Chem. Mater2005,17, 3595-3599 3595

Reversible Biochemical Switching of lonic Transport through
Aligned Carbon Nanotube Membranes

P. Nednoof, N. Chopra’ V. Gavalas| L. G. Bachas,* and B. J. Hinds**

Department of Chemistry, Usersity of Kentucky, Lexington, Kentucky 40506, and Department of
Chemical and Materials Engineering, Umirsity of Kentucky, Lexington, Kentucky 40506

Receied December 10, 2004. Hsed Manuscript Recegéd April 16, 2005

Synthetic nanopore membranes can be used to mimic ion channels provided that molecular transport
through membranes is precisely gated with selective and reversible chemical interactions. Aligned
nanotubes of carbon or other inorganic materials can be assembled to construct higher-order supramolecular
architectures using polymer films to force chemical flux through hollow cores. Open tips of carbon
nanotubes (CNT) can be activated to have carboxylic groups, which can be easily derivatized with a
molecule that binds to a bulky receptor that can open/close the pore entrance. In particular, the core
entrances of an aligned CNT membrane were functionalized with a desthiobiotin derivative that binds
reversibly to streptavidin, thereby enabling a reversible closing/opening of the core entrance. lonic flux
through the CNT membrane was monitored using optically absorbing charged marker molecules. The
flux is reduced by a factor of 24 when the desthiobiotin on the CNT is coordinated with streptavidin;
release of streptavidin increases the flux, demonstrating a reversible ion-channel flow. Analysis of solutions
of released streptavidin shows approximately 16 bound streptavidin molecules per CNT tip.

Introduction some disadvantagé5'? For example, molecular diffusivity
is low in hydrogels because of restricted chain mobility,
Nanoporous membranes have emerged as promisingyolume changes in the hydrogel take longer time (lag time),
materials for ion channel mimetics, drug delivery systems anqd hydrogels typically lack mechanical stabifity* In
and chemical separation units: A major challenge associ-  contrast, aligned carbon nanotube (CNT) membranes, the
ated with the use of Synthetic membranes to mimic biO'OgiC&' subject of the present Study, are better suited as mimics of
systems is instilling them with reversible gating properties. protein ion channels. These artificial channels could be
A case in point of such a reversibility is the nicotinic designed to have desired molecular selectivity and transport
acetylcholine receptor, one of the most widely studied ligand- properties'>.16
gated ion channefsWhen acetylcholine binds to the Recently, there is a high interest in biointerfaces that
subunit of the acetylcholine receptor, the channel opens tojnyvolve nanomaterials, such as quantum dots, fullerenes, and
allow the flow of sodium and potassium ions. Dissociation nanotubes/nanofibers. Controlling the interactions between
of acetylcholine from the receptor leads to channel closing. biomolecules and these nanomaterials could enhance the
Hydrogels have been proposed as materials for use in gatedange and functionality of the lattét;® For example,
membranes because of their reversible phase change, whiclproteins, nucleic acids, and other biologically active com-
is mostly controlled by external chemical stimuli, such as pounds can be covalently attached to chemically function-
pH (swelling/deswelling of the hydrogel), temperature, or alized carbon nanotubes to form vehicles for drug deliv-
variation of electric chargé:!® Hydrogels, however, have  ery202!|n that regard, CNTs functionalized with a peptide
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from thea subunit of the g protein could translocate across
cell membrane%223An aligned array of CNTs impregnated

in a polystyrene matrix has recently been reported to form a
membrane structure with well-ordered, nanometer-scale
pores?! Importantly, the open tips of the carbon nanotubes
in this membrane terminate in carboxylates that can be easily,
derivatized with a molecule that binds to a bulky receptor,
which subsequently can be used to open/close the porg
entrance. In the present study, our aim is to switch the
functionalized nanopore membranes between on handoff
states reversibly by attaching and releasing the receptor in a
controlled fashion (i.e., receptor-stimulated switching). In the
present study, we have used a desthiobiotin derivative that
binds reversibly to streptavidin to modify the entrance of
the through poreg of membrane-embedded CNTs, therl:"byFigure 1. SEM image of aligned multiwalled CNT membrane. Because
enabling a reversible on/off system. Transport through the of the cleaving process, some of the CNTs are protruding away from the
nanotube pores is switched off when streptavidin binds to cleaved surface. Bar denotes a distance ofu85

the functionalized membrane and turned on when streptavidin
is released.

DSB-X biotin hydrazide. The membranes were characterized by
Fourier transform (FT)IR to confirm the conjugation of DSB-X
biotin hydrazide. An amount of 2.0 mg of CNT membrane was
dried in a vacuum oven, crushed and mixed with 70 mg of KBr to
Materials. DSB-X Biotin hydrazide (a desthiobiotin derivative), form a pellet. FTIR spectra of the KBr pellet were recorded with
streptavidin, and fluorescein-isothiocyanate-labeled streptavidin @ ThermoNicolet Nexus 4700 IR instrument.
were purchased from Molecular Probes, (Eugene, OR). Methyl  Streptavidin Binding. DSB-X biotin hydrazide functionalized
viologen dichloride (M\?*) and tris(2,2bipyridyl)dichlororuthen- CNT membranes were incubated in a streptavidin solution prepared
ium (Ru(bpy}Clp) were purchased from Aldrich, (Milwaukee, WI). by dissolving 1.6 mg of streptavidin in 4 mL of Tris buffer (50
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) was pur- mM tris(hydroxymethyl)aminomethane, 50 mM NaCl, pH 8.0). The
chased from Pierce (Rockford, IL). reaction was carried out at°€ overnight on a shaker. The CNT
Membrane Fabrication. CNT membranes were fabricated using membranes were washed with Tris buffer three times to remove
a previously described methét.Briefly, an aligned array of the unreacted streptavidin.
multiwalled CNTs having a mean pore diameter of £2.5 nm Flux Measurements.lonic flux measurements through the CNT
was grown by chemical vapor deposition using a ferrocene/xylene membrane were carried out using a simple U-tube cell consisting
feed gas. The volume between the CNTs was filled with polysty- of two chambers separated by the nanotube membrane. The exposed
rene, and the composite film was removed from the quartz substratemembrane area was 0.3 &rithe feed chamber was filled with 7.2
with hydrofluoric acid. Excess surface polymer and Fe catalyst mL of 5 mM aqueous mixture of methyl viologen (M’\'/) and tris-
nanocrystals at the CNT tips were removed byOHplasma (2,2-bipyridyl)dichlororuthenium (Ru(bpyd™), and the permeation
oxidation, resulting in a membrane structure with CNT cores chamber was filled with 1.4 mL of deionized water. Care was taken
traversing the polystyrene film and having carboxylate function- to avoid any pressure-induced transport by ensuring that solution
alization at the CNT tips. Figure 1 shows an SEM image of the |evels were at the same height in the feed and permeation chambers.
aligned multiwalled CNT membrane. Our previous reffodem- No change in the liquid height was observed throughout the
onstrated that streptavidin could block the pore entrance of the experiments, indicating that the effect of osmotic pressure was
CNTs that had been prefunctionalized with biotin. However, this negligible. The entire permeated solution was periodically assayed
process was not reversible and thus not well suited for sensor Orusing a HP 8543 UVtvis spectrophotometer. Calibration plots of

Experimental Section

ion-channel mimetic applications.

Conjugation of DSB-X Biotin Hydrazide. CNT membranes
were functionalized with DSB-X biotin hydrazide (Figure 2, inset),
which is a derivative of desthiobiotin that can be attached to

each marker molecule (MA or (Ru(bpy}?") in the range 1x
104 to 1 x 1077 M (six solutions) were used to quantify the
amounts of M\?* and Ru(bpy¥" in the permeate solution. The
absorbance maximum of MY is at 260 nm, and Ru(bpy)" has

carboxylate functionalized CNTs. The conjugation of DSB-X biotin  two peaks at 286 and 452 nm. There is no interference fromMV
hydrazide to the carbon nanotube membrane was carried out inat 452 nm, so this wavelength was used to quantify the amount of
2-(N-morpholino)ethane sulfonic acid (MES) buffer, pH 6.5. An  Ru(bpy)?*. The MV2+ absorbance at 260 nm overlaps with the
amount of 20 mg of CNT membrane was added to 4 mL of MES absorbance from Ru(bpg). With known Ru(bpyy** concentration
buffer containing 0.015 mg of DSB-X biotin hydrazide, and 10 (from the 452-nm peak), the overlap can be subtracted allowing
mg of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC); the  calculation of the Mt concentration. The permeate solution
latter was added to activate the carboxylic acid groups present onremained at less than 2 orders of magnitude of feed solution
the membrane. The CNT membrane was incubated in this reactionconcentration, thus the concentration gradient remained nearly
mixture at 4°C on a shaker overnight. The CNT membrane was constant during the diffusion experiment.
washed three times with MES buffer to remove any unreacted  Fygrescence StudiesFor streptavidin binding, fluorescence
studies were performed to quantify the amount of streptavidin bound
(22) Pantarotto, D.; Partidos, C. D.; Hoebeke, J.; Brown, F.; Kramer, E.; to the membrane surface. First, the functionalized nanotube

g’gf”dr J.; Muller, S.; Prato, M.; Bianco, AChem. Biol.2003 10, membrane was incubated in 4 mL of a fluorescein-isothiocyanate-
(23) Pantarotto, D.; Briand, J.; Prato, M.; Bianco@hem. Commur2004 labeled streptavidin (streptaviditITC) solution for 6-8 h. The

16. streptavidin-FITC solution was prepared by dissolving 1 mg of
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Figure 2. Schematic demonstrating the binding of streptavidin to DSB-functionalized tips of carbon nanotubes at the surface of-thely\Glfene
composite membrane. (A) Open tips of CNT with carboxylic end groups, (B) DSB-X biotin hydrazide functionalized tip of CNT, and (C) streptavidin bound
to the functionalized membrane. The structures of DSB-X biotin hydrazide and methyl viologen are shown an an inset.

streptavidin-FITC in 4 mL of Tris buffer. Fluorescence measure- in the presence of biotin at neutral pH, thus restoring the
ments were performed on a Fluorolog-2 spectrofluorometer (Jobin flux of the marker ions across the channel. The affinity of
YVON-SPEX, Edison, NJ), equipped with a 450-W xenon arc lamp streptavidin for desthiobiotin is several orders of magnitude
using quartz cuvettes. The excitation wavelength was set at 498|g\yer than that for biotif Streptavidin binds to the
nm, and emission was detected at 518 nm. For quantifying the yegihiopjotin-functionalized membrane and blocks the pore.
amount of streptawd_rﬁFITC, a calibration plot in the range 0.65 The bound streptavidin was released bv incubating the
ug/mL (seven solutions) was used. . P . L y . 9
membranen a 1 mMsolution of biotin in 50 mM Tris, 50
mM NaCl, pH 8.0, buffer. After releasing the bound
streptavidin, the CNT membrane was washed with 50 mM
Biological ion channels play a critical role in the transport  Tris, 50 mM NaCl, pH 8.0, buffer solution three times, before
of fluids and chemicals across cell membranes/walls. Nano-evaluating its transport properties.
pore membranes can be used to mimic ligand-gated ion The opening and closing of the pores was detected by
channels if a selective molecule (ligand), which is placed at monitoring the transport of M% through the CNT cores
the entrance of the CNT, is reversibly coordinated with a across the membrane as seen in Figure 3. Before the binding
bulky receptor. This reversible binding of the ligand/receptor of streptavidin to the DSB-functionalized CNT membrane,
system leads to on/off switching of the pores. The desthio- a flux of 4.8 nmol cm2 h~! was observed for M%'. A flux
biotin derivative, DSB-X Biotin, used in this study binds of 0.2 nmol crm2 h—t was observed after streptavidin binding.
reversibly to streptavidin. DSB-X Biotin hydrazide was After incubating the streptavidin-coordinated membrane with
reacted with the carboxylate end groups of the CNT biotin, streptavidin was released from the membrane, and a
membrane using a carbodiimide-mediated reaction. FTIR flux of 4.4 nmol cn2 h~! was restored. Thus, the binding
studies were carried out to confirm the functionalization of of streptavidin is reversible leading to a regulated transport
the CNT membrane with DSB-X Biotin hydrazide. A peak through the membrane. Additionally, the transport of Ru-
at 1627 cm! in the plasma oxidized CNT membrane can (bpy)?* through the CNT cores across the membrane was
be attributed to the €0 stretch of COOH. Expansion of  also monitored. The ratio of the M\V/Ru(bpy)?* fluxes
the C=0 stretch region for the DSB-functionalized mem- (was found to be 1.5) through the DSB-functionalized CNT
brane showed that the peak had broadened with the maxi-membrane is equal to the ratio of the corresponding diffusion
mum still at 1627 cm! and a shoulder at 1603 ¢ which coefficients in aqueous solutidhThis indicates that the pore
can be assigned to the—o amide (1) anddny amide (I1) size is large enough to not hinder diffusion through the
bands?®
The model system depicting binding of streptavidin to (24) Hirsch, J. D.; Eslamizar, L.; Filanoski, B. J.; Malekzadeh, N.;
DSB-X biotin hydrazide functionalized CNT membrane is gggg'ggg’ﬁ;'; Beechem, J. M.; Haugland, RARal. Biochem
schematically shown in Figure 2. Binding can be reversed (25) Jirage, K. B.; Hulteen, J. C.; Martin, C. Bciencel997, 278, 655.

Results and Discussion
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Figure 3. Flux data of methyl viologen through the pores of CNT
membrane (the concentration of MVin the feed solution was 5 mM).
(a) DSB-functionalized CNT membranea) streptavidin bound to DSB
CNT membrane, anda( after biotin incubation, to release streptavidin from
the CNT pore entrance.

Table 1. Experimental and Calculated Values of Streptavidin Bound
to DSB-X-Functionalized CNT Membrane (Fluorescence Studies)

3.2Tm
6.6 109 CNT/cn?
0.26% 0.017ug
16430.8

membrane surface area
CNT areal density

amt streptavidin
streptavidin molecules/pore

membrane. Indeed, the size of the DSB molecule is very
small (~1 nm) leaving at least a-5-nm diameter at the
entrance of the CNT core.

Fluorescence measurements were carried out to determin

any amount of FITC-labeled streptavidin that remained bound

to the nanotube membrane after exposure to a biotin-
containing solution. Estimates of the number of streptavidin

molecules per pore and the area of membrane covered by

streptavidin are shown in Table 1. An amount of 0.267
0.017 @ = 3) ug of streptavidin was bound to the CNT
membrane having a surface area of 3.2.cfhis corresponds

to approximately 16 streptavidin molecules bound per pore
using an estimated areal density ofx610° CNT/cn?.2!

This can be expected since the nanotubes are multiwalled.
suggesting more than one binding site at each pore. Ad-

ditionally, because the tips of the CNTs extend beyond the
membrane surface, sidewall modification by the plasma
oxidation and subsequent DSB functionalization is possible.

To support this hypothesis, the number of reactive sites onto

which streptavidin could bind was estimated by decorating
thiol-functionalized CNTs with easily observed (by TEM)
gold nanocrystals. For this, the polystyrene matrix of an as-

multiwalled CNTs were modified with a reagent containing
both a thiol and an amine (cystamine) instead of desthiobio-

tin, using the same carbodiimide reaction. These sites were

then coordinated to nanocrystalline gold (5 nm diameter,
similar to streptavidin volunt§). Of 16 multiwalled CNT
tips analyzed by TEM, an average of 45 gold coordination
sites per CNT were observétiwhich is consistent with the

e
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number of streptavidin molecules found to bind per DSB-
functionalized CNT membrane. Given the structural differ-
ences of the two molecules used to modify the CNTs (DSB
vs cystamine), this difference in the number of reactive sites
is not unreasonable, considering the associated uncertainty
in the areal density and efficiency of coupling.

Studies were also carried out to investigate whether there
is physical adsorption of streptavidin onto the unfunction-
alized CNT membrane, which could lead to blockage of the
pores. For this, a CNT membrane was incubated in a FITC-
labeled streptavidin solution (1 mg/4 mL of Tris buffer) and
shaken in a rotary shaker. The membrane was washed three
times with the buffer, and flux measurements of #\and
Ru(bpy)?* were carried out before and after incubation with
streptavidin. The membrane maintained 95% transport flux
for MV2" and 88% for Ru(bpyf*, indicating the absence
of simple chemi-/physisorption leading to pore blockage. This
observation is also implicit in the reversibility data shown
in Figure 3.

Another control experiment in support of ionic flux taking
place through the cores of CNTs was also carried out because
it has been recently reported under other multiwalled CNT
growth condition# that Fe nanocrystals could block mul-
tiwalled CNT cores in silicon nitride membranes. Specifi-
cally, we performed the same membrane fabrication shown
here on a multiwalled CNT sample from an Fe-rich region
of the deposition reactor, where nanotubes are blocked by
Fe nanocrystals. The resultant composite membrane was the
same as the working membranes described above (in terms
of polymer thickness and processing steps), except for the
quality of multiwalled CNT cores, which were blocked. No
flux of Ru(bpy)?" nor MV?* was seen after 32 h, indicating
that diffusion through the polymer or other gross defects is
insignificant. The conclusion that the observed flux in
working membranes is through CNT cores is also consistent
with the ability to gate transport with nanometer-scale
biological molecules and Nlesorption measurements of pore
size. The quality of the initial multiwalled CNTs is an
important issue that does affect overall flux, and further
research to optimize the CNT fabrication process is on going.

Conclusions

Aligned carbon nanotube membranes can mimic biological
ion channels by reversibly and selectively opening/closing
pores in the presence of bioactive molecules. This approach
can be broadly applied to other receptor/ligand pairs that can
selectively block CNT core entrances. An important con-
straint is that the molecule bound to the CNT pore should
be small enough<{~3 nm) to not block the core by itself.

In this study, the pores of nanotube membranes open and
close using the reversible binding of desthiobiotin to strepta-

prepared membrane was dissolved in toluene, and theV|d|n. Onl/off states are obtained by binding and releasing

of streptavidin from the DSB-functionalized tips of the CNT
in the membrane. This is confirmed by ionic transport
through the CNT core.

(26) Hendrickson, W. A.; Pahler, A.; Smith, J. L.; Satow, Y.; Merritt, E.
A.; Phizackerley, R. PProc. Natl. Acad. Sci. U.S.A989 86, 2190.

(27) Chopra, N.; Majumdar, M.; Hinds, B. Adv. Funct. Mater, in press.

(28) Holt, J. K.; Noy, A.; Huser, T.; Eaglesham, D.; Bakajin, ano
Lett. 2004 DOI: 10.1021/nl048876h.



Reversible Biochemical Switching of lonic Transport Chem. Mater., Vol. 17, No. 14, 28899

Acknowledgment. P.N. and N.C. thank the Research Chal- Agreement No. F49620-02-1-0225, an NSF CAREER award
lenge Trust Fund of the Commonwealth of Kentucky for (CTS-0348544) to B.J.H, and National Aeronautics and Space
fellowships. Partial research was sponsored by the Army Administration for supporting V.G. The authors also thank
Research Laboratory under Cooperative Agreement No. W911NF-Rodney Andrews and Dali Qian at the Center for Applied
04-2-0023. The views and conclusions contained in this docu- Energy Research (University of Kentucky) for supplying
ment are those of the authors and should not be interpreted asnultiwalled CNTs that were used to produce membranes and
representing the official policies, either expressed or implied, Mainak Majumder for help with IR and flux measurement setup.
of the Army Research Laboratory or the U.S. Government. The The Center for Nanoscale Science and Engineering and the
U.S. Government is authorized to reproduce and distribute Electron Microscopy Center at the University of Kentucky
reprints for Government purposes notwithstanding any coyright provided critical equipment infrastructure.
notation hereon. Additional funding was provided by the Air
Force Office of Scientific Research (DEPSCoOR program) under CM047844S



