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Martin and co-works have pioneered a method, called template Scheme 1

synthesis, for preparing nanotubes. This method has been used tc " N 2
prepare nanotubes composed of many types of materials, including o OiS"(CHZhNHZ D/'S"(C“z’!NH“S”C;E’
silica, polymers, metals, and biological macromolectidanotubes Ok WS . 0;8i(CHa)sNH-C-CBr
produced from this method promise to have a broad range of oH OESi-(CHzlsNHz o\;Si_(CHmNH-g-ci_B,
important applications. Free-standing nanotubes have beenused fo| | 7 ol O3S(CHNH; o‘;Si—(CHmNH-Ei-c’;Br
applications in biosensors, biocatalysis, biorecognition, and drug A0 membrane ¢

delivery? Nanotube membranes readily formed from template
synthesis have been used for bioseparations in an amazingly diverse a: Silanization with 3-aminopropyltrimethoxysilane
field of biochemical species, from simple ions and drug molecules b : Reaction with 2-Bromo-2-methylpropionyl bromide <L
to DNA and proteing.The selectivity of these nanotube membranes ¢ : Polymerization of estradiol:d-vinlpyridine complex
. . . and ethylene glycol dimethacrylate
is governed by the inherent properties of the nanotube themselves O 0
or the tailored selectivities of the additional immobilized selective ' i o
. MIP nanotube  imprint molecule
complexing agents.

The technique of molecular imprinting allows the formation of injtiator immobilized AAO membrane and organometallic catatyst
specific recognition sites in synthetic polymers through the use of gy (2umol) and 1,4,8,11-tetraazacyclotetradecane,(yelam)
imprint molecules. These recognition sites mimic the binding sites (4 umol). This reaction system was incubated at°@under the
of antibodies and other biological receptor molecules. Molecularly protection of nitrogen for 24 h. The AAO membrane was flowing
imprinted polymers (MIPs) can therefore be used in applications washed (using a peristaltic pump and a syringe filter) with
relying on specific molecular binding events. acetonitrile, methanelacetic acid (9:1, v/v), and methanol in

We have been investigating the selective separation using sequence before drying under vacuum. The TEM result and SEM
template-synthesized nanotube membranes on the basis of moleculgfesult (Figure 1) verify the formation of MIP nanotubes with
imprinting 3 In this report, we further describe the synthesis of the ¢ontrolled size in the AAO membrane.

MIP nanotube membrane using a porous anodic alumina oxide The $-estradiol recognition ability of the MIP nanotube mem-
(AAO) membrane by surface-initiated atom transfer radical po- prane was investigated by the steady-state binding method. The
lymerization (ATRP). ATRP is a new class of controlled living  MIP nanotube membrane described above was placed in a circula-
radical polymerizatiof.ATRP is based on the transfer of a halogen tjve flow system, and the test solutions @festradiol (at various
atom from the initiator to the monomer and the successive transfer concentrations) in 5 mL acetonitrile were pumped through the
to the growing polymer chain catalyzed by a transition-metal nanotube membrane using a peristaltic pump for 2 h. The filtrate
complex that mediates the propagation. ATRP has been a populafivas concentrated by Nolow down evaporation. The amount of
means to graft polymer brush&s¢ including MIP brushe$! on a S-estradiol adsorbed by the MIP nanotube membrane was deter-
solid support because of the broad selection of monomers, its goodmined by measuring the residugtestradiol in filtrate by UV
control over the product molecular weight and dispersity, and its adsorption. As shown in Figure 2, the MIP nanotube membrane
good tolerance for functional groups. indeed exhibits a higher capacity f@restradiol than the control

The AAO membrane with the immobilized ATRP initiators was  nanotube membrane formed in the absence of impriftestradiol.
prepared by a two-step method. The AAO membrane with a The data from the binding experiment were further processed with
thickness of 60um and a pore diameter of 100 nm was first the Scatchard equation to evaluate the binding properties of the
modified with 3-aminopropyltrimethoxysilane. The ATRP initiator, MIP nanotubes. Two straight lines fitting the Scatchard equation,
2-bromo-2-methylpropionyl bromide, was then grafted onto the B/F = (Bnax — B)/Kqg, can be drawn (see the Supporting Informa-
silanized AAO membran This AAO membrane was used as a tion), and these give two typical dissociation constants. A dissocia-
macroinitiator in the subsequent molecular imprinting process tion constant (7.2%mol/L) and a maximum number of binding
(Scheme 1). The imprint molecule, functional monomer, and cross- sites (12.38:mol/g) were calculated for high-affinity binding sites.
linking agent used in this study afeestradiol, 4-vinlpyridine (4- When compared to traditionally formed bulk MIPs fxestradiol’

VP), and ethylene glycol dimethacrylate (EGDMA), respectively. the MIP nanotubes have 11-fold higher binding capacity and 13-
p-Estradiol (0.125 mmol), 4-VP (1 mmol) and EGDMA (8 mmol) fold better imprinting effect.

were dissolved in 8 mL of acetonitrile. This mixture solution was The binding of the MIP nanotube membrane feestradiol was
stirred fa 2 h atroom temperature for the formation of a complex compared to the other two naturally occurring, related phenolic
of imprint molecule and monomers. This mixture was then purged steroid compounds, estrone and cholesterol, which have the same
with N for 15 min and transferred to a flask containing ATRP general structure gsestradiol but differ only in their functionalities
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Figure 1. Transmission electron micrograph (A) and scanning electron
micrograph (B) of the MIP nanotubes after the removal of the alumina
template membranes by 1 mol/L NaOH solution.
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Figure 2. Binding isotherm of thep-estradiol imprinted nanotube

membranel) and the control nanotube membramg for -estradiol from
5 mL of g-estradiol solution. The points represent mean values of three
measurements.
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Figure 3. Cross binding reactivity of the MIP nanotube membrane:
phenolic steroid compound (nmol) adsorbed by MIP nanotube membrane
from 5 mL of 200uM solution of phenolic steroid compound in acetonitrile

in 2 h.

in the 17 position. As shown in Figure 3, besides binding

p-estradiol, the MIP nanotube membrane also adsorbed estrone and (5) Yang, H.-H.; Zhang, S.-Q.; Yang, W.; Chen, X

cholesterol. A comparison of the MIP nanotube membrane to the

control nanotube membrane suggests that estrone and cholesterol

binding is partially specific to the binding sites created by
p-estradiol. The binding capacities toward estrone and cholesterol
are at less two times lower than that @festradiol. While the
cross binding reactivity of the MIP nanotube membrane may be
undesirable for the application of the MIP nanotube membrane for

sensors, this could actually be an advantage in sample treatment

because different kinds of phenolic steroid compounds can also be
removed or enriched efficiently.

In summary, this report demonstrates the advantages of high
affinity and selectivity of the MIP nanotube membrane in chemical
separation. Furthermore, because the molecular imprinting technique
can be applied to different kinds of target molecules, ranging from
small organic molecules (e.g., pharmaceuticals, pesticides, amino
acids, nucleotide bases, steroids and sugars) to peptides and proteins,
such MIP nanotube membranes will broaden considerably the
application of nanotube membranes in chemical separations and
Sensors.

This report also shows that the ATRP route is an efficient
procedure for the preparation of molecularly imprinted polymers.
Furthermore, the ATRP route works well in its formation of MIP
nanotubes within a porous AAO membrane. The controllable nature
of ATRP allows the growth of MIP nanotubes with uniform pores
and adjustable thickness (see the Supporting Information). Thus,
using the same route, it is possible to tailor the synthesis of MIP
nanotube membranes with either thicker MIP nanotubes for capacity
improvement or thinner nanotubes for efficiency improvement.

Acknowledgment. This work was supported by a grant from
the National Natural Science Foundation of China (Grant No.
20405004), Hi-Tech Research and Development Program of China
(863 Program), and “Jiangcai Plan” of Qingdao (Grant No. 05-
2JC-98).

Supporting Information Available: Experimental procedures. This
material is available free of charge via the Internet at http://pubs.acs.org.

References

(1) (a) Mitchell, D. T.; Lee, S. B.; Trofin, L.; Li, N.; Nevanen, T. K.;
Saderlund, H.; Martin, C. RJ. Am. Chem. So2002 124, 11864-11865.
(b) Son, S. J.; Reichel, J.; He, B.; Schuchman, M.; Lee, SJ.BAm.
Chem. Soc2005 127, 7316-7317. (c) Ai, S.; Lu, G.; He, Q.; Li, 1J
Am. Chem. So2003 125 111406-11141. (d) Hou, S.; Harrell, C. C.;
Trofin, L.; Kohli, P.; Martin, C. R.J. Am. Chem. So€004 126, 5674~
5675. (e) Hou, S.; Wang, J.; Martin, C. R.Am. Chem. So@005 127,
8586-8587.

(2) (a) Martin, C. R.; Kohli, PNat. Re. Drug Discaery 2003 2, 29—-37.
(b) Chen, C.-C,; Liu, Y.-C.; Wu, C.-H.; Yeh, C.-C.; Su, M.-T.; Wu, Y.
C. Adv. Mater.2005 17, 404-407. (c) Jayaraman, K.; Okamoto, K.; Son,
S. J.; Luckett, C.; Gopalani, A. H.; Lee, S. B.; English, DJSAm. Chem.
Soc.2005 127, 17385-17392.

(3) (a) Baker, L. A.; Jin, P.; Marin, C. RCrit. Rev. Solid State Mater. Sci.
2005 30, 183-205. (b) Lee, S. B.; Mitchell, D. T.; Trofin, L.; Nevanen,
T. K.; Stderlund, H.; Martin, C. RScience2002 296, 2198-2200. (c)
Kohli, P.; Harrell, C. C.; Cao, Z.; Gasparac, R.; Tan, W.; Martin, C. R.
Science2004 305, 984—-986. (d) Siwy, Z.; Trofin, L.; Kohli, P.; Baker,
L. A.; Trautmann, C.; Martin, C. Rl. Am. Chem. So€005 127, 5000-
5001.

(4) (a) Wulff, G.Chem. Re. 2002 102, 1-27. (b) Haupt, K.Anal. Chem.
2003 75, 376A—383A. (c) Zimmerman, S. C.; Lemcoff, N. @hem.
Commun.2004 5—14. (d) Sibrain-Vazquez, M Spivak, D. A. Am.
Chem. Soc2004 126, 7827-7833. (e) Manesmtls P.; Hall, A. J.;
Courtois, J.; Irgum, K.; Sellergren, B\ngew. Chem., Int. E(2005 44,
3902—3906. f) Nishino, H.; Huang, C.-S.; Shea, Kngew. Chem., Int.
Ed. 2006 45, 2392-2396. (g) Zhang, H.; Piacham, T.; Drew, M.; Patek,
M.; Mosbach, K.; Ye, LJ. Am. Chem. 80(2006 128 4178-4179.

.-L.; Zhuang, Z.-X.; Xu,

Wang, X.-RJ. Am. Chem. So<2004 126 4054-4055.

(6) (a) Sawamoto M.; Kamigaito, Mirends Polym. Scil996 4, 371-377.
(b) Matyjaszewski, K.; Patten, T. E.; Xia, J. Am. Chem. Sod997,
119, 674-680. (c) Vestal, C. R.; Zhang, Z. J. Am. Chem. So®002
124, 14312-14313. (d) Kong, H.; Gao, C.; Yan, . Am. Chem. Soc.
2004 126, 412-413. (e) Cui, Y.; Tao, C.; Zheng, S.; He, Q.; Ai, S.; Li.
J. Macromol. Rapid Commu2005 26, 1552-1556. (f) Wei, X.; Li, X;
Husson, S. MBiomacromoleculeg005 6, 1113-1121.

(7) Rachkov, A. E.; Cheong, S. H.; El'skaya, A. V.; Yano, K; Karube, I.
Polym. Ad. Technol.1998 9, 511-519.

JA065116V

J. AM. CHEM. SOC. = VOL. 128, NO. 50, 2006 15955





