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This communication describes a general strategy that usesScheme 1 2

dopamine (DA) as a stable anchor to present functional moleculeg
on the surface of iron oxide nanostructures. The successful synthes
of monodispersed magnetic nanopartidigsyrticularly iron oxide
nanoparticlesor core/shell nanostructures comprising iron oxides
shells? promises broad applications of magnetic nanopatrticles in
biomedicine and biology due to the inherent biocompatibility of
iron oxide* These applications, however, usually require designated
molecules to be immobilized on the surfaces of the magnetic
nanoparticles. Although thiolated organic molecules serve as

excellent anchors to link the functional molecules on the magnetic
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nanoparticles whose surfaces consist of noble metadsgemon-

aConditions: (a) NaOHtert-butyl dicarbonate, dioxane,8, 24 hrs;

stration shows that a small molecule acts as a versatile and robustb) BnBr, K;COs, DMF, rt, 24 h; (c) 10% CECOOH, CHCly, rt, 5 h; (d)

anchor on a nanoparticle whose surface comprises iron oxide.
Therefore, several alternatives have been developed to modify

magnetic nanoparticles that consist of iron oxider example,
coating iron oxide with Au, polymers, and siliEZhese approaches,

however, still have drawbacks such as low magnetic moments, low

specificity, or poor tunability. Here we report an easy method that
employs DA as a robust anchor to immobilize the functional

molecules on the iron oxide shells of magnetic nanoparticles and

the use of nitrilotriacetic acid (NTA) as the functional molecule

for protein separation to demonstrate robustness and specificity of

nanostructures created by this method.
We choose DA as the anchor to connect NTA to the iron oxide

shell of the magnetic nanoparticles because the spectroscopic stud§

succinic anhydride, pyridine, rt, 3 h; () NHS, DCC, DMAP, CHGt, 3
h; (f) NaHCQs, NTA, H20, CHsCH;OO0H, CHCE, rt, 24 h; HCI; (g) Pd/C,
CH3OH, Hy; (h) hexane/water, sonication for 20 min; and (i) NiGH,O.

Scheme 1 illustrates the synthetic route for making the MJke
DA—NTA agents. After protecting the hydroxyl groups of dopa-
mine (1) with benzyl bromide, succinic acid anhydride reacts with
2 to yield 3. Ny, Nq-bis(caboxymethyl)lysine reacts withto give
4 after deprotecting the hydroxyl group. Co (or Sm@dFe03
nanoparticlel(in hexane phase) react with(in aqueous solution)
under vigorous stirring overnight or under sonication for 20 min
to form Fe-O bonds that link4 to the FeO; shell. After the
eaction, the resulting producs, becomes water soluble and is

by Rajif suggested that bidentate enediol ligands such as DA egsily separated frqm the organic phase. Then, excess amounts of
convert the under-coordinated Fe surface sites back to a bulk-like NiCl226H20 react with5 in the aqueous phase. The removal of the

lattice structure with an octahedral geometry for oxygen-coordinated
iron, which may result in tight binding of DA to iron oxide. In
addition, Langmuir isotherms indicate that the desorption of DA
from metal oxide nanoparticles (e.g., B)Os less favorable than
adsorptior® Thus, we created a system with an M/6g—-DA—
NTA (M = Co or SmCeg_) nanostructures) and tested its stability
and specificity. Upon chelation to Ni, this M/FeO;—DA—NTA—

Ni2+ system €) separates histidine-tagged proteins from a cell lysate
with high efficiency and capacity. In addition, the specificity and
efficiency of6b remain unaffected even aftéb is boiled in a buffer
solution. The simple synthetic route provided in this work also
allows a large pool of functional molecules to be connected to iron

unreacted Ni* solution followed by washing the nanopatrticles with
Tris buffer solution yields.

We used UV~vis, infrared, and time-of-flight second ion mass
spectra (ToF-SIMS) to characterize the BANTA moieties on the
surface of Fg03.2° In addition to the absorptions originating from
the nanoparticles, the presence of a small peak at 280 nm (originated
from 4) indicates that DA-NTA resides on the nanoparticle. The
IR spectra obaand5b both exhibit broad peaks around 3440¢m
and strong sharp peaks centered at 1640cwhich arise for
carboxylic acid groups and amide groups, indicating the presence
of DA—NTA on 5. The ToF-SIMS spectrum & not only displays
the fragments oft (m/e = 497, 478), but also the fragment of iron-

oxide. Because of the increasing usage of iron oxide nanoparticlescoordinated dihydroxylbenzyl moiety (FeQHs™, mle = 177),

in biological research, the ease of linking other biomolecules to

further proving that DA-NTA forms covalent bonds with the f8;

iron oxide surfaces through a versatile anchor, such as DA, shouldshell. We also estimated the numbers of-BMTA conjugate linked

lead to useful applications of iron oxide-containing nanostructures

to the core-shell magnetic nanoparticles by weight analysis. We

in several areas, e.g., cell biology, biotechnology, and environment o,nd that on each Co/j®; and SmCgJ/Fe0; nanoparticle, there

monitoring.
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average 27 and 50 DANTA molecules, respectiveRf. TEM
(Figure 1) indicates thdia or 5b exhibits well-defined coreshell
nanostructures (similar to the as-prepared Cgdg®r SmCag o
Fe03 nanoparticles).

10.1021/ja0464802 CCC: $27.50 © 2004 American Chemical Society
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Figure 1. Transmission electron micrograph (TEM) images of (A) Co/
Fe0s, (B) 5a (C) SmCa J/Fe:0s, and (D)5b. (E) Magnetism o6a, 6a
GFP,6b, and6b-GFP at the ambient conditioR.
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Figure 2. SDS/PAGE analysis of the purity of the proteins. (A) Cell lysate
(lane 1), GFP standard (lane 2), molecular weight marker (lane 3), the
fractions from freshly made SmggFe,0s—NTA by washing with
imidazole elutions (10 mM, lane 4; 500 mM, lane 5), fractions from the
freshly made Co/RE®3;—NTA using imidazole elutions (10 mM, lane 6;
500 mM, lane 7). (B) Cell lysate (lane 1), GFP standard (lane 7), the
molecular weight marker (lane 8), the fractions washed from the freshly
made6b (lanes 2 and 3), boilefib (lanes 4 and 5), and the microbeads of
the commercial HiTrap affinity column (lanes 6 and 9). The concentrations
of imidazole are 10 mM (lanes 2, 4, and 6) and 500 mM (lanes 3, 5, 9). All
imidazole elutions also contain 20 mM PO, and 0.5 M NaCl.

Magnetic measurements reveal the superparamagnetic behavio
(no hysteretic behavior, Figure 1E) 6& and6b at 298 K before
and after binding to the protein, respectively. Before binding to
the protein (6xHis-GFP), the magnetization6afis 14.5 emu/g at
3000 G, and the magnetization @ is 18 emu/g at 3000 G. After
binding to the proteins, the magnetization6afGFP is 2.2 emu/g
at 3000G, while that 08b-GFP is 10.6 emu/g. Both magnetizations
are sufficient to allow the magnetic nanoparticle-connected proteins
to be attracted by a small magnet (with a surface field-dD00
G).

The procedure and condition of usifigto isolate proteins is
similar to our previously reported procedsAfter washing away
the physically absorbed proteins dhor the residual protein
solutions by deionized water, we used 10 and 500 mM of imidazole
elutions to sequentially wash the protein-bound nanoparticles. Figure
2A shows the imidazole elutions contain only the target protein
(6xHis-GFP, lanes 4, 5, and 7). Since there is no other protein being
washed off even by the low concentration (10 mM) imidazole
elution (Figure 2A, lanes 4 and &) jndeed enhances the specificity
of NTA—Ni2" to bind with histidine-tagged proteins. Control
experiment shows that the amount of GFP absorbeglieralmost
negligible when there is no chelation of Niions with the NTA
groups!® Both 6a and 6b can be regenerated and reuded,
suggesting that the bonding between DA and iron oxide is stable
at high salt concentration and the presence of sodium dodecyl
sulfonate (the cell lysate contains 0.5 M NaCl, 20 mM Tris-Cl,
and 2% SDS).

We tested the thermal stability 6b and compared its specificity
with a commonly used commercial product for separating histidine-
tagged proteins. As shown in Figure 2B, after being boiled in Tris
buffer (pH= 7.9) for 20 min, the specificity and efficiency 6b
remain unaffectedelectrophoresis traces show that the fractions
washed from the boilefib contain only the histidine-tagged protein,
the same as the fractions washed from the freshly nfidle
Moreover, the specificity 06b for the histidine-tagged proteins is
much higher than the commercial HiTrap affinity column that is
based on microbeads: after the affinity column &bdvere bathed
with cell lysate and washed under the same conditions, the fraction
washed from the affinity column contains many other proteins,
while the fractions fronb contain only the histidine-tagged protein.

In conclusion, we have demonstrated for the first time that dopamine
serves as a robust anchor on the surface of the iron oxide shell of
a magnetic nanoparticle, and the resulting nanostructure exhibits
high specificity for protein separation and exceptional stability to
heating and high salt concentration. Our simple synthetic strategy
should provide a useful way to link other biofunctional molecules
to other metal oxide surfaces (e.g., F#0and FgO,) that also have
high affinity to DA” and offer new opportunities for the biological
applications of metal oxide nanopatrticles.
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