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Semiconductor quantum dots are finding increasing applications 200
in modern biotechnology? The materials hold great promise as - ()
fluorescent probes for intracellular processes at the single particle = 150 ZPL 1
level. However, photobleaching and cytotoxicity have been two 2 100 \
. . o w
major concerns of these nanoparticles. Although silica-coated CdSe 5
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o
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guantum dots have been demonstrated to be photostable forthours,
safety is always an issue whether toxic ions would be released
during the course of diagnosis and treatnfent.

Nanosized diamond powders are interesting alternatives. The
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materials are chemically inert, but can be surface-functionalized 12

easily with carboxyl groups and their derivatives for specific or = 1.0 prmntten—s—s—o—0—s—s4o-s-s——* |
nonspecific binding with nucleic acids and protefnisloreover, g 08

they are optically transparent and capable of fluorescing from point E 06

defects’ Of all defects in diamond, the negatively charged nitrogen- = |
vacancy center (NV)~ is most noteworthy. It is the dominant 2 02l (d) 1
end product of thermal annealing of irradiation-damaged diamond 0.0 L
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containing atomically dispersed nitrogen atchi$ie defect center
absorbs strongly at560 nm and emits fluorescence efficiently at
~700 nm. The absorption cross-section at the band center is in theFigure 1. (a) Bright field and (b) epifluorescence images of FND. Both

range of~5 x 10717 cn?, comparable to that of a dye molecdle. ~ 'Mages weré obtained with a 40X objective. (c) Fluorescence spectra of
The fi ffici 1 with a lifeti f annealed nanodiamonds with (red) or without (blue) proton beam irradiation.
e fluorescence quantum efficiencyds~ 1, with a lifetime o The excitation was made at 53660 nm, and the emission was collected

11.6 ns at room temperatut€T o create these color centers, atype at a wavelength o590 nm. (d) Photostability tests of FND (red) and

Ib diamond crystal (containing typically 100 ppm nitrogen) is first ~fluorescent polystyrene nanospheres (blue) excited under the same condi-
irradiated by a high-energy~@ MeV) electron beam and subse- tions. The fluorescence intensity was obtained by integrating over the
quently annealed at high temperatures8Q0 °C). The annealing wavelength range of 596900 nm for each sample.

brings the irradiation-created vacancy to a site close to the nitrogen

Time (min)

t formi NAV)— ter. Th i " ) with FND, the 293T cells were cultured in Dulbecco’s modified
atom, orm.lng "’T ( ). cen gr. e center acling as gn on Eagle’s medium (SH30243.02, HyClone) for 24 h. The ensuing
embedded in an inert solid matrix hardly photobleadiés]lowing incubation was conducted in a G@cubator at 37°C for 3 h
long-term ob;e(;vatlon of ahs_lnhgle dlamono! nan(c)):rys}al. Here, we after which the cells were either fixed on a chamber slide with 4%
_report a T“et odto (_:reate igh concentrations of W)~ centers .. para-formaldehyde for microscopic inspection or tested with the
in nanodiamonds with a proton beam and demonstrate the utility ,-r assay in a 3.5 cm dish (see Supporting Information for further
of this novel material for biological applicatiofs. details)

Syn_thetic type Ib diamond !oowders WiFh a Fomi”a' S‘Z? Of. 100 Figure 1a shows a bright field image of neat FND, which formed
nm d(Mlcrng- MDA&’ Edle_mgn_t S'_X) \:jvergé;lrgl_ed dl'n stror:jgf_?mdatlve aggregates on a glass slide. Excitation of the particles with the
acids and susdpen edimn e'OT.'Ze w 0 'tf'nh tamond film W?)Sl yellow lines from a 100 W mercury vapor lamp produced intense
prepared by « .eposmng ana |qupt (,5 ),0 the suspension ©. red emission (Figure 1b). Spectral analysis of the emission revealed
g/mL) on a S|I|§:on \_/vafer and dried in air. The air-dried diamond o5 zero-phonon line (ZPL) at 638 nm, accompanied with broad
flm was then irradiated a 3 Me_V proton beam _from a NE(; phonon sidebands spanning from 600 to 800 nm (Figure 1c). A
tandem accelerator (9SDH-2, National Electrostatics Corporation) comparison of this spectrum with that observed in the control

57 13 i ion-i i
at a dose of 5¢ 10 ions/cn?.*? Annealing of the ion-irradiated o oiment using samples not irradiated but annealed under the

film 3t 82&; |r(1)ve_tcu|um fo2h fprﬁdulglt\eldeluorescsnt_ na(ljnoc_hﬁ- same conditions suggests &16ld enhancement in fluorescence
monds ( ). Optical images of the were obtained with a intensity due to the proton beam irradiation (Figure 1c). In accord

laser scanning c_onfocal fluorescence mi(_:roscope (C-L, NiI_<on), and,ish previous findings;'* no sign of photobleaching was found
the corresponding spectra were acquired with a multichannel for FND even afte 8 h of continuous excitation with the Hg lamp
spectral ana!yzer (0747,3‘ Hamamatsu). Cyt0t0)§|C|ty tgsts were (Figure 1d). By contrast, the 04m red fluorescent polystyrene
p_erform(_ad with human _kldney cells_ of the 293T line using an in nanospheres (F8801, Molecular Probes), with excitation/emission
wtrp _toxncology assay kit (TOX-l,_Slgma) basec_i on the redu_ctlon maxima of 580/605 nm and containingl0* dye equivalents,
activity of methyl thiazolyl tetrazolium (MTT). Prior to incubation photobleached within 0.5 h under the same excitation conditions.
High concentrations of vacancies were created by the ion

; (stitute of Atomic and Molecular Sciences. irradiation damage. According to the SRIM Monte Carlo simula-
§ Institute of Physics. tion,'*a 3 MeV proton would produce 12 vacancies at an estimated

17604 m J. AM. CHEM. SOC. 2005, 127, 17604—17605 10.1021/ja0567081 CCC: $30.25 © 2005 American Chemical Society
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that no detectable change in their fluorescence spectrum was
observed as a function of time. Even under the excitation intensity
of 5 MW/cn?, none of the single defect centers showed any sign
of photobleaching. Compared to the spectra of these single
centers$$ our spectrum (Figure 1c) is broader and extends farther
into the near-infrared (wavelength 800 nm). The emission in
the deep red region matches well with one of the spectral windows
for in vivo imaging (706-900 nm}8 and can have broad biological
applications.

Finally, we note that it is possible to produce FND with different
colors of emissiod?2% such as that derived from the H3 defect
center (N-V—N) of a type la diamond. Similar to that of (N
V)™, the green emission (e.g., 531 nm) from this defect center is
bright and also has a quantum efficiency close & Together
with the nontoxic nature of the material and the brightness of the
fluorescence, this multicolor emission capability endows FND with
attraction for applications in life science research.
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Figure 2. Confocal fluorescence images of a single 293T human kidney

cell after FND uptake. The cross-sectional image in each three-dimensional ; ;
scan (as indicated by the yellow dashed square) has a vertical thickness of Acknowledgment. This research is supported by grants from

0.254m and an area of 4% 42 um?2. The bright red spots correspond to Academia Sinica and the National Science Council (Grant No. NSC

FND. Inset: Cytotoxicity tests of FND with the 293T cells and the MTT ~ 92-3112-B-001-012-Y) of Taiwan.

reduction assay.
Y Supporting Information Available: Materials and methods and

confocal fluorescence images of FND uptake (PDF). The material is

displacement energy of 35 eV for the carbon atom in diamiénd. available free of charge via the Internet at http://pubs.acs.org.

The penetration depth of the proton beam is 48. With an
irradiation dose of 5x 105 ions/cn? as used in this experiment,
the concentration of the nitrogen-vacancy defect centers created in
these nanodiamonds isl x 107 centerstmd, corresponding to

the production of~1 x 10* vacancies per 100 nm particle. This
amount of vacancies is of the same magnitude as that{ 10%)

of nitrogen atoms in each type Ib diamond nanocrystal. It suggests
that the number of NV defects created per particle is on the order
of 10%, assuming no vacancy annihilati&nSuch a high concentra-
tion of defect center¥, each of which has fluorescence brightness
comparable to that of a dye molecule, enables visualization of the
individual nanocrystals by epifluorescence (Figure 1b).

Apart from bright fluorescence and high photostability, low
cytotoxicity is an additional merit of FND. As revealed by the MTT
assay (inset in Figure 2), adding up to 489 (or ~1 x 104
particles) of FND to 1 mL of the culture medium does not diminish
the cell reduction activity significantly. This is in line with our
expectation for diamond that the material is chemically inert and
does not release any toxic chemicals even in harsh environments. (10 F?ﬁ)')isnféé“é T Thomaz, M. F.; Jorge, M. 1. 8. Phys. C: Solid State
Figure 2 shows the result of the FND uptake experiment (see also (11) Jelezko, F.; Tietz, C.; Gruber, A.; Popa, |.; Nizovtsev, A.; Kilin, S.;
Supporting Information). Uptake of the fluorescent nanodiamonds Wrachtrup, JSingle Mol 2001, 2, 255-260.

. . . X . ) (12) Huang, L.-C. L.; Chang, H.-G.angmuir2004 20, 5879-5884.
is confirmed by generating the vertical cross-sectional images of (13) Hsu, J. Y.; Yu, Y. C; Liang, J. H.; Chen, K. M.; Niu, Mlucl. Instrum.
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