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Magnetic particles have been extensively studied in the field of
biomedical and biotechnological applications, including drug
delivery, biosensors, chemical and biochemical separation and
concentration of trace amounts of specific targets, such as bacteria
or leukocytes, enzyme encapsulation, and contrast enhancement in
magnetic resonance imaging (MRTE In most applications,
spherical nanoparticles have been used. However, spherical mag- @)
netic nanoparticles still need to be improved for controlling particle
sizes, surface functionalizations, and their environmental compat-
ibility due to the structural limitation of spherical particles when
multifunctionality is required on their surfaces.

Since Martin and co-workers have demonstrated the differential — i)
functionalization of silica nanotubéstubular structure of nano- e 1 Transmission electron micrographs (TEM) of 200 nm (A, B)
particles has become highly attractive for the multifunctional and 60 nm (C, D) diameter silica nanotubes without magnetite (A, C), and
nanoparticles due to their structural attributes, such as the distinctivemagnetic nanotubes (MNTs) with magnetite (B, D); (E) room-temperature
inner and outer surfaces, over conventional spherical nanoparticles magnetization curves of MNTs.

Inner voids can be used for capturing, concentrating, and releasing

species ranging in size from large proteins to small molecules saturation magnetizations are 2.7 and 2.9 emu/g, respectively. These
because tube dimensions can be easily controlled by the templateyalues are in accordance with previously reported data for silica
synthesis. Distinctive outer surfaces can be differentially function- magnetite nanoparticlésFor further analysis, energy-dispersive
alized with environment-friendly and/or probe molecules to a X-ray (EDX) and field emission scanning electron microscopy
specific target. Therefore, by combining the attractive tubular (FESEM) analyses were carried out (see Supporting Information
structure with magnetic property, the magnetic nanotube (MNT) for details).

can be an ideal candidate for the multifunctional nanomaterial ~ For an exemplary chemical extraction and separation experiment,
toward biomedical applications, such as targeting drug delivery with MNTs (~10°%) with C18-functionalized inside were added to a
MRI capability. In this communication, we describe the synthesis solution of 1,1-dioctadecyl-3,3,33 -tetramethylindocarbocyanine

of MNTs and their uses for magnetic-field-assisted chemical and perchlorate (DilGs, 38 «M) in water/methanol (9:1 v/v, 1 mL).
biochemical separations, immunobinding, and drug delivery. The mixture was shaken and 10 min allowed for these dye

We synthesized silica nanotubes with a layer of magnetitgddfe ~ molecules to enter the MNTSs by the strong hydrophobic interaction.
nanoparticles on the inner surface of the nanotube using porousThese nanotubes are completely suspendible in aqueous phases
alumina film as template (60 and 200 nm pore diameters). Silica (even in pure water) due to their outer hydrophilic silica surfaces.
nanotubes were prepared in the pores of the template film by the A Nd—Fe—B magnet (ca. 0.3 T) was then used to separate the
previously reported “surface segel” method<:6 To form the layer nanotubes and, thus, the Di®nolecules from the solution. Figure
of magnetite nanoparticles, the silica nanotube alumina film was 2A B shows that magnetic separation makes a solution, which
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dip-coated with a 4:1 mixture solutiori b M FeCk and 2 M FeC, initially contains red color dye (Dilg), almost transparent and
dried in an Ar stream, immersed L M NH,OH for 5 min, and clear. UV~vis spectroscopy and fluorescence microscopy studies
washed thoroughly with deionized watefror the differential were further performed to show that more than 95% of the RilC

functionalization of MNTSs, the inner nanotube surface was treated was removed from the solution and that the hydrophobic dye was
with octadecyltriethoxysilane (C18-silane) while MNTs were still  extracted into the MNTs (see Supporting Information for details).
embedded in the pores of the alumina template. Free-standingAs a control experiment, when MNTs without a C-18 layer inside
MNTs were obtained after polishing both sides of the template film were incubated with Dilg, no detectable change was observed.
mechanically and dissolving the alumina template in a 0.1 N NaOH The above results tell us that these MNTs can be used for the
solution. After the template was dissolved completely, MNTs were extraction, separation, release, and analysis of trace amounts of the
collected by filtration. extremely hydrophobic toxic chemicals, such as polychlorinated
Transmission electron microscopy (TEM) images of MNTs biphenyls (PCBs) and polycyclic aromatic hydrocarbons (PAHSs)
(Figure 1B,D) show clearly the magnetite layers on the inner surface in water?
of the nanotubes, while bare silica nanotubes have smooth tubular MNTs with human IgG inside were prepared and added to the
wall surfaces (Figure 1A,C). Figure 1E shows the room-temperature mixed solution (2 mL, pink color) of fluorescein-labeled anti-bovine
magnetization curves of MNTs obtained by a superconducting IgG (green, 0.7.«M in 0.1 M phosphate-buffered saline (PBS),
quantum interference device (SQUID). Both 60 and 200 nm pH 7.4) and Cy3-labeled anti-human IgG (red, Ou) in order
diameter MNTSs exhibit the superparamagnetic characteristics. Theirto show a magnetic bioseparation using antigentibody interac-
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Figure 2. Pictures of vial containing 38M DilC18 and 18 C-18-modified diameter, 3um length), which have an FITC-modified inner surface and a
MNTSs before (A) and after (B) magnetic separation for 2 min; (C) a picture rabbit lgG-modified outer surface, to the surface of anti-rabbit IgG-modified
of the solution containing green FITC-labeled anti-bovine IgG and red Cy3- glass after antigenantibody interaction with (A) and without (B) magnetic
labeled anti-human IgG after magnetic separation. Each solution was field under the glass substrate. All of the long bright spots in A and B are
incubated with BSA-MNTSs (left) and MNTs with human IgG inside (right) ~ the individual nanotubes. Some brighter nanotubes in the images may be
before magnetic separation. (D) Fluorescence speétsa<t 552 nm) caused by the aggregation of two or three nanotubes. (C) In vitro release
corresponding to Figure 2C for measuring the amount of remaining red of ibuprofen, 4-nitrophenol (4-N&Ph), and 5-fluorouracil (5-FU) from
Cy3-labeled anti-human IgG in solution. MNTs (60 nm diameter, 250 nm length).

tion.* BSA-derivatized MNTs (BSA-MNTs) were prepared as well coverage of the MNT inner surface area. The release tests were
to show a nonspecific biointeraction. The outer surfaces of all the performed in 1 mL of pH 7.4 PBS (Figure 3C). It was observed
MNTs were functionalized with poly(ethylene glycol) (PEG) silane ., jess than 10% of ibuprofen was released in 1 h, and 80% was

to protect nonspecifip adsorptipns on silica.surfaces. Figure 2C released after 24 h. In the cases of 5-FU and 4-nitrophenol, however,
shows, after magnetic separation, the solution changes from they, e than 90% was released in 1 h. These results tell us that the

original pink to greeniskblue only when MNTs with human 1gG carboxylic acid group of ibuprofen makes the strongest interaction
inside are added, while the solution with BSA-MNTs remains its with the amine group inside MNT and ibuprofen released with a

original pink color. This means that red Cy3-labeled anti-human ;. rate.

IgG was separated specifically from the solution by human 19G-  \ye ant to again emphasize that the hollow tubular structure
MNTSs. Fluorescence spectra (Figure 2D) show that 84% of Cy3- ¢ 5 magnetic particle can be one of the most promising candidates
labeled anti-human IgG was separated by human IgG-MNTSs but 5. \arioys applications, including chemical and biochemical
only 9% by BSA-MNTSs. separations and drug delivery. We believe that MNTs with drug-

Vef_Y interestingly, the magnetic F_’mpe”y of MNTs can be used friendly interiors and target-specific exteriors can open a new field
to facilitate and enhance biointeractions between the outer surfacesm material for the multifunctional targeted drug delivéty.

of MNTs and a specific target surface. As a potential application,

the drug delivery efficiency might be greatly improved by the ~ Acknowledgment. This work was supported by the Laboratory
magnetic-field-assisted biointeraction when the MNTs carry the for Physical Sciences and University of Maryland. We thank Dr.
drug inside and have probe molecules, such as antibody, on theR. Greene and Dr. B. Liang for valuable assistance with SQUID,
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the unbound nanotubes, the number of bound nanotubes was

counted at five different regions of fluorescence microscopy images References

(Figure 3A,B) and averaged. About 4.2-fold binding enhancement
was observed for the antigerantibody interactions in the presence
of magnetic field, and this means that we can control the efficiency
of antiger-antibody interactions spatially by means of an external
magnetic field.

5-Fluorouracil (5-FU), 4-nitrophenol, and ibuprofen were loaded
as model drug molecules into the pores of MNTs functionalized
with amino—silane (aminopropyl! triethoxysilane, APTS) to study
the effect of the charged hydrogen-bonding interaction between drug
and the inner pore surfaces on loading and rel&a$be amine-
functionalized MNTs were immersed in the hexane (ibuprofen) or
ethanol (5-FU, 4-nitrophenol) solutions of drugs. The amine
functional groups make strong ionic and/or hydrogen-bonding
interactions with the acid functional groups of drug molecules-UV
vis spectrophotometer study showed thd0’ ibuprofen molecules
per nanotube were loaded, as welkaB® 4-nitrophenol and-10’
5-FU. The value for ibuprofen is about twice the monolayer
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