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Abstract: Magnetic nanodiamonds were prepared via solid-state microwave arcing of ananodiamond—ferrocene
mixed powder in a focused microwave oven. High-resolution transmission electron microscope (HRTEM)
images show that a magnetic nanodiamond is composed of iron nanoparticles encapsulated by graphene
layers on the surface of nanodiamonds. Fluorescence property was introduced onto magnetic nanodiamonds
by chemical modification of magnetic nanodiamonds via surface grafting of poly(acrylic acids) and fluorescein
o-methacrylate. Fluorescent magnetic nanodiamonds are water soluble with a solubility of ~2.1 g/L. Cellular-
imaging experiments show that fluorescent magnetic nanodiamonds could be ingested by Hela cells readily
in the absence of agonist (i.e., folate) moieties on the surface of nanodiamonds.

Introduction

Nanodiamonds (ND) obtained from detonation of explosives'
are neither magnetic nor fluorescent. Because of their chemical
stability, good biocompatibility, great thermal conductivity, and
nontoxicity, ND are being developed as an alternative carrier
for the transport of biologically active species into various cells,
like many other nanomaterials including carbon nanotubes,
quantum dots, gold nanoparticles, silica nanoparticles, etc.*?
Acid-reflux-treated ND were reported to conjugate with
proteins,“_6 cytochrome ¢’ lysozyme,8 DNA, 12 antigen,13
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growth hormone,'* and neurotoxin'® and shown to be nontoxic
to a variety of cells.'® "> An active ND hydrogel served as a
drug carrier to deliver apoptosis-inducing drugs effectively into
living cells.>® ND were reported to become fluorescent via
chemical attachment of single-strand DNA followed by non-
covalent adsorption of fluorescently labeled cDNA.>' Otherwise,
ND having nitrogen impurities can be made to fluoresce with
red light (Aem &~ 700 nm) via irradiation with highly energetic
beams of protons (3 MeV) or electrons (~ 2 MeV) followed
by thermal annealing at ~800 °C to create nitrogen-vacancy
(N-V) defects,'”*? but this process is tedious and inefficient.
The quantum yield of fluorescence from the N-V defects was
reported to be nearly unity with the fluorescence lifetime of
11.6 ns at 295 K.** Recently, it was reported that fluorescent
ND could be produced by He* ion (40 keV) bombardment with
2 orders of magnitude higher efficiency than those in the proton
or electron bombardment processes.24 Besides the fluorescence,
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it is useful to have other properties simultaneously, such as
magnetism. Nanoparticles with magnetic properties can serve
not only as contrast reagents for magnetic-resonance imaging
(MRI) but also as MRI-reporting markers in the nondestructive
investigation of the biodistribution of nanoparticles (and thus
surface-attached therapeutic molecules) in animals or human
beings;*’ in such circumstances the animal or human subjects
would not be sacrificed for study of the biodistribution of
nanoparticles in various organs or tissues. Previous attempts
were made to prepare magnetic ND by thermal decomposition
of metal-containing compounds in mineral oil in the presence
of ND.? Although ND and metal nanoparticles were observed
to form aggregates in the TEM image, there is no direct evidence
to show the presence of chemical binding between ND and metal
nanoparticles. Physical '’N-ion implantation was reported also
to produce ferromagnetic ND via creation of sp*/sp> defects.?’
The saturation magnetization of ferromagnetic ND so created
is ~11.5 emu/g for a radiation dose of 5 x 10" cm™2 Here
we report a novel and facile process to prepare ND with dual
functions, namely, magnetic and fluorescent, and demonstrate
its application as a cellular fluorescent marker.

Experimental Section

Preparation of Magnetic ND. Magnetic ND (MND) were
prepared via formation of composite nanoparticles between ND and
iron nanoparticles. Commercial ND (Micron + MDA, Element Six)
are generally purified via acid refluxing and thereby have carboxylic
acid and hydroxyl groups attached at the surface. The commercial
ND were first loaded into a silica tube from which air was evacuated
by pumping; the bottleneck was sealed with a flame. The ND were
then thermally annealed at 1200 °C for 1 h to remove surface-
attached polar functional groups. To prepare MND, we ground
homogeneously thermally annealed ND powders (50 mg), ferrocene
(Aldrich, 100 mg), and silicon powder (from broken silicon wafer,
sizes in the range 1 x 1 x 1t02 x 2 x 2 mm?, an equal volume).
The silicon powder is replaceable by copper or other metal wires
(Iength 1—2 cm). The powder of ND, ferrocene, and silicon particles
well mixed in a silica tube was then evacuated to remove dioxygen
and refilled with dinitrogen or argon (1 atm). The silica tube was
loaded into the chamber of a focused microwave oven (2.45 GHz,
Discover system, CEM Corp.) for microwave irradiation. This oven
was set to be automatically switched off when the sample
temperature attained 300 °C. During microwave irradiation micro-
wave-induced arcing or sparks occurred violently among silicon
particles (or among metal wires), leading to decomposition of
ferrocene and formation of iron-filled carbon nanoparticles.?® After
focused microwave irradiation the residual ferrocene was washed
away from the carbon soot with toluene. The carbon soot—toluene
solution was sonicated. Magnetic carbon soot was collected from
the toluene solution by an external magnet and examined in a
transmission-electron microscope (TEM) (200 keV, JEOL JEM-
2100, HRTEM). The saturation magnetization of the magnetic
carbon soot was measured with a superconducting quantum-
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interference device (SQUID, Quantum Design, model MPMSS5),
and the powder X-ray pattern was recorded at beam line BL-01C2
SWLS PXRD in the National Synchrotron Radiation Research
Center of Taiwan.

Surface Modification of Magnetic ND. To introduce hydro-
philicity and fluorescent properties to MND we modified the
covalent surface of the magnetic carbon soot.>’ To an aqueous
solution (7 mL) containing magnetic carbon soot (50 mg) was added
liquid acrylic acid (AA, Aldrich, 1 mL) and benzoylperoxide (BPO,
0.25 mL, 0.4 M) followed by ultrasonication (20 min) to make the
carbon soot become well dispersed. The solution was transferred
immediately to a domestic microwave oven (2.45 GHz, 600 W)
and exposed to microwave irradiation for 10 s. During microwave
irradiation the solution temperature rose rapidly, causing decom-
position of the BPO radical initiator and initiating polymerization.
This addition of acrylic acid—BPO—microwave irradiation process
was repeated twice. The third time an additional component,
namely, fluorescein o-methacrylate (FM, 10 mg in 1 mL THF),
was added, and the solution was sonicated and irradiated with
microwaves under the same conditions. The fluorescent moiety,
i.e., fluorescein o-methacrylate, was added to the ND-containing
solution at a subsequent stage of surface grafting to avoid close
contact with the graphene shells as photoexcited fluorescein might
be electronically quenched by the graphene shells on the ND
surface. Finally, the surface-functionalized MND were collected
and separated from free unbound polymers on repeated washing
with solvents THF and H,O and centrifugation (at 8000—12000
rpm). The structure of the surface-bound moieties was characterized
by FTIR (Bomem model DA-83 FTS) and the amount determined
by thermogravimetric analysis (TGA, Seiko SSC 5000) with
temperature increased at 10 °C/min.

Cell Culture. HeLa cells (12.5 x 107 cells per well in 6-well
plates) cultured in DMEM (Dulbecco’s modified-eagle medium)
supplementedwith FBS (Fetal Bovine Serum, 10%)and penicillin—streptomycin
(1%) were treated with PFM-PAA-grafted Fe@CNP-ND (0.1 mL,
47.62 ug /mL) for 24 h. The cells were washed with a phosphate
buffer solution (PBS, pH 7.4), further fixed onto a glass slide using
paraformaldehyde solution (4%) in PBS for 5 min, and washed
with PBST (5% Tween-20 in PBS) solution three times; then Triton
X-100 solution (1 mL) was added. After exposure to Triton X-100
(1 h), the HeLa cells were stained with DAPI (4',6-diamidino-2-
phenylindole, 1 ng/mL PBS, 30 min). The samples were examined
under a confocal laser-scanning microscope (OLYMPUS FV500)
equipped with an InGaN semiconductor laser (405 nm), an Ar laser
(488 nm), and a He—Ne laser (543 nm).

Cytotoxicity. One milliliter of HeLa cell-containing solution
(~2.12 x 10? cells/mL) was added to each well of a 24-well plate
and incubated 1 day to allow cells to stick on the surface of the
plate. Aliquots of a PBS buffer solution containing different amounts
of ND or FMND were added to the 24-well plate, and the cell
solutions were incubated for another 3 days. A 50 uL amount of a
MTT aqueous solution (0.5 mg/mL) was added to each well of the
24-well plate 4 h before termination of the 3-days incubation, and
the cells were allowed to incubate for another 4 h. Then, the upper
layer of the solutions in the 24-well plate was discarded, and 1 mL
of DMSO was added to each well to lyse cell membrane followed
by pipet stirring. The final solution in each well was centrifuged at
13 000 rpm to remove any solid residues before measurements of
the optical absorbance at 570 nm. The optical absorbances were
converted to cell viabilities based on a standard curve (absorbance
vs cell numbers) obtained from controlled experiments carried out
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Figure 1. (a) Bright-field TEM image of Fe@CNP-ND produced from
microwave arcing. (Inset) High- resolution TEM image of Fe@CNP-ND.
The location indicated with a white arrow is absent from graphene layers.
(b) Dark-field TEM image of the ND{400} plane. Bottom left inset in (b)
is the electron diffraction pattern from the ND in (a). Bottom right inset in
(b) is the dark-field TEM image of the yFe {200} plane.

under the same condition except that no ND or FMND were added
during cell culture processes.

Results and Discussion

Magnetic ND. Magnetic ND (MND) were produced via a
novel microwave-arcing process*® using ND powders and
ferrocene as precursors in the presence of silicon powder. Upon
microwave irradiation in a focused microwave oven electric
arcing occurred among the silicon particles, which decomposed
the ferrocene molecules and formed iron nanoparticles and
graphene sheets.?®*° These iron nanoparticles and ND were
bound together with graphene sheets to form a new composite
nanomaterial. Figure la shows a few graphene layers on the
surface of ND. Many iron nanoparticles (size 5—20 nm) were
wrapped inside graphene layers on the surface of large ND. The
proportion of free core—shell iron—carbon nanoparticles
(Fe@CNP) is limited; nearly all ND were covered with iron
nanoparticles and graphene layers. The magnified TEM image
(inset in Figure 1a and also Figure S1, Suppporting Information)
shows clearly that the graphene layers about the iron nanopar-
ticles are not symmetric; there is no graphene layer at the
interface between an iron nanoparticle and the ND (location

(30) Hsin, Y. L.; Lin, C. F.; Liang, Y. C.; Hwang, K. C.; Horng, J. C.; Ho,
J. A.; Lin, C. C.; Hwu, R. J. R. Adv. Funct. Mater. 2008, 18, 1-9.
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Figure 2. Powder X-ray diffraction (PXRD) pattern of Fe@CNP-ND.
These data were obtained at beam line BL-01C2 SWLS PXRD in the
National Synchrotron Radiation Research Center, Taiwan.
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Figure 3. Saturation magnetization of Fe@CNP-ND as a function of
external magnetic field at 298 K. (Inset) Hysteresis loop of saturation
magnetization of the Fe@CNP-ND sample.
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indicated with a white arrow), indicating that iron nanoparticles
were chemically fixed (by graphene layers) on the ND surface
instead of being merely physically deposited. Electron-diffrac-
tion measurement of the ND in Figure la shows the presence
of diffraction spots from the ND(400) crystalline face (large
circles in the bottom left inset of Figure 1b) and y-Fe
{200}crystalline face. The bright-field image of ND contributing
to the ND(400) diffraction spot is shown in Figure 1b, which
was obtained by limiting the detector at the (400) diffraction
spot. Figure 1b shows clearly that the TEM image in Figure la
is indeed a crystalline ND instead of a large piece of amorphous
carbon. The inset at the bottom right of Figure 1b shows the
location of y-Fe nanoparticles which contribute to the y-Fe
{200 }diffraction signal in the bottom left inset of Figure 1b.
Measurement by powder X-ray diffraction (PXRD) of the
ND—carbon soot shows the presence of ND, a-Fe, y-Fe,
graphene layers, and residual Fe;C (see Figure 2). The saturation
magnetism of iron—carbon nanoparticle ND using a supercon-
ducting quantum interference device (SQUID, Quantum Design,
model MPMSS5) near 295 K is ~10 emu/g and the coercivity
~155 G (see Figure 3). The saturation magnetization is much
smaller than the values 35 and 216 emu/g for quasi-pure
Fe@CNP* and bulk iron,*' respectively, due mostly to the
weight dilution by the ND, but the coercivity is much larger
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Scheme 1. Schematic Process for Surface Functionalization of Magnetic NDs
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than 115 G for free Fe@CNP,*® indicating that iron nanopar-
ticles are less prone to switch magnetic subdomains than free
Fe@CNP. The large coercivity is consistent with the TEM
observation that most iron nanoparticles were chemically bound
by graphene layers instead of being physically adsorbed on the
surface of ‘heavy’ ND.

Fluorescent Magnetic ND (FMND). To introduce fluorescent
properties we subjected magnetic ND to surface functionaliza-
tion to attach covalently fluorescent moieties on the surface.
As the C=C double bonds on surface graphene layers are
chemically reactive toward free radicals, the MND can be
surface grafted with almost any C=C double-bond-containing
fluorescent monomer,”® such as fluorescein o-methacrylate (see
Scheme 1). During the radical-initiated polymerization the
oligomeric radicals attack the C=C double bonds on the surface
graphene layer of MND and form chemical bonds. After
repeated washing and centrifugation MND were separated from
free, unbound monomers and polymers. Figure 4 shows FTIR
spectra of thermally annealed ND, MND as produced, PAA-
and PFM-PAA-grafted Fe@CNP-ND. The weak C—H bond
stretching band at ~2980 cm™' that exists in all samples is
attributed to the terminal C—H bonds on the ND surface. The
weak band at 1720 cm ™' and strong band at ~1100 cm ™' in
Figure 4a are attributed to residual C=0 and C—O stretching
modes, respectively. Thermal annealing of commercial ND at
1200 °C for 1 h apparently failed to completely remove oxygen
atoms from the surface of ND. The moderately intense band at
~1602 cm ™! originates from C=C double bonds of the surface
graphene layers on ND. After solid-state microwave arcing to
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Figure 4. FTIR (Bomem model DA-83 FTS) spectra of (a) NDs, (b)
Fe@CNP-NDs, (c) PAA-grafted Fe@CNP-NDs, and (d) PFM-PAA-grafted
Fe@CNP-NDs. The assignments of stretching modes are as labeled in the
figure.

produce MND (see Figure 4b), the weak band at 1720 cm ™'
associated with a C=O stretching mode disappears. Surface
grafting of PAA onto MND is evident from the appearance of
a carboxylic C=O0 stretching mode at 1725 cm ™" in addition to
the broad absorption at 3400 cm ™' associated with the car-
boxylic O—H stretching mode (see Figure 4c). When FM (in a
small proportion) was added to PAA in the surface function-
alization, an additional weak band at ~1765 cm ™' attributed to
the stretching mode of the ester carbonyl (C=O) group of
fluorescein moieties was observed (see Figure 4d). The amount
of surface-functionalized moieties on Fe@ CNP-ND was deter-
mined with thermogravimetric analysis (TGA). As shown in
Figure 5 the onset of a rapid loss of mass at ~500 °C (see top
trace in Figure 5) is due to degradation of surface graphene
layers of Fe@CNP-ND, consistent with the TGA pattern of
Fe@CNP.*® For a PFM- and PAA-grafted sample there is an
additional loss of mass between 250 and 400 °C, which is due
to the surface-grafted PFM and PAA oligomer side chains on
the Fe@CNP-ND surface. The temperature of the onset of
degradation of surface-grafted PAA side chains is the same as
that reported for surface-grafted PAA on multiwalled carbon
nanotubes.?® Overall, the amount of surface-grafted PFM and
PAA on the ND surface accounts for ~22 wt % of the FMND.
The surface-modified MND became redispersed in water
satisfactorily without precipitation for several hours and were
collected with an external magnet (see the inset in Figure 6).
Upon UV irradiation the MND show bright, broadband, yellow-
green fluorescence (see Figure 6 and the inset) with an emission
maximum at 522 nm, which originates from the surface-grafted,
photochemically excited fluorescein moieties. The color of the
fluorescence can be tuned depending on the fluorescent mono-
mers used in the surface functionalization process.

Cellular Imaging. To demonstrate the application of FMND
as cellular fluorescence markers we incubated the FMND with
HeLa cells. As shown in the confocal optical-microscopic

0SS 7o

Weigh

501 A Fe@CNP-NDs
¢ PFM-PAA-Fe@CNP-NDs

100 200 300 400 500 600

Temperature ( °C)

Figure 5. Thermogravimetric analysis of Fe@CNP-ND (A) as produced
and PFM-PAA-grafted Fe@CNP-ND (@) in the presence of air.
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Figure 6. Fluorescence spectra (Aex = 475 nm) of PFM-PAA-grafted
Fe@CNP-ND (solid line) and PAA-grafted Fe@CNP-ND (dashed line).
The PAA-grafted Fe@CNP-ND were mixed physically with fluorescein
o-methacrylate, washed with solvents, and filtered to remove physically
absorbed fluorescein. (Inset) An aqueous solution of PFM-PAA-grafted
Fe@CNP-ND (solubility ~ 2.1 g/L) with (left) and without (middle) an
external magnet. The yellow-green fluorescent image (right) of a PFM-
PAA-grafted Fe@CNP-ND aqueous solution upon exposure to UV light.

Figure 7. Vertical cross-sectional optical images of HeLa cells incubated
with PFM-PAA-grafted Fe @CNP-ND for 24 h. The image of PFM-PAA-
Fe@CNP-ND internalized into a HeLa cell under visible light (top left).
The nuclei of HeLa cells were stained with DAPI dye (blue) (top right).
The optical images of nucleus were recorded with a DAPI filter (Aex=
400—418 nm, Aem= 450—465 nm). The green fluorescence in the bottom
left image originates from PFM-PAA-grafted Fe@CNP-ND under a FITC
filter (Aex= 478—495 nm, Aew= 510—555 nm) (bottom left). The optical
image shown in the bottom right is an overlapped image of the stained
nucleus and the fluorescence of PFM-PAA-grafted Fe@CNP-ND (bottom
right). The confocal optical image shows that PEM-PAA-grafted Fe @ CNP-
ND distribute around the nucleus (blue).

images (see Figure 7) the FMND were ingested well by HeLa
cells. Figure 7 shows that most ingested FMND distributed in
the cytoplasm regime without entering the nucleus (as labeled
by a DAPI blue dye). To enter the nucleus regime generally
requires a nuclear location signal (NLS, a short peptide, such
as Pro-Lys-Lys-Lys-Arg-Lys-Val) moiety to assist binding to
the nucleus membrane.** Carboxylic-acid-functionalized ND

(31) CRC Handbook of Chemistry and Physics, 72nd ed.; Lide, D. R., Ed.;
Chemical Robber: Boca Raton, FL, 1991—1992; pp 12—95.

15480 J. AM. CHEM. SOC. = VOL. 130, NO. 46, 2008

were reported to be internalized into the cytoplasm regime of
macrophage RAW cells without entering the nucleus.'' The
FMND have no surface-bound folate moiety, an agonist moiety
toward the folate receptors (FR) on the membrane surface of
HeLa cells. Folate receptor is a glycosylphosphatidyl-inositol
(GPI)-linked membrane glycoprotein with a molecular mass of
about 38—40 kDa and a large affinity (Kp = 0.1 nM) toward
folic-acid moieties. There are many folate receptors on the
membrane surface of many tumor cells, such as ovarian, uterus,
nasopharyngeal carcinoma, etc., but few on normal cells.*
Having the folate moieties, nanoparticles can be internalized
by HeLa cells via receptor-mediated endocytosis.* In the
absence of folate moieties FMND can still be ingested by HeLa
cells, indicating that there a nonreceptor-mediated endocytosis
pathway exists in HeLa cells. Nonreceptor-mediated endocytosis
seems to be a general process occurring in various cells upon
ingestion of nanoparticles without having surface-grafted ago-
nists, for example, an intake of carboxylic-acid-functionalized
ND by 293T human kidney cells,'” macrophage RAW cells,*
human lung A549 epithelial cells and HFL-1 normal fibro-
blasts,'® carbon dots by human breast-cancer MCF-7 cells,®
silica-coated iron oxide nanoparticles by human mesenchymal
stem cells (hAMSC),>> gold nanoparticles by C166 mouse
endothelial cells,*® etc. It has been shown that nonreceptor-
mediated endocytosis occurs frequently in HeLa cells.>” In the
literature, it was recently reported that internalization of gold
nanoparticles as well as the subsequent cell responses, including
cell death and protein expression, are strongly dependent on
the nanoparticle sizes.>® It was also reported that gold nano-
particles could penetrate directly through the surface membrane
of mammalian cells,>**° whereas in the case of cellular uptake
of short SWNTs Pantarotto et al.*' suggested a nonendocytotic
mechanism via direct insertion and diffusion of SWNTs through
cell membrane. Such a suggestion, however, was challenged
by Dai and workers, who designed experiments to show that
short SWNTSs were internalized by cells via a clathrin-dependent
endocytosis mechanism.** Exactly how ND enters and interacts
with cell membranes is a complicated issue and will be
investigated in the future.

Regarding the biocompatibility or cytotoxicity of FMND,
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide) experiments were carried using HeLa cells to examine
the cell viability. As shown in Figure 8 the cell viabilities at
various amounts of FMND are slightly lower than those of ND
under the same conditions. Under the cellular imaging condition
used in the confocal optical microscope experiments where the
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Figure 8. Cell viabilities of HeLa cells in the presence of various amounts
of authentic ND and fluorescent magnetic ND.

concentration of FMND is 0.25 ug/mL the cell viabilities are
higher than 79% and 90% for FMND and ND, respectively.
Overall, the FMND can be considered to have low cytotoxicity
toward HeLa cells.

Conclusion

We developed a facile process to prepare ND with dual
fluorescent and magnetic properties. Magnetic ND were first
prepared via a novel microwave-arcing process using pristine
ND and ferrocene as precursors. Iron nanoparticles were
chemically bound onto the surface of ND by graphene layers.
The magnetic ND have a saturation magnetization of ~10 emu/g
and a coercivity field 155 G. We showed that via covalent
surface grafting of organic fluorescent molecules the MND

become converted to fluorescent MND. The color of fluores-
cence is readily tunable depending on the polymerizable
fluorescent monomer used in the surface grafting process. The
FMND have an aqueous solubility of ~2.1 g/LL and are
collectible with an external magnet, which is important in many
applications. A cellular-imaging experiment shows clearly that
these water-soluble FMND can be ingested readily by HelLa
cells, likely via a nonreceptor-mediated endocytosis, to enter
and remain in the cytoplasm regime without entering the
nucleus. Our work shows that water-soluble FMND have great
potential in biomedical applications to serve as biocompatible
cargos to transport various biologically active species, such as
proteins, DNA, signal-transduction molecules, and drugs, into
cells for various biomedical investigation or treatment of
diseases.
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