed that
if the conductance of the CNT is larger than this size (1.51 +
0.2 nm large), it is mostly dominated by ionic conduc-
tance.”>"''® Nevertheless, less than 30% of all the CNTs show
transitions between open and partially closed states. This be-
havior is not due to the ionic conductance. It was first attribu-
ted to electro-wetting/dewetting transitions,"*® but this hypoth-
esis cannot justify the residual current of the partially blocked
state. This process seems to be explained by the counter-
balance between two opposite mechanisms: ion exclusion, due
to the deformation of the hydration shell, and ion penetration,
due to the dielectric jump between the bulk and the nanotube
for neutral and weakly charged cylindrical nanopores.**°

Similar transitions between two regimes characterized by
ionic and non-ionic conductance are also observed for nano-
pores drilled in very thin MoS, membranes."*""**> Above a criti-
cal size (1 nm), the conductance is dominated by an ionic
process. Below this value, it is governed by ionic Coulomb
blockades, characterized by a transition between two energy
levels (blocked and open states). As for nanopores drilled in Si
based membranes larger than this critical nanometer size, the
conductance is mostly dominated by an ionic effect and shows
a linear IV-curve.”*'??

Conclusion

We have designed and validated, by mass-spectrometry and
high-resolution transmission electron microscopy, a general
route to synthesize nanotubes from polyrotaxanes based on f-
and y-CDs. The synthesis of polyrotaxane based on y-CD and

PIB leads to y-CD nanotubes with properties comparable to
those of y-CD nanotubes carried out on either two PEO chains.
We have also demonstrated that chemical modifications with
silylated or vinylated groups facilitate nanotube insertion,
improve their stability in lipid bilayers and avoid multiple
channel insertions. Electrical measurements involving these
sub-nanometric biomimetic channels show a linear response
of the ionic current as a function of the applied voltage and a
linear variation of the conductance versus the salt concen-
tration. The normalized IV curves allowed us to highlight the
influence of the length, section and nature of CD on the CDNT
conductance and to show that the conductance mechanism is
mainly due to an ionic transport through these nanotubes. We
found that the energy barrier amplitude of the entry of ions
into the nanotubes has the same magnitude, around 3kgT,
independent of the nanotube length. In the future, we plan to
use these nanotubes to study cell cytotoxicity and biomolecule
transport in a highly confined biomimetic channel. These
nanochips coupled with microfluidic devices would be suit-
able for biotechnology applications.®%*247127

Methods

Nanotube synthesis general procedure

Pseudopolyrotaxane formation. The polymer is mixed at
room temperature with a saturated solution of cyclodextrin for
24 hours. The inclusion complex precipitates and is gathered
by filtration. The crude product is washed several times with
an appropriate solvent to eliminate the cyclodextrin and the
polymer in excess. The pseudopolyrotaxane is dried under
vacuum.

Polyrotaxane formation. The pseudopolyrotaxane, 1-pyrene
butyric acid N-hydroxysuccinimide ester and sodium persulfate
are stirred at room temperature in a mixture of water/DMSO
for 1 hour. Once the solvent is evaporated, the crude product
is solubilized in a small amount of DMSO and is purified by
precipitation in diethyl ether. The purified polyrotaxane is
gathered by filtration, solubilized in DMF and dried under
vacuum.

Nanotube synthesis. The polyrotaxane is mixed with a 2 M
aqueous solution of sodium hydroxide and epichlorohydrin is
added dropwise. Then, the mixture is stirred at room tempera-
ture for a week. Hydrochloric acid is then added to reach an
acidic pH. The mixture is freeze-dried and the crude product is
purified by washing with DMSO. The nanotube obtained is
purified after drying under vacuum.

v-CDNT2300Si synthesis. The silylation
y-CDNT2300 was carried out using a-cyclodextrins. The nano-
tube is solubilized in dried dimethylformamide under an inert
atmosphere. Trimethylsilylimidazole was added in molar

reaction of

excess. Dried chloroform was used until the reaction mixture
became limpid. The reaction is stirred under a static atmo-
sphere at room temperature for one week. The product is dried
after quenching with water and washing the organic phase
three times.



Y-CDNT2300Vi synthesis. y-CDNT2300 and NaH are solubil-
ized in dimethylformamide under an inert atmosphere at 0 °C.
The mixture is stirred for one hour. 2-Chloroethyl vinyl ether is
added dropwise and the mixture is stirred at room temperature
for 24 hours. After quenching with ammonium chloride and
washing the organic phase three times, the crude product is
dried and then purified using Sephadex G25.

Characterization of the CDNTs by MALDI-TOF MS

MALDI-TOF MS experiments were performed using an Autoflex
III MALDI-TOF/TOF spectrometer (Bruker Daltonics Inc.,
Bremen, Germany). This instrument was equipped with a Nd:
YAG SmartBeam laser (4 = 355 nm) pulsed at a 200 Hz fre-
quency. The mass spectrometer was operated in the negative
ion linear/reflector mode with an accelerating potential of
—19 kV. Mass spectra were recorded with extraction delay was
set to 300 and 800 ns, for reflector and linear mode, respect-
ively. Mass spectra were obtained by accumulation of 1000
laser shots and processed using Mass spectra were automati-
cally processed with Flex Analysis 3.0 software (Bruker
Daltonics Inc). The instrument was calibrated using standard
peptide and protein mixtures provided by the manufacturer.
1,8-Diaminonaphtalene (1,8-DAN) at 20 mg mL™' in watet/
methanol 1/1 (v:v) was mixed and used as matrix. Samples
for MALDI-MS analysis concentration were prepared by mixing
1 pL of NTs sample and an identical volume of matrix. Then,
1 pL of the mixture was deposited on a mirror polished stain-
less steel MALDI target and allowed to dry at room temperature
and atmospheric pressure for 20 min. 1,8-Diaminonaphtalene
(1,8-DAN) were purchased from Sigma-Aldrich Co. (Saint
Quentin Fallavier, France) and ultrapure water was obtained by
a Milli-Q apparatus (Millipore, Bedford, MA).

Characterization of the CDNTs by HRTEM

HRTEM observations were performed using both Jeol2200FS
and Titan Themis (FEI) microscopes working at 200 keV and
equipped with a GatanUltraScan CCD camera (US1000) or Ceta
(4k x 4k), respectively, and Ultra-High Resolution (UHR) or
high resolution pole pieces. The dispersions were made on a
pure carbon membrane (Ted Pella, 01840-F 200 mesh grids)
without a polymer and were air dried. The Digital Micrograph
software was used for the data treatment. The nanotube and
cyclodextrin lengths, the diameters and the distances between
two NTs were measured manually using the software’s “ruler
tool”. The “Fourier transformation tool” provided information
concerning the distance between the cyclodextrins of the same
nanotube. As for the number of cyclodextrins borne by a nano-
tube, it was determined by counting the cyclodextrins one by
one.

Electrophysiology setup

Two compartments (volume 1 mL, Warner Apparatus) are
filled by a 1 M KCl electrolyte solution (Sigma). They are separ-
ated by a DphPC lipid bilayer (Avanti Polar Lipids) in n-decane
(Sigma), painted on a 90 um aperture.’ The electrical potential
is applied by two Ag/AgCl electrodes placed on either sides of

the bilayer as shown in Fig. 5a. The ionic current is measured
by using a patch-clamp amplifier Dagan 3900A (Dagan) or
BLM-120 (Bio-logic) and filtered at 10 kHz. Data are acquired
using an acquisition card (National Instrument) with a
sampling rate of 200 kHz. The data treatment is performed by
homemade functions based on Igor software (Wavemetrics).
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