Multifunctional Nanoprobes

Angewandte

DOI: 10.1002/ange.200704392
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Synthesis of dumbbell-shaped nanoparticles containing dif-
ferent functionalities has attracted much attention recently.!"!
In such a dumbbell structure, one nanoparticle is linked to
another, and electronic communication across the junction
can drastically change the local electronic structure, leading to
an additional dimension of control in catalytic, magnetic, and
optical properties.’! Moreover, the dumbbell structure offers
two functional surfaces for the attachment of different kinds
of molecules, making such species especially attractive as
multifunctional probes for diagnostic and therapeutic appli-
cations.’! Au-Fe;0, nanoparticles represent one such multi-
functional system. They contain both Au and Fe;O, nano-
particles, which are known to be biocompatible and have been
used extensively for optical and magnetic applications in
biomedicine.”) Compared with conventional single-compo-
nent Au or Fe;O,4 nanoparticles, the dumbbell-like Au-Fe;O,
systems have distinct advantages: 1) The structure contains
both a magnetic (Fe;O,) and an optically active plasmonic
(Au) unit and is suitable for simultaneous optical and
magnetic detection. 2) The presence of Fe;O, and Au surfaces
facilitates the attachment of different chemical functionalities
for target-specific imaging and delivery applications. 3) The
size of either of the two nanoparticles can be controlled to
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optimize magnetic and optical properties, and the small
particle is only capable of accommodating a few DNA
strands, proteins, antibodies, or therapeutic molecules, thus
facilitating kinetic studies in cell targeting and drug release.
Herein, we report that dumbbell Au-Fe;O, nanoparticles can
be made biocompatible and used as magnetic and optical
probes for cell imaging applications.

Figure 1a illustrates the functionalized dumbbell-like 8-
20-nm (core particle diameter) Au-Fe;O, nanoparticles that
were prepared and tested for this study. The dumbbell
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Figure 1. a) Schematic illustration of surface functionalization of the
Au-Fe;O, nanoparticles. b,c) TEM images of the 8-20-nm Au-Fe;O,
particles before (b) and after (c) surface modification.

nanoparticles were first synthesized by decomposing iron
pentacarbonyl on the surfaces of Au nanoparticles in the
presence of oleic acid and oleylamine, as described previous-
ly."*l For control purposes, 8-nm Au, 20-nm Fe;O,, and 3-20-
nm Au-Fe;0, nanoparticles (see Figure S1 in the Supporting
Information) were also prepared. The as-synthesized nano-
particles were coated with a layer of oleate and oleylamine
and were further functionalized by a surfactant exchange
reaction. The epidermal growth factor receptor antibody
(EGFRA) was linked to the Fe;O, surface through polyeth-
ylene glycol (PEG, M, =3000) and dopamine. The Au particle
was protected with HS-PEG-NH, (M,=2204), with the thiol
attaching to Au. The functionalized nanoparticles shown in
Figure 1a were characterized by matrix-assisted laser desorp-
tion/ionization (MALDI) mass spectrometry (see Figure S2
in the Supporting Information). The antibody and two kinds
of polyethylene glycol species can be successfully linked to
the particles.

These dumbbell nanoparticles were stable against aggre-
gation in phosphate buffered saline (PBS) or PBS containing
10% fetal bovine serum (FBS) at 37°C for over 12 h, as
evidenced by their unchanged hydrodynamic sizes (see
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Figure S3 in the Supporting Information). Note that the size
increase of the functionalized nanoparticles in PBS with 10 %
FBS is presumably due to the interaction between the
negatively charged FBS and the antibody present on the
surface of the particles. Transmission electron microscope
(TEM) images of the dumbbell nanoparticles showed a slight
size reduction in Fe;O, after surface modification (Figure 1c).
This effect is likely caused by the corrosion of Fe;O, induced
by dopamine during the surfactant exchange process.
Magnetic measurements show that the nanoparticles are
superparamagnetic at room temperature before and after
surface modification (Figure 2a). The nanoparticles also

fied Eagle’s Medium (DMEM) containing 10 % FBS for 1 h
and subsequently washed the cells three times with PBS. The
preferred binding between EGFR and EGFRA enabled the
dumbbell nanoparticles to be populated on the surface or
within the cytoplasm of A431 cells. Magnetic resonance
imaging (MRI) analyses revealed that 20-nm Fe;O, particles,
the dumbbell nanoparticles, and A431 cells labeled with 8-20-
nm Au-Fe;O, nanoparticles shorten the 7, relaxation of the
water molecules, as shown in the MRI phantom images in
Figure 3a. The iron content in all samples was determined by
inductively coupled plasma atomic emission spectrometry
(ICP-AES) and used for calculating relaxivities. Table 1 gives
the relaxivity data on ry, r,, and r,/r;.
The slight increase in r; and reduc-

tion in r, with the increase in size of
the Au core seems to indicate a
larger junction effect (reduced mag-
netization) in the dumbbell struc-
ture. Furthermore, 8-20-nm Au-
Fe;O, nanoparticles attached to
A431 cells show smaller 7 and T,
relaxivities than the free nanoparti-
cles. This behavior is similar to what
has been observed in the iron oxide
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Figure 2. a) Magnetic hysteresis loops of the dumbbell nanoparticles before and after surface
modification. The reduction of saturation magnetization is due largely to the weight contribution
from the nonmagnetic Au particles. b) Reflection spectra of 20-nm Fe;O,, 8-nm Au, 3-20-nm Au—

Fe;O,, and 8-20-nm Au-Fe;O, nanoparticles.

exhibit a plasmonic absorption in PBS at 525 nm for 8-nm
Au nanoparticles and at 530 nm for 8-20-nm Au-Fe;O,
dumbbell nanoparticles (see Figure S4 in the Supporting
Information). The slight red shift is due to the junction effect
in the dumbbell structure."” More interestingly, self-assem-
bled nanoparticle assemblies on an aluminum substrate
coated with Teflon S (Boyd Coatings Research Co., Inc; the
coating makes the reflection of the substrate less than 5%)
exhibit characteristic reflectance in the 590-650-nm range.
Figure 2b shows the reflectance spectra of the 8-nm Au and
20-nm Fe;O, nanoparticles as well as the 3-20-nm and 8-20-
nm Au-Fe;O, dumbbell nanoparticles. The relatively weak
reflectance from the dumbbell particles is likely caused by the
dilution effect of Fe;O, on Au in the dumbbell structure. For
comparison, Fe;O, nanoparticles have no reflectance in the
same wavelength region. These magnetic and optical studies
reveal that the dumbbell nanoparticles are both magnetically
and optically active and can be used as dual functional probes
for cell imaging applications. As an initial in vitro test, we
demonstrate that the dumbbell nanoparticles are suitable as a
probe for A431 (human epithelial carcinoma cell line) cell
imaging.

A431 cells are known to overexpress EGFR and are
commonly used to assess EGFRA therapy.”! Imaging EGFR-
overexpressed cells and tissues can potentially be used for
early diagnostics and therapies of numerous cancers, includ-
ing breast and lung cancers.” We incubated the EGFRA-
dumbbell nanoparticles with A431 cells in Dulbecco’s Modi-
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nanoparticle-monocyte system—cel-
lular compartmentalization of the
nanoparticles reduces proton relax-
ivity.l Detailed studies about this
difference are underway.
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Figure 3. a) T,-weighted MRI images of i) 20-nm Fe;O,, i) 3-20-nm
Au—Fe;0O,, iii) 8-20-nm Au—Fe;O, nanoparticles, and iv) A431 cells
labeled with 8-20-nm Au—Fe;O, nanoparticles. b) Reflection images of
the A431 cells labeled with 8-20-nm Au—Fe;O, nanoparticles.

c,d) Images of A431 cells labeled with 8-20-nm dumbbell particles,
floating in the medium before (c) and after (d) an external magnetic
field was applied (field gradient in the sample area was in 500-100 G).
The dashed circles denote individual cells; the numbers label the same
cells in (c) and (d); the arrow and H indicate the direction of the
applied magnetic field.
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Table 1: Relaxivities r, and r, of Fe;O, and Au-Fe;O, nanoparticles with
various Au core sizes for the same Fe;O, size at 3 T (T=25°).

Samples rnis" mm] rn[s" ' mm] n/n
Fe;O, 1.38 121.13 110.36
Fe;O,~Au (3 nm) 1.62 114.58 70.80
Fe;O,~Au (8 nm) 3.56 105 29.48
Fe;04~Au (8 nm) in cell 2.17 80.4 37

AA431 cells labeled with 8-20-nm Au-Fe;O, nanoparticles
were visualized with a scanning confocal microscope. The
wavelength used for the image was 594 nm, which is close to
the strong reflectance of the nanoparticles (Figure 3b). The
signal detected from the dumbbell nanoparticles reflects the
typical morphology of epithelial cells under the attachment
conditions (1 um Au and 8.8 um Fe, Figure 3b) and is much
stronger in the region of cell-cell contact, suggesting that
EGFRA is involved in cell gap junction."! Furthermore, A431
cells labeled with the dumbbell nanoparticles can be manip-
ulated by an external magnetic field, which is readily tracked
under the optical microscope (Figure 3¢,d).

The sample used for obtaining Figure 3b was re-imaged
after three days and showed no signal loss (Figure 4a). This
result is extremely important for long-term tracking of the

Figure 4. a) Reflection image of the labeled cells used to obtain
Figure 3b after three days. b) Detection-limit examination of the 8-20-
nm Au-Fe;O,—EGFRA labeled A431 cells. c) Reflection image of Fe;O,
labeled A431 cells. d) Reflection image of Au-Fe;O, labeling without
EGFR antibody.

nanoparticles in cellular structures. The detection limit for the
8-20-nm dumbbell is 90 pm Au (Figure 4b), which is 10* times
lower than the normal detection concentration (Figure 3b or
Figure 4a). In contrast, Fe;O, nanoparticles yield much
weaker reflectance signals (Figure 4c). To demonstrate the
specific targeting, we incubated A431 cells and the 8-20-nm
Au-Fe;O, nanoparticles without EGFRA (Figure 4d) under
the same concentration as that shown in Figure 4a. The
reflection signal is much weaker, and the signal-to-noise ratio
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is much higher compared with Figure 4 a, thus indicating that
the EGFRA-labeled nanoparticles have higher specificity in
their attachment to A431 cells. It is worth noting that the
modified particles show negligible toxicity to A431 cells at
0.01 mgFemL™! and 0.004 mg AumL ™" (see Figure S5 in the
Supporting Information).

The work presented herein demonstrates that through
proper surface functionalization, the new dumbbell Au-Fe;0,
nanoparticles can be made biocompatible and suitable for
linking different functional molecules to each end of the
structure. The EGFRA-conjugated dumbbell nanoparticles
show higher specificity in their attachment to A431 cells than
those without EGFRA. The nanoparticles are magnetically
and optically active and are therefore useful for simultaneous
magnetic and optical detection. The fact that the dumbbell
nanoparticles are capable of imaging the exact same tissue
area through both MRI and an optical source without the fast
signal loss observed in the common fluorescent labeling
implies that they can be used to achieve high sensitivity in
diagnostic imaging applications. Work on attaching therapeu-
tic molecules to these dumbbell nanoparticles for target-
specific imaging and delivery is under way.

Experimental Section

Reagents: a,w-Bis{2-[(3-carboxy-1-oxopropyl)amino]ethyl}polyethy-
lene glycol (M,=3000), O,0'-bis(2-aminoethyl)polyethylene glycol
2000, other chemicals, and organic solvents were purchased from
Sigma Aldrich. N-Hydroxysuccinimide (NHS) and N,N'-dicyclohex-
ylcarbodiimide (DCC) were from Pierce Biotechnology. All the
buffers and media were from Invitrogen Corp. Water was purified by
a Millipore Milli-DI Water Purification system. Nanosep 100k
OMEGA was from Fisher. All the dialysis bags were purchased
from Spectrum Laboratories, Inc. Epidermal growth factor receptor
antibody was purchased from Santa Cruz Biotech Corp.

Instruments: Reflection spectra were acquired on a UV/Vis/NIR
bidirectional spectrometer in the reflectance experiment laboratory
(RELAB) of Brown University. The hysteresis loop was obtained at
300 K with a LakeShore 7400 VSM system. UV/Vis absorption
spectra were obtained with a PerkinElmer Lambda 35 UV/Vis
spectrometer. Mass spectrometry of the modified nanoparticles was
performed on a matrix-assisted laser desorption ionization (MALDI)
system. Optical images of A431 cells were obtained by a Zeiss Leica
inverted epifluorescence/reflectance laser scanning confocal micro-
scope. The TEM image was taken on a Philips EM 420 instrument
(120 kV). The hydrodynamic diameters of the nanoparticles were
measured using a Malvern Zeta Sizer Nano S-90 dynamic light
scattering (DLS) instrument.

Synthesis of nanoparticles: Fe;O, nanoparticles, Au nanoparti-
cles, and Au-Fe;O, nanoparticles were synthesized according to Yu
et al.l'

Modification of nanoparticles: For modification of both Fe;O,
and Au-Fe;O, particles, PEG diacid (20 mg), NHS (2 mg), DCC
(3 mg), and dopamine hydrochloride (1.27 mg) were dissolved in a
mixture of CHCl; (2mL), DMF (1 mL), and anhydrous Na,CO;
(10 mg). The solution was stirred at room temperature for 2h
before nanoparticles (5 mg) were added, and the resulting solution
was stirred overnight at room temperature under N,. The modified
nanoparticles were precipitated by adding hexane (5 mL), collected
by a permanent magnet and dried under N,. The particles were then
dispersed in water or PBS. The extra surfactants and other salts were
removed by dialysis using a dialysis bag (MWCO 10000) for 24 h in
PBS or water. Any precipitate was removed by a 200-nm syringe filter
(MillexGP). The final concentration of the particles was determined
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by ICP-AES analysis. To link EGFR antibody and nanoparticles, a
solution of nanoparticles (1 nmol) in PBS was mixed with 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC; 1 pmol) for 15 min.
After addition of EGFRA (4-5 nmol), the solution was rocked for 1 h
and separated from the unattached antibody with Nanosep (PALL
Life Science Corp.). For Au-Fe;O, nanoparticles, HS-PEG-NH, was
added after EGFRA was connected. After stirring for 3 h, the
conjugates were subjected to dialysis to remove free HS-PEG-NH,,.
The nanoparticles were analyzed by MS to confirm the modification.

Synthesis of HS-PEG-NH,: 12-(Acetylthio)dodecanoic acid was
prepared according to Xu et al.l” The thiol-protected compound was
then mixed with one equivalent O,0’-bis(2-aminoethyl)polyethylene
glycol 2000 under EDC catalysis. Later, the protecting group was
removed by reduction with hydrazine acetate. (MALDI MS:
miz 2204).

Cell experiments: A431 cells were purchased from ATCC and
cultured in a glass-bottom Petri dish (MatTek Corp.) with Dulbecco’s
modified Eagle’s medium (DMEM) with 10% FBS and 1% anti-
biotics. Before incubation with particles, the cells were washed with
PBS three times. The particle solution in DMEM was incubated with
cells for 1 h. Then, those cells were washed with PBS three times and
fixed by 4% paraformaldehyde solution. After 30 min fixation, the
cells were again washed three times with PBS and subjected to
reflection imaging using a Leica TCS SP2 AOBS spectral confocal
microscope.

Cell viability test: Viability of cells with particles was examined
through WST1 assay.'”! This cell viability test is based on the cleavage
of the tetrazolium salt WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-
2H-5-tetrazolio]-1,6-benzene disulfonate) by mitochondrial dehydro-
genases in metabolically active cells. The cells were seeded onto 96-
well culture plates at a density of 10° cells per well in DMEM (100 pL)
containing 10 % FBS. After 24 h incubation at 37 °C, nanoparticles in
DMEM buffer at different concentrations were added. The particles
were washed away after 48 h incubation. Then WST-1 solution (10 pL,
Invitrogen) was added to each well to evaluate cell viability. After 4 h
at 37°C, cell viability was measured using a microplate reader.

MRI experiments: Transverse 7,-weighted spin echo images were
acquired using a 3 T Siemens Tim Trio MR Scanner. Echo times were
11-132 ms in 11-ms steps with a repetition time of 2000 ms. 7}-
weighted imaging was performed using inversion recovery with 10
inversion times ranging from 100 ms to 2000 ms with a repetition time
of 3000 ms. Gel preparations in 2-mL vials were placed in a holder for
insertion into the eight-channel volume head resonator. The long axis
of the vials was parallel to the static magnetic field, and a transverse
tomographic plane orientation was used. A gradient echo acquisition
was used with a repetition time of 2000 ms, an echo time of 1.8 ms, a
slice thickness of 12 mm, and a flip angle of 20°. In-plane resolution
was 0.41 mm. The normal first-order shim process was applied, and
the phantoms were imaged at room temperature (20°C). For A431

cell experiments, 18000 A431 cells with attached dumbbell nano-
particles were mixed into 4% agarose gel at 40°C before imaging.
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