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ABSTRACT We report a general thermal transformation approach to synthesize single-crystalline magnetic

transition metal oxides nanotubes/nanorings including magnetite Fe;0,, maghematite y-Fe,0;, and ferrites

MFe,0, (M = Co, Mn, Ni, Cu) using hematite c-Fe,0; nanotubes/nanorings template. While the straightforward

reduction or reduction-oxides process was employed to produce Fe;0, and -y-Fe,0, the -Fe,05/M(OH), core/shell

nanostructure was used as precursor to prepare MFe,0, nanotubes via MFe,0,, (0 < x < 1) intermediate. The

transformed ferrites nanocrystals retain the hollow structure and single-crystalline nature of the original

templates. However, the crystallographic orientation-relationships of cubic spinel ferrites and trigonal hematite

show strong correlation with their morpologies. The hollow-structured MFe,0, nanocrystals with tunable size,

shape, and composition have exhibited unique magnetic properties. Moreover, they have been demonstrated as

a highly effective peroxidase mimic catalysts for laboratory immunoassays or as a universal nanocapsules

hybridized with luminescent QDs for magnetic separation and optical probe of lung cancer cells, suggesting that

these biocompatible magnetic nanotubes/nanorings have great potential in biomedicine and biomagnetic

applications.
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he development of magnetic

nanocrystals has been intensively

pursued for both fundamental sci-
entific interest and technological
applications.”? Among the various mag-
netic materials, the cubic spinel struc-
tured MFe,0, represents an important
class of magnetic transition metal oxide
materials in which oxygen atoms form an
fcc close-packed structure, M?* and Fe3*
occupy either the tetrahedral or the octa-
hedral interstitial sites.> > The magnetic
properties of these spinel MFe,0, can be
effectively engineered by choosing differ-
ent elements as divalent metal ion (M?2%).
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Nanometer-sized MFe,0, materials and
their dispersions have been widely used
in many important technological applica-
tions ranging from information storage,®
electronics,”® catalysis,” magnetic reso-
nance image (MRI), to biomedicine and
drug delivery.'~'? In particular, they
have been considered to be the most
promising magnetic materials in biologi-
cal applications. For example, magnetite
(Fe30,) has been used as a tag for sensing
and imaging, an efficient peroxidase-like
catalyst for immunoassay test and an ac-
tivity agent for antitumor therapy;'3~'°
while NiFe,O, nanocrystal has shown its ad-
vantage in hyperthermia application.'® With
excellent transparent properties, y-Fe,0; is
an ideal candidate for fabrication of lumines-
cent and magnetic dual functional
nano-composites.'”'®

To achieve high performance in
function-specific biological applications,
magnetic particles are required to have
high thermal and chemical stabilities, large
surface areas for maximal protein or en-
zyme binding, high saturation magnetiza-
tion to provide maximum signal, and good
dispersion in liquid media.'® >89 Re-
cently, a special class of hollow-structured
nanocrystals, nanotubes, and nanorings
have attracted considerable attention.?®” 22
Compared to solid nanocrystals, these hol-
low structures have larger surface areas and
their hollow interior structure allows exter-
nal agents to be encapsulated inside. More-
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over, the single-crystalline magnetic nanotubes/
nanorings may possess vortex domain structure
in which the magnetization forms a closure struc-
ture without magnetic poles or stray fields. This
leads to weak magnetic interparticle interactions
that can be utilized to facilitate well-dispersed
ferrofluid. Furthermore, the dispersion consist-
ing of vortex nanorings (or curl-domain-
structured nanotubes) can provide fast and F!‘
strong response under relatively small external ¢
field to meet increasing demands of various bio-
logical applications. All these features of single- |
crystalline MFe,04 nanotubes and nanorings
open up new possibilities for improving existing
biological applications and creating new tech-
nologies through designing novel materials.?®
However, the synthesis of single-crystalline
magnetic spinel ferrites nanotubes (NTs) and
nanorings (NRs) has been a challenge so far.
Even though many synthetic arts have been
ing up layered precursors,®*?> physical or
chemical etching the core of a single or
core—shell nanowire,?®?” coating pores in tem-
plates,”® and transforming nanowires by Kirkendall
effect,?® synthesizing such hollow nanostructures
with controlled size and shape remains difficult. Re-
cently, synthesis of a-Fe,O; NTs and NRs by a simple
hydrothermal route based on a dissolution mecha-
nism was reported.?®3' By varying the concentra-
tions of reactants in hydrothermal process, we have
also successfully demonstrated the shape-
controllable synthesis of a-Fe,03 hollow nanocryst-
als.?>? Nevertheless, attempt to synthsize MFe,0,
NTs/NRs by the same solution-phase route was not
successful because the formation of MFe,O4 NTs/NRs
requires relatively high pH value and the dissolu-
tion process is prohibited under such condition.®
Thermal transformation of phase and structure from
one inorganic material to another via gas—solid or
solid—solid reaction is a common approach for fabrica-
tion of novel functional materials.>®> Compared to bulk
materials, nanocrystals have less volume defect and
better flexibility (enhanced yielding strength) which
make it easier for them to undergo a phase transforma-
tion by oxidation/reduction process, or for another ele-
ment to be introduced without changing the structural
and single-crystalline properties.®* In the present work,
we demonstrate that by elaborate control of the
gas—solid and solid—solid reaction conditions in the
thermal transformation process, single-crystalline trigo-
nal Fe,03; NTs/NRs can be rationally transformed into
cubic spinel magnetite Fe;04, maghemite y-Fe,0s, or
ferrite MFe,04 (M = Co, Mn, Ni, Cu) without affecting
their morphology and single-crystalline nature. The
overall synthetic procedure is schematically shown in
Scheme 1. Transmission electron miscroscopy, X-ray dif-
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. ) . Scheme 1. The Overall Scheme for the synthesis of spinel MFe,0, Nano-
developed in the past 10 years, including roll- tubes/Nanorings. The Insets are the Optical Images of Fe;0, and y-Fe,0; Nanotubes
Water Dispersion after Surface Modification by Citric Acid.

fraction, and Raman spectroscopy were employed to
understand the thermal transformation mechanism.
The magnetic characterizations of the NTs/NRs have
been performed to show their dependences on size,
shape, and composition. Moreover, we have also ex-
plored the potential bioapplications of these magnetic
NTs and NRs in catalysis and magnetic separation of
cancer cell.

RESULTS AND DISCUSSION

Magnetite Fe;0, and -y-Fe,0; Nanotubes. Magnetite Fe;0,
nanotubes/nanorings were prepared by direct thermal
reduction of a-Fe,0; templates. Temperature pro-
grammed reduction (TPR) experiments for different-
sized hollow nanocrystals reveal that the transforma-
tion temperature decreases with the decreasing size
due to finite size effect (Figure S1 in the Supporting In-
formation). Figure 1 shows the TEM images of a-Fe,0;
nanotubes template and the Fe;0, product, respec-
tively. As can be seen in parts a and c of Figure 1, the tu-
bular morphology of Fe;0, is perfectly retained during
the gas—solid reaction. The high resolution TEM (HR-
TEM) images and diffraction patterns shown in parts b
and d of Figure 1 clearly indicate that the nanotubes are
single-crystalline trigonal a-Fe,O3 and cubic spinel
Fe30,, respectively, which is also confirmed by XRD re-
sults (Figure 5). The tube axes of the a-Fe,0; and Fe;0,
nanotubes are in the (001) and (111) direction, respec-
tively. The spacings between lattice planes are 2.7 and
4.8 A, respectively, which correspond to those of Fe,05
{014} and Fe;04 {111} planes. The crystallographic orien-
tation relationship (OR) of [001]-oriented hematite
nanotube and [111]-oriented magnetite nanotube indi-
cates a topotactic transformation.>® Further oxidation

=4

MFe,0,,
intermediate
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Figure 1. (@) TEM and (b) HRTEM images of «-Fe,0; nanotubes;
(c) TEM and (d) HRTEM images of Fe;0, nanotubes. The SAED pat-
terns inserted in panels b and d reveal that (001)-oriented «-Fe,0;

nanotubes transformed into single-crystalline (111)-oriented
Fe;0,4 nanotubes.

of magnetite nanotubes in air results in cation-deficient
spinel y-Fe,05; nanotubes, while the single-crystalline

nature and tubular morphology are still retained.

(b)

Figure 2. TEM images of transformed Fe3;0, hollow structures with
various size and crystallographic orientation.
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Physical and chemical properties of nanocrystals
are strongly dependent on their sizes and shape. There-
fore controlling the size and shape of nanocrystals is
crucial for technological applications of nanocrystals.
By tailoring the size of the a-Fe,05; template, magnetic
oxides with various sizes can be produced via the phase
transformation process. Figure 2 shows the TEM im-
ages of magnetite hollow nanocrystals with different
sizes and shapes obtained in the present study. Here
the average length of the magnetite nanotubes is
tuned from 370 nm down to 10 nm. When the aspect
ratio becomes small (<1), the nanotubes are trans-
formed into nanorings. The wall thicknesses of these
nanotubes and nanorings range from 15 to 40 nm. (Fig-
ure S2 and Table S1 in the Supporting Information).
TEM analyses indicate that all the magnetite hollow
structures are single crystal, and the crystallographic
orientation shows a strong correlation with their size.
While [111] axis orientation is common in Fe;O,4 hollow
nanocrystals of all sizes, more than 40% of the long
tubes (length > 100 nm) were found to have axis along
the [113] direction (Figure 2b), and some nanorings
with height of 50 nm (~20%) prefer the [112] direction
(Figure 2¢). All thin nanorings with height of 10 nm
were found to be [111]-oriented. (Figure 2d) (Figure S3
in Supporting Information) Since all trigonal Fe,0; tem-
plates have the same [001] crystallographic
orientations,*® 32 the appearance of magnetite nano-
tube with high index [113] and [112] axes implies that
the size and morphology of the initial a-Fe,0; tem-
plates have significant influence on the crystallographic
orientation of final product during the thermal transfor-
mation process. Besides the topotactic transformation
from [001]-oriented hematite nanotube to [111]-
oriented magnetite nanotube, the orientation-
relationships of [001] hematite — [113] magnetite and
[001] hematite — [112] magnetite have also been pro-
posed by Becker et al.>> and are attributed to formation
of twining dislocation.®® The change in crystallographic
orientation of nanotubes may be due to the minimiza-
tion of surface energy which is a dominant factor in de-
termining thermodynamics stability of a nanocrystal.?”
For example, the surface free energies of different fac-
ets are in the order of {111} < {100} < {110} for the fcc
structure,®® and therefore, the magnetite nanorings in
part d of Figure 2 are dominated by [111] axis orienta-
tion as the predominant {111} surface facet in such a
morphology meets the requirement of the minimiza-
tion of the mean surface energy. However, in the case
of nanotube, elongating tubes along the (111) direction
will lead to less {111} and more {110} facets on the sur-
face and thereby higher mean surface energies of the
nanocrystals, and the formation of nanotubes of other
orientations such as [112] or [113]-oriented nanotube
may be thermodynamically more favorable.?” Our re-
sults not only demonstrate the ability to fabricate size-
tunable magnetic hollow nanocrystals, but also show
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Figure 3. (a) TEM and (b) HRTEM of CoFe,04 nanotubes. (c) EDS spectrum of a single CoFe,0, nanotube. It reveals that the
atomic ratio of Co:Fe:O across the tube (yellow line) is nearly constant and averaged to be 1:1.69: 4.92.

possible control of crystallographic orientation, and
therefore the magnetic anisotropy, of the
nanostructures.

MFe,0, Nanotubes (M = Co, Mn, Ni, Cu). Characterizations of
Microstructure and Composition. The MFe,O4 nanotubes were
synthesized through introducing M?* ion into single-
crystalline a-Fe,0; nanotube template. M hydroxides de-
posited on the surface a-Fe,0; nanotube by wet chemical
precipitation method were used as source for M>* ions,
and they are attached to Fe,O; through the olation and
oxolation bridges in alkaline condition.?® The initial mo-
lar ratio of M?* and Fe" in the reaction solution is about
0.65. Figure 3 shows the typical TEM images of the
CoFe,0,4 nanotubes. As can be seen in part a of Figure 3,
tubular structure is also maintained in the CoFe,0,4 prod-
ucts and no significant change in morphology with re-
spect to a-Fe,03 template is observed. The SAED and HR-
TEM results in Figure 3b indicate that the nanotubes are
single-crystalline nature and elongated in [111] direction,
which is similar to the case of Fe;0, nanotubes. Energy-
dispersive X-ray spectrum (EDS) confirms the existence of

0 f m

~ 1 1" —
Dy

Figure 4. TEM images and SAED patterns of (a) MnFe,0,, (b) NiFe,0,, and (c) CuFe,0,, respectively.
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the elements Co, Fe, and O, with nearly uniform atomic ra-
tios of 1:1.6:6.7 across the tube diameter as shown in Fig-
ure 3c. TEM images of other MFe,04 (M = Ni, Mn, Cu) nan-
otubes are presented in Figure 4. Similar to the typical
CoFe,04 nanotube, they are (111)-oriented single-
crystalline nanotubes. Most of the MFe,0, nanocrystals
have perfect hollow structure with solid wall. However, a
few smaller irregular nanoparticles were also found in the
TEM (Figure 4), which is either the metal oxides origi-
nated from the excess of M(OH),, or interrupted MFe,0,4
nanotubes. The average molar ratio of M and Fe in the
collective nanotubes is 0.56 = 0.04 according to the EDS
analysis (Figure S4 in the Supporting Information). XRD
patterns of all MFe,O, nanotubes are presented in Figure
5. All the diffraction peaks can be indexed as cubic spinel
structure and no other impurities are observed, which
agrees with TEM results.

Formation Mechanism. Unlike the core/shell solid—solid
reaction in nanowire arrays system in which the shell
was deposited by atomic layer deposition (ALD) or
sputtering,”®>2 it has been found that the preanneal-

1 1D1Ld
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Figure 5. The XRD patterns of cubic spinel ferrites.

ing of free-standing Fe,05/Co(OH), core/shell nano-
structures in the presence of H, at a relative low tem-
perature is a key step to produce MFe,0, nanotubes.
When Fe,03/Co(OH), core/shell nanotubes are directly
annealed in air yields a mixture of nanorods and nano-
tubes as shown in part a of Figure 6. The XRD pattern in
part b of Figure 6 indicates that the mixture consists of
Cos0,4 and Fe,0s. This is ascribed to the peeling off of Co
hydroxide and oxides from the surface of Fe,Os
nanotubes induced by the local strain during the crys-
tallization process of amorphous Co(OH),. It happens
prior to the solid-state reaction and eventually leads to
the formation of separate rodlike Cos04 nanoparticles
and Fe,03 nanotubes. For a complete view of the for-
mation process of MFe,0, nanotubes, Raman analyses
of the products in different reaction stage were carried
out. Figure 7 shows the Raman spectra of the samples
obtained from different reaction stages. Five Raman
bands at 319, 468, 511, 610, and 678 cm ™' are found in
the Co(OH), sample prepared through chemical precipi-
tation of Co?* by NaOH using the same procedure as
the coating process of Fe,03/Co(OH), (Figure 7a). The
bands at 319 and 511 cm™" are assigned to E,(T) and

260 ) 360 ) 4(')0 ) 560 ) 6(')0 ) 760 ) 860 ) 9(')0
Wavenumber (cm-)

Figure 7. The Raman spectra of (a) as-prepared Co(OH),
powders, (b) a-Fe,03 nanotubes, (c) a-Fe,03/(Co(OH), +
Co30,) core/shell nanotubes, (d) CoFe,0,., nanotubes, (e)
CoFe,0,4 nanotubes.

A,u(T) modes of Co(OH),.*° The bands at 610 and 679
cm™" are assigned to F,q and A,y mode of Co304.*" The
assignment of the band at 468 cm™' is unclear. This
band lies close to the frequencies of both E,(R) mode
of Co(OH), (433 cm™") and Eq mode of Co30, (482 cm™).
Since the local strain induced by grain to grain contact
of heterogeneous phases commonly causes a shift of
Raman band, the assignment of E,(R) or E; modes is
presently uncertain. The Raman spectrum of as-
prepared Co(OH), reveals that the precipitation reac-
tion at 60 °C produce a mixture of Co304 and Co(OH),.
For the a-Fe,03 nanotubes, the Raman band at 225
cm™ ' is assigned to A;g mode and the bands at 290
and 407 cm ™" are assigned to E; modes*? (Figure 7b).
After precipitation of Co(OH), on Fe,O; nanotubes,
three a-Fe,05 characteristic Raman bands and A4 band
of Co30, are visible in Raman spectrum (Figure 7c). De-
spite that no obvious Raman band from Co(OH), was
observed in core/shell nanotubes, the shell should con-
sist of both cobalt hydroxides and cobalt oxides by re-
ferring to the Raman analysis of as-prepared Co(OH),.

" (b) . " Co0,

. * a-Fe0,

Intensity (A. U.)

Al
20 30 40 50 60 70 80

2theta (degree)

Figure 6. (a) TEM image and (b) XRD pattern of the sample obtained by direct annealing of a-Fe,03/Co(OH), core/shell nano-
tubes at 800 °C in air. Arrows indicate the rodlike nanoparticles.
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The A4 band disappears after preannealing un-
der H, at 300 °C (Figure 7b). However, two Raman
bands at 225 and 290 cm™' from a-Fe,O; are
still observed, indicating that the product re-
mains the a-Fe,0; phase. TEM images of the
Fe,05/(Co(OH),+Co50,) before and after H, an-
nealing are presented in Figure 8. From the TEM
images, it can be seen that the Co(OH), content
fluctuates from one part to another along the
nanotubes which is commonly observed in coat-
ing process.>® Annealing in H, allows the Co(OH),
and Cos0, to be reduced. At the same time, sur-
face diffusion of Co cations along the nanotubes
during the preannealing process improves composi-
tion homogeneity and results in MFe,04, (0 < x < 1)
with a smooth surface. Finally, thermal annealing at
high temperature (720 °C) in air activates the
solid—solid reaction involving the interdiffusion of
Co?" and Fe3* ions while the MFe,0,4, converts to cu-
bic spinel CoFe,0,. This is consistent with the Raman
spectrum of the sample after high temperature anneal-
ing, in which only two broad Raman bands at ~450
and 670 cm™~! which correspond to the modes of octa-
hedral and tetrahedral sites in spinel ferrites are ob-
served.*® (Figure 7e) According to the Raman and TEM
analyses of growth process of CoFe,0,, the formation
mechanism of MFe,04 nanotubes can be summarized
in three stages: (1) formation of Fe,03/M(OH), core/shell
nanotubes by chemical precipitation, (2) surface diffu-
sion of M ions along the nanotube to form MFe,0O,, in-
termediate via low temperature annealing in H,/Ar at-
mosphere and (3) interdiffusion of M** and Fe3* ions in
high temperature solid—solid reaction to form single-
crystal spinel MFe,O4 nanotubes.

Transformation that retains structural and single
crystalline features can occur in these nanotubes not
only because they are more flexible and contain less de-
fects, but also because they consist of single or finite
domains, so that the reaction behavior is molecule-like,
and they have large surface areas for gas—solid or
solid—solid reaction. The strong correlation between
the crystallographic orientations of the template and
the products indicates that the transformation process
should proceed by a quasi-coherent molecular isomer-
ization, in which the bond distortion and ion motion
reach a kinetic equilibrium. This hypothesis is supported
by the experiment of reduction reaction in pure H, at-
mosphere in which faster reaction rate leads to the for-
mation of multicrystalline Fe;0, nanotubes. Consider-
ing the undesirable aggregation and sintering in
thermal treatments, the solid—solid reaction can be ex-
pected to occur only in a certain temperature range.
For the case of CoFe,0,, the solid—solid reaction is ac-
tivated at a temperature higher than 650 °C. However, if
the temperature is higher than 800 °C, the product
would be in solid nanorods. This kind of phase transfor-
mation is ubiquitous in nanoscale materials, especially
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in transition metal nano-oxides. And it could be ex-
tended to fabricate many complex oxides nanotubes
and nanorings by using various templates such as ZnO
and MnO, nanotubes.

Magnetic Properties of MFe,0, Nanotubes. To understand the
magnetic properties and their dependence on size,
composition, and shape of the nanocrystals, the mag-
netic measurements of MFe,0, nanotubes/nanorings
were carried out by using a commercial SQUID magne-
tometer. For magnetite Fe;0,, all samples with different
lengths showed soft magnetic behavior as shown in
part a of Figure 9. Saturation magnetization (M) and co-
ercivity (H,) decrease with decreasing length (height)
of the nanotubes (nanorings) due to finite size effect
and shape anisotropy.** Compared with the magnetic
nanoparticles of the same size, the high H in nanotubes
(up to 320 Oe at 300 K) is ascribed to both “tube” struc-
ture and phosphate adsorbed on the surface of nano-
tubes, the latter is inherited from «-Fe,03 template and
would form spin pinning and block spin flip conver-
sion.*> As reported previously,*®*” magnetic nanorings
should have a stable vortex domain structure and pos-
sess an onion structure under a sufficiently high mag-
netic field. The sharpen change in H. from the nanotube
to nanoring may indicate the formation of vortex state
in nanoring while it is absent in the nanotube due to
their tubular morphology. The magnetic measurements
of assembled magnetite nanoring array in part c of Fig-
ure 9 at 5 K confirmed the vortex and onion structures.
As shown in part d of Figure 9, the magnetite nanorings
array shows much smaller out-of-plane magnetization,
analogous to the observation in Co nanorings arrays.*®
While the in-plane hysteresis loop shows two distinct
switching fields: one at about 0.28 kOe and the other
at a much higher value of 10 kOe, which corresponds
to the transition from the onion state to vortex
state.***8 For other spinel ferrite samples, the mag-
netic measurement was focused on nanotubes with a
length of 220—260 nm to show their dependence on
composition. The hysteresis loops of MFe,0, at 300 K in
part b of Figure 9 show the composition-dependent
M, and H.. It can be seen that the CoFe,0, ferrite nano-
tubes exhibit a high coercivity of 1.0 kOe at room tem-
perature as Co ferrite possesses higher magnetocrystal-

: AN
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Figure 8. TEM images of a-Fe,05/(Co(OH), + Co30,) before and after H,
preannealing.
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Figure 9. (a) The coercivity (H,) and saturation magnetization (M;) dependences on length of magnetite nanotubes/nanorings at 300 K.
The inset is the typical hysteresis loops of magnetite nanotubes (length = 370 nm) and nanorings (thickness = 50 nm). (b) The hyster-
esis loops of MFe,0, (M = Co, Mn, Ni, Cu) nanotubes at 300 K. (c) SEM image of assembled magnetite nanorings array. (d) The in-plane
and out-of-plane hysteresis loop of assembled magnetites nanorings array with thickness of 10 nm at 5 K. The insets are the schematic il-
lustrations of onion and vortex state in nanoring structure.

TABLE 1. Comparison of the Catalytic Kinetic Parameters of Fe;0, Nanotubes and Nanoparticles®

samples [E] (M) substrate K (mM) Vinax (Ms™7) Keals™")
Fe30, nanotubes (370 nm in length) 530 X 1071 T™MB 4147 52X 107°¢ 9.81 X 10°
Fe;0, nanoparticles (300 nm in diameter) 1M4X107" TMB 0.098 344 X 1078 3.02 X 10*

“[E] is the concentration of nanotubes or nanoparticles, K, is the Michaelis constant, V. is the maximal reaction velocity, and K, is the catalytic constant, where K, =

VinaxlIE]. The parameters of Fe;0, nanoparticles are obtained from ref 14.

line anisotropy. Soft magnetic properties were
observed in MnFe,0, and NiFe,0,, while a relatively
high coercivity was found for CuFe,0,. The magnetic
characterizations show that these spinel nanotubes/
nanorings have the capability of tuning magnetic prop-
erties by size, shape, and composition for diverse bioap-
plications such as magnetic resonance image (MRI), hy-
perthermia, cell label, drug delivery, and so forth.
Biological Applications. Peroxidase-like Activity of Fe;0,
Nanotubes. Given the hollow structure with large surface
areas, these biocompatible nanotubes/nanorings are
expected to have advantages in catalytic applications.
For example, recently an intrinsic peroxidase-like cata-
lytic property has been discovered in Fe30, nanoparti-

CNANO . NO.9 -
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cles, which is widely used for laboratory immunoas-
says.'® Here we carried out similar measurements on
Fe;04 nanotubes to examine its catalytic property (Fig-
ure S5 in the Supporting Information). The direct com-
parison of the results obtained from magnetite nano-
tubes and nanoparticles are summarized in Table 1. The
catalytic constant (K.,;) of the magnetite nanotubes
(370 nm in length) is larger than that of spherical nano-
crystals (300 nm in diameter) by an order of magni-
tude, which is due to the relative larger surface area
(measured BET surface of ~38 m?/g). The result sug-
gests that these Fe30,4 nanotubes/nanorings could be
a high efficient enzyme mimic agent in the application
of immunoassay test.

www.acsnano.org



Ms (emulg)

-0-0-0

Figure 10. (a) TEM images of nanocomposites. The insert is the hysteresis loop of nanocom-

red, yellow, and green
emission colors pur-
chased from Evident
Technologies were
loaded into polymer
maghemite nanorings
by an ultrasonication
treatment. The carried
QDs endowed the opti-
cal characteristics to
maghemite nanorings
for optical detection of
labeled cell. Figure 10a
shows a representative
TEM of luminescent/
magnetic nanocompos-
ites. Ring-like structure
of the nanocomposites
is readily observed. The
saturation magnetiza-
tion of the nanocompos-
ites is about 60 emu/g
at room temperature as
shown in the inset of
Figure 10a. A fluores-
cence scanning micros-
copy image of nano-
composites particle is

posites at 300 K; (b) luminescence images of nanocompostes; (c) optical images of the differ-  presented in part b of

ent nanocomposites in aqueous solution without/with UV laser irradiation.

Luminescent Magnetic Nanocomposites for Magnetic Separation and
Optical Probe of Cancer Cell. To further demonstrate the util-
ity of these magnetic nanotubes/nanorings in biologi-
cal applications, the uniform y-Fe,O; nanorings with
height of 50 nm were used as the nanocapsule to fabri-
cate luminescent/magnetic nanocomposite particles
for magnetic separation and optical detection of lung
cancer cells. The y-Fe,03 nanorings are chosen here be-
cause they have good transparent properties for fluo-
rescence probe of labeled cells, vortex domain structure
for weak interparticle magnetic interaction, high satura-
tion magnetization under a small external field for mag-
netic separation. Highly luminescent CdSe/ZnS QDs of

Figure 11. (a) Optical and (b) luminescence images of the lung cancer cell
labeled with the luminescent/magnetic nanocomposite. Scale bar is 10
pm.
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Figure 10, a better
signal-to-background
ratio of over 30 is observed in these digital image. The
optical images in part ¢ of Figure 10 show that the ob-
tained nanocomposites are water-soluble with minimal
or no aggregation. Under the laser excitation, strong
light emission is observed. The FWHMs of the emission
bands (~40 nm) for these nanocomposites are compa-
rable to that of pure QDs in chloroform, however, the
fluorescent lifetime is reduced from 32 £ 2to 16 = 2 ns
due to the solvent change and possible changes on
the surface of the QDs during the encapsulation pro-
cess.(Figure S6 in Supporting Information) As the vor-
tex domain structure in nanocomposites possess
much higher saturation magnetization
and can be easily saturated with a rela-
tively small field, the labeled cells can be
separated efficiently by applying a exter-
nal field (~1000 Oe) using a permanent
magnet. On the contrary, a typical super-
paramagnetic nanocrystals show much
lower magnetization (<10 emu/g) under
same external field. The optical and fluo-
rescent images of the separated lung
cancer cell are shown in parts a and b
of Figure 11. The cell separation experi-
ment described here demonstrates the ad-
vantages of this kind of vortex nanorings

>
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dispersion, namely, a much higher magnetic suscepti-
bility can be obtained at lower magnetic fields through
a vortex to onion transition. This behavior is also impor-
tant for other biomedical and biomagnetic applica-
tions such as drug delivery, MRI, and hyperthermia.

CONCLUSION

In summary, we have developed a new universal
template route for the fabrication of MFe,O4 nano-
tubes/nanorings via a simple thermal transformation
process. The magnetic cubic spinel MFe,O, synthesized
in this manner maintains the tubular morphology and
single crystal features. The crystallographic orientation

METHODS

Synthesis of «-Fe,0; NTs and NRs. a-Fe,03 nanotubes/nanorings
with various lengths or thicknesses were synthesized by a hydro-
thermal treatment of FeCls solution in the presence of NH4H,PO,
at 220 °C. By adjusting the concentration of reactants, various
sized a-Fe,05 nanostructures were produced. Detailed process
has been reported in literature.?'3932

Synthesis of Fe;0, and -y-Fe,0; NTs and NRs. Fe;0, and y-Fe, 05
NTs and NRs were prepared by direct solid—gas reaction. In
brief, 0.5 g of a-Fe,0; nanotubes was heated in a horizontal
quartz tube furnace at 420 °C for 120 min under a constant
flow of 5% H,/95% Ar at 800 sccm. Then the furnace was
cooled down to room temperature without any changes in
atmosphere. The black Fe;0, product was collected from the
small quartz. Annealing of as-prepared Fe;0, nanotubes
(nanorings) in an open tube furnace at 280 °C for 120 min
yields y-Fe,03 nanotubes (nanorings). The assembly of thin
magnetite nanorings was prepared on Si substrate by the fol-
lowing procedure: a few drops of a-Fe,03 nanorings aque-
ous dispersion (0.02 mg/mL) was dropped into chloroform
solution in a glass beaker with diameter ~5 cm to form a thin
water membrane. A surface-modified hydrophilic Si (100)
substrate was vertically immersed into chloroform solution
and then slowly pulled up. The «-Fe,O3 nanoring arrays
formed on the Si substrate were then transformed into ar-
rays of magnetite nanorings by thermal reduction reaction.

Synthesis of MFe,0, Nanotubes. MFe,0, nanotubes were pre-
pared by solid—solid reaction of a-Fe,03 nanotubes with coated
metal hydroxide shell. Here we take CoFe,04 nanotubes as an ex-
ample. In a typical procedure, 2.5 mL of 0.1 M CoSO;, solution
was added into 20 mL of 0.01 M a-Fe,0; aqueous suspension.
The mixture was heated to 60 °C with magnetic stirring, and then
40 mL of 0.01 M NaOH was added into the solution under vigor-
ous stirring. The stirring was kept for 30 min at 60 °C. After the re-
action was completed, the Fe,05/Co(OH), core/shell precipita-
tion was separated by centrifugation and dried at 60 °C. The
resultant Fe,03/Co(OH), core/shell sample was first annealed for
30 min under a constant flow of 5% H,/95% Ar at 800 sccm at
300 °C, and then annealed in air at 720 °C for 3 h to activate the
interfacial solid—solid reaction. MnFe,0,, NiFe,0,4, and CuFe,0,
were prepared similarly, using manganese acetate, nickel chlo-
ride, and copper sulfate, respectively, as reactant. All the re-
agents were of analytical purity purchased from Sigma-Aldrich
Co.

Synthesis of Luminescent and Magnetic Nanocomposites. To achieve
dual functional nanocomposites, polymer y-Fe,O3; nanorings
were first prepared by deposition of positively charged poly-
(ethyleneimine) (PEl, 50% w/v) with NH, (NH**) group on
the surface of y-Fe,0; nanorings. Typically, 2 mL of PEl (2 mg/
mL) was added into 30 mL of 2 mg/mL v-Fe,O3 nanorings
aqueous dispersion (pH was preadjusted to ~3 by 1.0
mol/mL of HCl), followed by a ultrasonication to prepare col-
loidal polymer y-Fe,03 nanorings. It was then washed sev-
eral times with deionized water by magnetic decantation. To

VOL.3 = NO.9 = FAN ET AL.

of nanotubes/nanorings shows strong correlation with
their morphologies during the thermal transformation
process. These cubic spinel nanotubes and nanorings
exhibit unique size-, shape-, and composition-
dependent magnetic properties. They have been
shown the advantages in applications as a high effec-
tive peroxidase mimic catalyst or as a general nano-
capsule hybridized with luminescent QDs for magnetic
separation and optical probe of lung cancer cells. The
successful synthesis of these magnetic MFe,0,
nanotubes/nanorings opens up opportunities for im-
proving existing biological applications and designing
novel technologies in the future.

carry out the coupling reaction, 0.5 mL of CdSe/ZnS QDs (80
nmol/mL) and 0.5 mL of polymer y-Fe,O; nanorings (5 mg/
mL) were transferred into a 20 mL mixture of chloroform/eth-
anol/water (2:5:5) under sonication. The suspension was
treated in ultrasonic bath for 40 min to form the nanocom-
posite. The luminescent and magnetic nanocomposites were
magnetically separated from the solution and washed sev-
eral times with deionized water.

Steady-State Kinetic Assays of Peroxidase-like Activity of Fe;0,
Nanotubes. A 20 g portion of Fe;0,4 nanotubes with an average
length of 370 nm were ultrasonically dispersed into 500 L
buffer solution (0.2 M NaAc, pH 3.5) in the presence of 530 mM
H,0,; 816 mM 3,3,5,5-tetramethylbenzidine (TMB) was used as
the substrates. The steady-state kinetic assays were carried out
at 30 °C. All the reactions were monitored in time scan mode at
650 nm using a Shimadzu UV-1700 spectrophotometer.

Magnetic Separation and Optical Probe of Cancer Cell. A431 cell lines
originated from human carcinoma of the lung were obtained
from the American type Culture Collection, USA. A 3.0 mg
portion of EDC ((1-ethyl-3-[3-dimethylaminopropyl]-
carbodiimide hydrochloride) were first added into 1T mL of
0.1 mg/mL nanocomposite phosphate-buffered saline (PBS)
solution and mixed thoroughly using a vortex mixer, then 2
rg/mL of the antibody was added and kept at 4 °C for the re-
action overnight. The antibody-functionalized QD was
washed with PBS, and stored at 4 °C until needed. A few
drops of the functionalized nanocomposite were added to a
1 mL A431 lung cancer cell suspension containing 10 000
cells/mL. Following 5 min of incubation at room tempera-
ture under gentle shaking, the cells were separated from the
suspension using a permanent magnet. The labeled cells
were observed using a laser scanning confocal fluorescence
microscopy.

Characterization. The structure of the materials were exam-
ined by a Bruker D/MAX 2500 X-ray diffractometer with Cu
Ka radiation A = 1.54056 A). TEM and HRTEM analysis,
selected-area electron diffraction (SAED), and energy-
dispersive X-ray spectroscopy (EDS) were performed with a
field-emission transmission electron microscope (TEM, JEOL,
JEM 2010, accelerating voltage 200 KV). Raman spectroscopy
study was carried out by a micro-Raman system (Jobin-Yvon
T64000) with a typical laser power of ~0.2 mW. Magnetic
properties were measured using a MPMSXL-5 Quantum De-
sign superconducting quantum interference device magne-
tometer (SQUID) with a field up to 5 T. Confocal fluorescence
imaging was performed using Carl Zeiss LSM 510 with a 488
nm excitation line using a 20 X /0.25 microscope objective.
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