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ABSTRACT. Biomimetic channels based on carbon namet (CNTs) with fast and selective
transport have attractive applications in manydBelin this work, a remarkable and modulated

enhancement in the ion transport rate through CiNTacilitated by means of lipid decoration,
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by a factor of up to 20 times. A type of CNT memmw&as firstly prepared, composed of well
aligned multi-wall carbon nanotubes with an innee of ~10 nm. An inter-diffusion method is
used to efficiently incorporate lipids within thé&lTs. It is found that the lipid phase state as well
as the surface property of the tubes’ inner watiparately determine the assembly behavior,
such as location and stability of lipids, whichther influence the ion transport rate through the
tubes. For example, the incorporation and selfrabbeof liquid-phase DOPC and polymerized
Diyne-PC within the tubes induces an enhancemestesdy ion transport rate through CNTs by
a factor of 5 and 20 times, respectively. In castirthe gel-phase DPPC prefers to stay at tube
tips, which increases the ion transport rate dutivginitial stage only. This work provides a

practical guide to regulate the ion transport b&ravhrough CNTs for versatile applications.

1. Introduction

Owing to their unique and outstanding propertiedemsive research has been carried out on
carbon nanotubes (CNTSs) for practical applicationsuch as novel nanomaterial science and
biomedical fields [1-4]. In particular, CNTs offéne potential as a candidate of mimicking
biological channels due to their inner-core diametehe size range of many proteins and other
important biological macromolecules [5,6]. Howeverpmpared with biological protein
channels, which can realize extraordinarily congikd cellular functions such as selective
transport and high-efficient transmission of vas@hemicals across cell walls, the fabrication of

such CNT-based biomimetic channels still posegifsiant challenge [7-9].

In fact, transport phenomena through the hollowdaiis of CNTs have been attracting
intense interest in terms of both theoretical anpeemental researches [10-15]. Namely, the

successful preparation of a polymer membrane coeapo$ large quantities of CNTs arranged



37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

in parallel makes it possible for macroscopic measent of the trans-nanotube transportation
[5,6,16]. By this method, it is proven that CNTwéa distinct advantage in fluid transport with
four to five orders of magnitude faster than thegdicted by conventional fluid-flow theory
[11-13]. It is assumed that such a high flow vedlpds attributable to the near-frictionless
movement of liquid molecules along the walls of GNHydrophilic treatment can further
enhance mass transfer rate of CNTs. For exampl&yrizyionalizing CNTs with carboxylic acid
groups through plasma treatment, liquid flow thioute cores of CNTs could be further
accelerated by~1,000-10,000 times faster than that predicted by ¢bnventional no-slip
hydrodynamic theory [11,17]. This finding indicatésat surface modification of CNTs is a
powerful method to improve their mass transportabdiy. However, for ion transportation
through CNTSs, the transport situation becomes nmohe complicated, although water is still
the main transport medium [18-21]. It was foundttheven after plasma treatments, ion
diffusion through CNT was close to the bulk diffusiexpectations and no obvious acceleration
was detected [7]. Moreover, if there are chargexgs near the CNT entrance, the transport of
ions would be further hindered and even rejected tiu the Donnan-type ion rejection

mechanism [16].

Functionalization of CNTs with phospholipids issinificance for biomedical applications
[22,23]. Modification of the CNT surface with PE@téd phospholipid molecules has been
widely used to improve the aqueous stability andctmpatibility of CNTs [24-26]. It is
assumed by some models that phospholipids wowddhatb the exterior walls of CNTs and even
assemble into a helical structure [27-29]. Howeuer,the best of our knowledge, few
experimental studies have been reported on thenadgef phospholipids within the inner cores

of CNTs, and particularly its impact on the ionngportation through CNTs, which is mostly
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caused by difficulties in controllable filling ofpids into the CNT cavity and limitations in

characterization methods [30-34].

In this work, based on the millimeter-sized CNT nbeame comprising well aligned multi-
wall carbon nanotubes (i.e., MWNT-membrane, withrarer size of ~10 nm), an inter-diffusion
method was employed to incorporate phospholipid ecwdes into the CNTs under mild
conditions. Another type of CNT membrane composédimodic Aluminium Oxide-based
carbon tubes (i.e., AAO-CT-membrane, with an indeameter of ~70 nm) was used as a
reference. We found that lipids could stay inside tubes or stack at their tips, depending on
lipid types and surface properties of the innersvaf the tubes. lonic transport tests showed the
manner of lipid decoration on CNTs significantlyflienced the behavior of ion transport
through the tubes. Incorporation of lipids in tlde interior enhances ion transport rate by a
factor of more than five, whereas CNT tip-exclusiWeid decoration would lead to an
improvement during the initial ion transport stagdy. These results provide a practical guide
for designing advanced biomimetic nanoscale chanmith controllable and high efficiency ion

transportation.

2. Experimental Section

2.1 Materials

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 2-tlipalmitoylsn-glycero-3-
phosphocholine (DPPC), 1-palmitoyl-2-(9,10-dibrostearoyl-sn-glycero-3-phosphocholine
(Br-PC), 1,2-di-(10Z,12Z-tricosadiynoyl)-sn-glyceBephosphocholine (Diyne-PC), and 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-Ns@iminerhodamine B sulfonyl) (Rh-PE),

were purchased from Avanti Polar Lipids and usedeagived Fig. 1a). All other chemicals
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(AR) were purchased from Sinopharm Chemical Rea@mt Ltd. and used without further

purification.

2.2 Preparation of MWNT- and AAO-CT-membrane

The MWNT-membrane was fabricated based on the pagpa of a vertically-aligned MWNT-
array as detailed in our previous reports [35,88]efly, a 1-10 mm thick MWNT-array was
first grown via the classical chemical vapor deposi(CVD) method on a Si wafer substrate.
After sealing the tubes’ tips with polypropylenghaxyline was employed to fill the spaces
within the nanotube array, and this was followedsbiidification. The bulk material was then
sliced (parallel to the substrate) using a micr@ofRMC, Boeckeler Instruments, Inc.) into
freestanding membranes with a thickness of 10+1 @xygen plasma etching was then applied
with a PDC-32G plasma cleaner (Harrick Plasma limctemove the organic residues around the
tips of the CNTs (18 W for 20 min,0500 mtorr). The AAO-CT-membrane was fabricated by
depositing a layer of amorphous carbon onto theymAAO structure by the template method.
After eliminating the carbon on both surfaces @& film, an aligned carbon tube membrane with

penetrating pores was obtained [37].

2.3 Diffusion and ion transport test

Diffusion-unit set-up. The home-made diffusion unds setup as demonstrated in Fig. 1b. The
unit was comprised of two cells, A and B (botheasin, each with a pore 4 mm in diameter), and
two spacers, E and F (in silicone, also had a 4 pore in the middle). The solution in the

two cells could communicate through the pores dred membrane sandwiched between the

spacers. Each time for solution (or membrane) ogpleent, solutions in the two cells were
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poured out simultaneously, and the unit was disask®, washed completely and dried under

N, flow for its next use.

lon transport test. The tests were performed basdtie diffusion procedure. The membrane
was first installed within the diffusion unit. Aftéhat, 7 mL KCI solution (0.1 M and 0.5 mM)
were filled into the feed and the permeate cellandl B, respectively. Thus, the total mass of
KCI in the feed solution was more than two ordefsnmagnitude greater than that in the
permeate, effectively eliminating depletion effe@sch a concentration gradient led to the ionic
transport across the membrane from A to B. The gbsrin electrical conductivity of the
permeate (cell B) were monitored simultaneouslyirdurincubation by a water analyzer

(Ultrameter 11, Myron L Company).

Lipid decoration. Lipid decoration for the membram&s realized by a similar inter-diffusion
method. A homogeneous lipid solution (0.2 mg flwas used as a mother solution. Briefly, a
700 pL lipid solution (2.0 mg mil, containing 0.5 mol% Rh-PE for fluorescent labglimas
transferred into an ampoule (wrapped with tin fmper), dried under an,Nlow and kept in a
vacuum overnight. The membrane was then rehydnsiid7 mL distilled water and sonicated
for a complete dispersion of lipids. During lipidabration, a naked carbon membrane was first
installed within the diffusion unit. 7 mL lipid mieér solution and distilled water were added into
cells A and B, respectively. After incubation abmotemperature for 48 h, a fluorescent signal of
lipids can be detected from cell B, which indicatieat the lipids have successfully permeated
through the membrane. The membrane was then gemigved, washed with water and dried

under N flow for further experiments.
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Experiment steps. For each carbon membrane, theximgnt was carried out as follows. First,
the naked membrane was set up for a KCI diffusgst ih order to obtain baseline ion diffusion
data. Second, the membrane wad decorated withs]igallowed by other characterizations
including TEM and confocal imaging. Third, the cambmembrane was reassembled and step 1
was repeated so that the ionic diffusion rate efrtiembrane with incorporated lipids could be
measured. Fourth, the KCI solution was renewed th@dnembrane was washed and dried, then
the ionic diffusion test was repeated, as describete main text. Specifically, for lipid Diyne-
PC, after step 3, the carbon membrane was remavied, and placed on a glass slide under UV
exposure for 30 min (285 nm wavelength) for lipymerization. Finally, the membrane was

reassembled for the following ionic diffusion test.

Koo~ Diyne-PC

pasd
e;eem'_uad

Membrane

A, B: cell E, F: spacer
C, D: pore G: membrane

Fig. 1 Chemical structures of lipids and images aesirating the diffusion unit and process. (a)
Molecular structure of lipids DOPC, DPPC, Br-PC dbiyne-PC. (b) Digital photo of the
diffusion unit, including cells (A, B) with poreshnane side (C, D), spacers (E, F) with pores,

and the sandwiched membrane (G; cannot be seeh Aex@her spacer (and membrane) was
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placed aside for reference. (c) Schematic shovwhegttansport of ions through CNTs within a

membrane from the feed side to the permeate side.

2.4 Characterizations

The morphology of the carbon membranes was chaizate with SEM (Hitachi S-4700,
Hitachi). The structure of the lipids within the mierane was further characterized with TEM
(FEI Tecnai G-20) at 200 kV and small angle X-ragttering (SAXS) at Shanghai Synchrotron

Radiation Facility (SSRF).

Optical observation was performed on an inverteadfamal laser scanning microscope (LSM
710, Zeiss) equipped with a 100x oil objective. &dmoine-conjugated phospholipids were
excited by a He—Ne laser (EX 543 nm), and the #goence was observed through filter set 20
(EM BP 575-640 nm). In the meantime, the transmissihannel illuminated with a halogen

lamp was acquired. All experiments were carriedatwbom temperature.

3. Result and discussion

3.1 Characterization

Fig. 2 shows schematic and SEM images of the as-fabdc&®®/NT- and AAO-CT-
membranes. For a MWNT-membrane with a thicknes$0afl um, the nanotubes, which are
normal-oriented and parallel-aligned in the memeyame clearly distinguishable from the cross-
sectional image under SEM (Fig. 2b, c). On the ottend, for the AAO-CT-membrane, the
carbon tubes with similar orientation and alignmiem¢e a much larger pore diameter of ~70 nm
and a length of 434 um. It is worth noting tha¢ tanopores of CNTs are the only paths for

mass transportation due to the impermeable polymairix (or AAO template). Thus, the
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macroscopic transport measurements of ions throngmbrane were performed to determine

the transport through the inner cores of both tydeSNTs [35].

;'H Wty l‘l .1‘.“: .‘T‘ .‘ Pt
ll." i““l 1{ . ‘..1
dlummihtu‘ \ | o.......

= 1mm Hm 100 nm

Thickness

Fig. 2 Schematic and SEM images of the MWNT- (aa)l AAO-CT- (d-f) membranes. (a)
Schematic, (a-inset) digital and (c) cross-secti®&M images of a MWNT-membrane. (b)
presents the aligned MWNT array grown vertically @rsubstrate. (d) Schematic, (e) cross-

sectional and (f) top-view SEM images of an AAOdrhamorphous CT-membrane.

The membrane was then sandwiched within the ddfusinit for lipid decoration and the
subsequent ion diffusion tegtig. 3 shows confocal fluorescence images of the MWNTd an
AAO-CT-membranes right after DOPC decoration. Theamrane surfaces and location of the
fluorescent lipids can be distinguished from thensmission and red fluorescence channels,
respectively. Moreover, based on the three dimeasi(8D) scanning, it was observed that for
the MWNT-membrane, the lipids were located withive tinterior of the CNTs (Fig. 3b, i).
However, for the AAO-CT-membrane, the lipids wergfarmly distributed on the two ends of
the CNTSs, with an inter-layer distance similarhe thickness of the initial AAO-CT-membrane
(Fig. 3d). Z-stack images of both membranes arevslor reference in Fig. S1 in the supporting

information. Here, DOPC is replaced with varioukenttypes of lipids, including DPPC (in gel
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phase at room temperature), Diyne-PC (a kind atedidene phospholipid) and Br-PC (labeled
with two Br atoms in each molecule). All the abawentioned lipids share similar assembly

states of CNTs with DOPC.

To obtain more details of the assembly methodpdl$ within CNTs, the scaffold (polymeric
or AAO) membranes were digested and the CNTs (Wdded lipids) were redispersed and
loaded on a lacey support membrane for TEM imagiioghave a good contrast under TEM, Br-
PC and Diyne-PC were used here instead of DOP(P&Fig. 3e-g show TEM images of the
MWNTSs (with an inner core diameter of ~10 nm) withand with lipid decoration, from which
the multilayer structure of the tube walls can bgiously distinguished (Arrow 1). It should be
noted that for the native MWNTS, the cavity regismuch dimmer in comparison with the wall
region. However, for the lipid-decorated tubes, ¢heity region is even darker in contrast with
the walls (Arrow 3). This is reasonable considerihgt, compared with C, the P (and/or Br)
atoms from the lipids contribute a much strongdluence on the electron beam during TEM
imaging. This result further confirms the existetdipids within the MWNTSs (although a gap
might appear somewhere between the wall and thapsntated lipid molecules as indicated
with Arrow 2) [37]. Furthermore, the dark regionc&ted continuously within the cavity,
indicating an uninterrupted distribution of lipidkng the tube. In contrast, similar morphologies
were obtained for the AAO-CT membranes without arith lipid decoration. The inner core
region is much dimmer than the wall region, indiogtthat hardly any lipid remains inside the
amorphous carbon tubes (Fig. 2h). Synchrotron X-agttering was also carried out to
characterize the lipid structure within both memm@® However, only signal of an ordered
structure with a period of ~155 nm (Fig. S2), pidlgareferring to the parallel-distributed

amorphous carbon tubes (i.e. porous aluminum tdejplavas acquired from the AAO-CT-
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membrane. No signal of ordered lipid structure<lisas lamellar or hexagonal assembly) was

acquired from either membrane (Supporting Infororgti

Transmission Overlaid

Surface

-—

Membrane

-—

Surface

-—

T r
= T % T T Tk
80

Fig. 3 Confocal fluorescence microscopy, TEM anldescatic images of the MWNT/lipid and
AAO-CT/lipid membranes. (a) Confocal 2D (in red diescence, transmission and overlaid
channels) and (b-d) 3D images of the MWNT/DOPCbjapr AAO-CT/DOPC (d) composite
membrane. (c) Redistribution of lipids within theWINT/DOPC composite membrane after
approximately five cycles of the ionic diffusionste Red fluorescence comes from the Rh-

labeled lipid. (e-h) TEM images of MWNT, MWNT/DiyreC, MWNT/Br-PC and AAO-
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CT/Br-PC samples. Arrows 1-3 refer to the graphatger, the gap and the encapsulated lipid
molecules, respectively. (i, j) Schematics représgrthe relative locations of fluorescent lipids

and CNTs within a MWNT/DOPC membrane, corresponding) and (c), respectively.
3.2 Influence from lipid decoration on ion transport rate through tubes

lon transport rates through tubes both with andhavit lipid decoration were measured based on
the concentration-driven diffusion of KCI acros® tmembranes. The membranes were fixed
between a feed cell and a permeate cell withirdtfiesion unit, and the concentration gradient
between the two cells led to ion diffusion throughbes (Fig. 1b, c). Based on the time-
dependent increase in conductivity of the solufilorihe permeate cell, the ion transport rate
across the tubes was obtained. Furthermore, fondtiege MWNT-membrane, the conductivity
values were used to calculate the permeable pe® @ni) and density (#/cf which can
satisfactorily characterize the permeability of thembrane (Supporting Information, Section
S2). On the other hand, for the tubes with lipidcatation, the influence from lipid
functionalization was described by comparing the iansport rate of each membrane before
and after lipid decoration, and consequently anrages from more than three independent
samples was calculated. This is suspected to bes rdwect and accurate concerning the

deviation among various membrane samples.

Fig. 4 shows the time-lapse distribution of conductiwtythe solution in the permeate cell,
corresponding to the ion transport rate througheanbrane. For the native MWNT-membrane
(Fig. 4a, in black), the changes in conductivity eharacterized with two typical stages: in Stage
I, the value increases quickly, referring to a teatsport of ions through tubes; then, in Stage I

the value increases gradually with a linear depeceleon time, indicating a dynamically-

12
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permeable pore density of our MWNT-membranes wdsukded to be 2.2+0.2xf0cm ™,

234 which indicates a good permeability of the membr@ee, tubes in the membrane).

235

236

237

238

239

240

241

242

243

244

®

MWNT/DOPC b AAO-CT/DOPC

i I P

Transfer Rate|

4.0k

7 J—
2.0k ﬁ" 5 i .

150

100

Electrical Conductivity (us/cm)

Transfer Rale
g
vE

0 100 200 300 400 0 100 200 300 400
& Time (min) d Time (min)
MWNT/DPPC AAO-CT/DPPC
S r//ﬂ 6.0k —g——2—1
5 = / s—=t—1—
t kS
S 150 %,
£ S 4.0k e
é 17 o sge sugoll i
8 f et 2.0k 2
S 100 ‘K,‘ - 8
= NI
g i 5
] 1 =
i 0.0 TR
0 100 200 300 400 0 100 200 300 400
Time (min) Time (min)
e

MWNT/Diyne-PC f AAO-CT/Diyne-PC

4.0k .

o]

(=]

(=]
Transfer Rate]

2.0k

B
o
=3

0.0

0 100 200 300 400 0 100 200 300 400
Time (min) Time (min)

Electrical Conductivity (us/cm)

Transfer Rate

o
H

Fig. 4 Electrical conductivity changes with time the diffusion solution during KCI transfer
process through typical MWNT/lipid (a, c, €) or AADI/lipid (b, d, f) membranes. Insets,
corresponding ion transport rate calculated frone #ilectrical conductivity distribution
(normalized by the value of the naked carbon men#rand averaged from 3 independent
samples). The black curve/histogram refers to thleed carbon membrane while the red (or
blue) one refers to that in the first (or repeatedjc diffusion test; in (e, f), the red and blue
curves refer to the membrane before and after Uynperization of Diyne-PC, respectively.
Right-inset in (e), schematic diagram demonstrattiegpolymerization of Diyne-PC lipids under

UV exposure.
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After DOPC decoration, obvious changes appear (Ba. in red). The evolution of
conductivity still shows a typical two-stage progeBut the corresponding values experience a
significant increase. By fitting the conductivityofile, ion transport rates through tubes were
obtained. Before lipid decoration, the ion transpates in stages | (concerning the almost linear
period before 60 min) and Il are 3.13%1%and 4.68x10" moles §', respectively. After DOPC
decoration (in red), factors of ~2 (for Stage lalgmed from more than three independent
samples) and ~5 (for Stage Il) times increasesrodgg. 4a, inset). Such improvements clearly
suggest that the assembly of lipids in the tubeferior is able to enhance ion transport through

CNTs.

Moreover, ion transport through tubes is signifibaaffected by the location and/or assembly
of lipids within tubes. Compared with the MWNT-merabe, the ion transport rate in the AAO-
CT-membrane only increases slightly during Stafeom ~2.75x10° to ~9.78x10° moles §',
referring to the typical membrane shown in Fig.,4k)ile in Stage I, the value recovers to its
pre-lipid modification state (of around 2.2x¥@noles ). Note that in this case lipids mainly
accumulate at the tips of the tubes while smallemwles remain inside of the tubes.

The type of lipid used in lipid decoration also laasimpact on the enhancement effect on ion
transport through tubes. For the MWNT/DOPC compgositembrane, it was found that in
repeated ion-transport tests (after drying and dedtion of the membrane as stated in the
experimental section), the conductivity profiledF#a, in blue) almost overlaid with the initial
one (in red). This indicates that the enhancemiéatteon ion transport (i.e. the stability of lipid
decoration within tubes) is relatively stable. Heee when we replaced DOPC with DPPC

which exists in gel phase at room temperature (#tg.black and red), it was found that the
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lipid-induced enhancement on ion transport occuwmely in the first measurement (with an
enhancement rate being similar to that of DOPCenre&s in the following repeated cycles, the
ion transport rate recovers to the level of a cashout lipid decoration (except for an

enhancement in Stagk). In fact, even for DOPC decoration, after a ri¢gjoet of 3-5 cycles, the

escape of DOPC molecules from the interior to tips bf the tubes (Fig. 3c), and the

corresponding recovery in ion transport rate, wasserved. On the other hand, for the AAO-
CT-membrane, no obvious difference was observednwb@®PC was replaced with DPPC,

indicating the stable accumulation of lipids at tips of this type of tubes (Fig. 4d).

The stability of lipid decoration, especially insidthe tubes, is crucial for practical
applications. To conquer this, another type of eliglene lipid, Diyne-PC, was employed. It is
known that under UV radiation, the adjacent taildDo/ne-PC lipids tend to polymerize with
covalent bonds, leading to the formation of a eamdusz bond within the layer [38]. This
significantly improves the stability of the asseswlipid structure (Fig. 4e right-inset). By the
same concentration-driven method, Diyne-PC wasrpwated into the MWNT-membrane,
which showed a similar distribution as that of DORGide the CNTs (Fig. S3a,b). UV
irradiation was then performed to polymerize thpidé. Fluorescence spectra of model
membranes before and after lipid polymerization shewn in Fig. S3c-e to confirm the

successful polymerization of lipids within membrane

Fig. 4e shows the conductivity profiles for the dion of model MWNT-membrane, with
and without Diyne-PC incorporation, both before aafter UV-polymerization. Before UV
irradiation, the influence of Diyne-PC decoration steady ion transport rate was similar to
(although lower than) that of DOPC, with a 3-4 tmemhancement (Fig. 4e in red); however, in

a sharp striking contrast, after polymerizatiorg fteady ion transport rate was increased up to

15
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20 times larger than that of the native membrang. @e in blue). Furthermore, repeated tests
showed a good stability of such a promoted trarigjade even after more than five cycles’ test.
However, for the AAO-CT/Diyne-PC composite membréRrgy. S3b), UV-polymerization had
little effect on the steady ionic transport (Fif). 4

3.3 Discussion

By an inter-diffusion method, lipids were succefigfincorporated into CNTs. According to our
results, lipids can self-assemble inside or outsietubes, probably depending on the surface
properties of the inner-walls of the tubes andghase state of lipids. For MWNTSs, the strong
affinity between the alkyl tails of lipid moleculesd the hydrophobic aromatic plane of tubes
facilitates _the localization of lipids within th&terior of the tubes (Supporting Information,
Section S3). However, for AAO-CTs, the hydroph#iarface of the amorphous carbon layer

makes it difficult for lipids to stay inside thebtes,_although it is much easier for an assembled

lipid layer to attach to a less curved surface ARO-CTs with a larger size) in comparison with
a highly curved one (i.e. MWNT with a smaller siZ&upporting Information, Section S4).

Furthermore, in comparison with gel-phase DPPC, fteeible tails of liquid-phase DOPC
promotes the assembly and localization of lipidghenhighly-curved inner surface of CNTs as a

result of a much lowered energy cost for layer [ upporting Information, Section S4).

It is clearly demonstrated that the assembly ofdéipinside the MWNTSs significantly
facilitates the ion transport through the tubesttmn basis of confocal, TEM and ion transport
tests. Moreover, polymerization of Diyne-PC insitie tubes further enhances the steady ion
transport compared with that of DOPC/DPPC; thigprgbably due to the more uniform and
stable distribution of lipid molecules caused bterrmolecule binding between adjacent Diyne-

PCs. In addition, accumulation of lipids at thestqd the CNTs could also boost the ion transport

16



314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

rate at the initial stage, although without mucfiuence on the steady ion transport process.
These results all promise the regulation of iomgpertation behaviors through CNTs for

practical applications.

The influence of lipid decoration on ion transp@tsuspected to be associated with the

complicate ion-lipid interactions, which could dea preferred distribution of ions near the

zwitterionic lipid headgroups [39—-41]. Electronalitor neqgatively charged molecules were also

used instead of the zwitterionic lipids for MWNTageation, which, however, reduced the ion
transport rate (Fig. S4). In this regard, the aadated lipids at tube-tips would increase the

local ionic concentration at the tube entrance, @msequently enhance the ion transport under
the effect of flow during the initial period (i.&tage 1). In contrast, the incorporation and
continuous localization of lipids along the tubegim provide successional binding sites for ions
with lipid headgroups, which could work as a higigver the ion transport throughout the whole
tube, and thus significantly increase the steadytiansport rate_(although the pore size might
decrease due to lipid incorporation). The remaskaibicrease in ion transport due to the

polymerized Diyne-PC decoration further confirmis peculation.

4. Conclusion

In this study, we prepared two types of verticalgned CNT membranes composed of
MWNTs or AAO-based amorphous CNTs, and investigétedinfluence of lipid decoration on
the ion transport properties through the inner adfréhe nanotubes via macroscopic transport
measurements. Concentration-driven diffusion wapleyed for the incorporation of lipids
within the tubes. Confocal imaging and TEM obsaoraindicated the continuous distribution

of lipids inside the MWNTSs, probably due to the hyghobic interaction between the alkyl tails
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of lipids and the aromatic wall plane of MWNT. lordrast, for the AAO-CT-membrane, lipids
tended to accumulate at the two sides of the membiikely at the tips of the carbon tubes. lon
transport tests demonstrated an enhancement isteélaely ion transport rate through MWNTSs
due to lipid incorporation, by approximately 5 tisnioer DOPC or DPPC, 3-4 times for Diyne-
PC, and up to 20 times for Diyne-PC after polymadion. Furthermore, the accumulation of
lipids at the tips of the carbon tubes (both MWNihsl AAO-CTs) accelerated the ion transport
during the initial stage, but hardly influenced #teady transport rate of ions. The increase in
local ionic concentration due to the binding ofddo zwitterionic headgroups of the decorated
lipids is supposed to be one of the key factorstlier enhanced ion transport rate. Our results
provide promising possibilities for selective anghefficiency transport of CNTs for separation

and sensing applications [16], after further fuoicélization of lipids.
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Appendix A. Supplementary data

Confocal z-stack images of the MWNT/DOPC and AAOHODPC composite membranes;
synchrotron SAXS pattern of the AAO-CT/DOPC memigranonfocal 3D images and PL

profiles of the MWNT/Diyne-PC and AAO-CT/Diyne-PCembranes; ion transport through
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MWNT membranes after PS-PAA or calcein decoratestimation of the permeable pore area

and density from KCI diffusion measurements; intéoa energy analysis between components

of a lipid-decorated MWNT _system:; energetic analysf DOPC and DPPC assemblies in

MWNTSs. These materials can be found, in the onliersion, at ...
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