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ABSTRACT: Chromophoric iridium(III) complex-coated
NaYFE,: 20%YDb, 1.6%Er, 0.4%Tm nanocrystals are demon-
strated as a ratiometric upconversion luminescence (UCL)
probe for highly selective detection of cyanide anion and
bioimaging of CN ™ in living cells through inhibition of the
energy transfer from the UCL of the nanocrystals to the
absorbance of the chromophoric complex. The UCL probe
provides a very low detection limit of 0.18 #M CN " in the
aqueous solution.

yanide is well-known as a hazardous chemical in biology and

the environment, and is extremely toxic to mammals.'
Cyanide poisoning can lead to vomiting, loss of consciousness,
and eventual death. According to the World Health Organiza-
tion, the maximum acceptable level of cyanide in drinking water
is 1.9 uM.> Consequently, there is considerable interest in
selective detecting aqueous cyanide at sub-micromolar concen-
trations by using simple and visualized methods.*°

Fluorescent chemodosimeters based on specific chemical reac-
tions always show better selectivity,’ and some of them with
detection limit of sub-micromole cyanide anion were achieved in
organic solvents.>® However, when water was added in these
systems, the response reactions become difficult and need a several
hundred-fold excess of cyanide anions, longer time, or the use of
elevated reaction temperature to speed up the reaction.”® How to
avoid the negative effect of water on specific cyanide reaction
becomes a challenge for highly sensitive sensing cyanide in the
aqueous solution. When the reactant is bonded on the surface of
one nanoparticle, its interface reaction will be affected by its
surround condition. Thus, interface reaction on the nanoparticles
surface provides one possible strategy to improve the sensing
sensitivity.

To further develop the possible applications of fluorescent
chemodosimeters of CN in biosystems, near-infrared (NIR)
light instead of UV and visible light becomes a more suitable
excitation source, because NIR light penetrates deeper into tissues
and has less damage to biosamples.® Recently, Yoon et al. have
reported one example of NIR fluorescence imaging of CN—.”
Compared with fluorescence imaging, upconversion lumines-
cence (UCL) imaging based on rare-earth upconversion nano-
phosphors (UCNPs)® ' as probe has been proved to exhibit no
autofluorescence (noise) from biosamples and deeper penetra-
tion depth.'” In the present study, upconversion NaYF,: 20%Yb,
1.6%Er, 0.4%Tm nanocrystals (UCNPs) were combined into a
CN™ responsive chromophoric complex Irl. Interestingly, after
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Scheme 1. Proposed Recognition Mechanism and the FRET
Process of OA-Ir1-UCNPs towards CN
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co-coating a hydrophobic oleic acid (OA) as co-ligand, the
resulting upconversion nanosystem (denoted as OA-Ir1-UCNPs,
see Scheme 1) shows highly sensitive UCL sensing CN in the
aqueous solution and bioimaging of CN ™ in living cells, upon the
irradiation of NIR light at 980 nm.

Ratiometric luminescent measurements permit signal ration-
ing, and thus provide built-in correction for environmental
effects. The design strategy of this probe is based on CN—
modulating the Forster resonance energy transfer (FRET)
process'* in OA-Ir1-UCNPs, with ratiometric UCL emission
as the output signal. To this end, NaYF,: 20%Yb, 1.6%Er, 0.4%
Tm nanocrystals with visible UCL were used as energy donor,
with NIR UCL emission at 800 nm as internal standard; mean-
while, a CN™ responsive and chromophoric iridium complex
(Ir1, Scheme 1) was chosen as energy acceptor. To obtain a
relative hydrophobic surrounding for Ir1, some oleic acids (OA)
were also coated on the surface of UCNPs to construct one
nanosystem, OA-Ir1-UCNPs. In the absence of CN, Ir1 shows
a significant absorbance with the maximum at 505 nm (full width
of half-maximum is ~70 nm) and a molar extinction coefficient
of 10° M~' em™" (Figure 1), corresponding to significant
spectral overlap between the green UCL of UCNPs and the
absorption of Ir1 (Figure 1). As aresult, FRET occurs, and a ratio
(Is40/Ig00) of UCL intensity at 540 and 800 nm is weak. In the
presence of CN, reaction of CN~ with the a,(-unsaturated

Received:  June 24,2011
Published: September 05, 2011

15276 dx.doi.org/10.1021/ja205907y |JA Am. Chem. Soc. 2011, 133, 15276-15279



Journal of the American Chemical Society

COMMUNICATION

----- Abs.: Irl
1.0 A ~Abs.: Irl+ CN~
] i % |— UCL: OM- UCNPs .
/% |—UCL: OA-Irl- UCNPs + CN| 5
0.8 - 4| — UCL: OA-Ir1-UCNPs E‘r
™ ‘1 I;,- i\ %‘
Q ] 'EI .-'; | ﬁ
0.4 / \
| \‘l "-.,\ %
021 \ / Wil \ ﬁ
| el Sl ‘
0‘0- L} 1 == T - T _4-—
300 400 500 600 700 800
Wavelength (nm)

Figure 1. UV/vis absorption and photoluminescence spectra of Irl,
OM-UCNPs, and OA-Ir1-UCNPs upon addition of CN™.

carbonyl ligand induces weak absorption in the visible region,
corresponding to low spectral overlap between the absorption of
Irl and the green UCL. Therefore, FRET is suppressed, and the
ratio Is40/Ig00 is enhanced.

Complex Irl can be used to selectively detect CN ™ over other
anions. Only addition of CN™ causes a drastic bleaching of the
absorbance peaked at 505 nm and a color change from pink to
colorless (Figure S1). The absorbance intensity bleached linearly
with the CN™ concentration in the range 0—20 equiv, and the
reaction reached saturation when 30 equiv CN "~ had been added
(Figure S2). Further "H NMR and ESI-MS investigation indicated
that the reaction of Irl with CN™ involved strong chemical
addition of CN™ to an a,B-unsaturated carbonyl moiety,™ leading
to disruption of the 7-conjugation system (Figures $4—S6), which
is in agreement with the observation by Bian and Huang et al.>
By virtue of its extremely large ¢ (log € = 5.0), the detection limit of
Irl was estimated to be 1.73 uM (Figure S3a).

The OA-Ir1-UCNPs were well-dispersed and uniform with an
average diameter of 20 nm, and no aggregates were observed in
the TEM images (Figure 2b,c). The XRD pattern of OA-Irl-
UCNPs shows that the diffraction lines are ascribed to the
hexagonal structure of NaYF, (JCPDS No.16-0334) (Figure 2d).
In the FTIR spectrum of OA-Irl1-UCNPs (Figure S7), the
appearance of some new peaks attributable to Irl suggested
the successful coating of Irl onto the surface of UCNPs. The
simultaneous observation of Ir, Y, Yb, and F in XPS analysis also
indicated that Ir1 had been combined with the UCNPs (Figure S8).
Moreover, negligible Irl was cleaved from the UCNPs even
when OA-Ir1-UCNPs was stored in water for 1 month. In
addition, the Ir complex content of the OA-Ir1-UCNPs was
determined as 7.4 wt % (Figure S9) by a UV/vis absorption
technique. Together with the result from TG analysis, we noted
that the OA on the surface of the UCNPs was ~8 wt % (Figure
$10). These results suggested that each UCNPs nanoparticle was
coated with ~500 Ir1 molecules, and the ratio of OA and Ir1 on
the surface of OA-Ir1-UCNPs was approximately 2:1.

Under CW excitation at 980 nm, the OA-Ir1-UCNPs shows
four UCL emission bands at 514—534, 534—560, 635—680, and
800 nm, attributable to the *Hy;/, — *I15/5, *S3/2 — *I15/2, and
*Fy Yo s /> transitions of Er** and *°H, — *Hg transition of Tm**,
respectively.”® The integral of the UCL intensities at the 635—
680 nm band is approximately 2-fold of that at 514—560 nm,
leading to a yellow UCL color (Scheme 1). By normalizing
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Figure 2. TEM images of OM-UCNPs (a) and OA-Ir1-UCNPs (b),
HR-TEM image of OA-Ir1-UCNPs (c), and X-ray diffraction patterns of
NaYF,: 20%Yb, 1.6%Er, 0.4%Tm (d).

UCL at 800 nm, the OA-Ir1-UCNPs display weaker UCL at
514—560 nm than OM-UCNPs do (Figure 1), which may be
attributed to FRET from the green UCL of UCNPs to the pink
absorbance of Ir1, with an efficiency of ~70%.

Upon addition of CN ™ to a solution of OA-Ir1-UCNPs, a color
change from pink to colorless was observed, and the green UCL
emission was enhanced, accompanied with the appearance of a
new UCL emission at 475 nm (corresponding to the 'G,— Hg
transition of Tm>"). Detailed absorption and UCL titrations of
OA-Ir1-UCNPs containing 10 #M Irl with various concentra-
tions of CN~ (0—S0 equiv) are shown in Figure 3. The
absorbance intensity bleached linearly with the CN™ concentra-
tion in the range 0—10 equiv, and the reaction reached saturation
when 15 equiv of CN~ were added, corresponding to a drastic
color change from pink to colorless (Figure 4a). The detection
limit was measured to be 0.95 uM. Compared with the detection
limit of 1.73 uM for the free complex Irl, the detection limit of
OA-Ir1-UCNPs was evidently improved. This may occur becaue
the hydrophobic OA co-ligands envelop complex Irl and thus
improve the reaction sensitivity. Meanwhile, the intensity of the
green UCL emission at 514—560 nm increased linearly with the
CN™ concentration in the range 0—10 equiv, and the reaction
reached saturation upon addition of 15 equiv of CN . Interest-
ingly, when the UCL emission at 800 nm was used as an internal
standard, and the ratio Is40/Ig00 wWas chosen as the detection
signal, the detection limit of the OA-Ir1-UCNDPs was estimated to
be 0.18 uM. Such a low detection limit can be attributed to the
ratiometric detection and alow fluorescence background for UCL
detection. In addition, the time-dependent absorption changes of
Irl and OA-Ir1-UCNPs in the presence of excess cyanide anions
(40 equiv) show the reaction of OA-Ir1-UCNPs was even faster
than that of Irl (Figure S11). Although OA-Ir1-UCNPs cannot
function in purely aqueous media, such a low detection limit of
0.18 1M suggests that a solution of OA-Ir1-UCNPs in DMF may
be mixed with drinking water to determine whether the level of
CN therein exceeds 1.9 uM (the World Health Organization).
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Figure 3. Changes in absorption spectra (a) and UCL spectra (b) of 10
uM OA-Ir1-UCNPs in DMF/H,0 (9:1, v/v) upon addition of CN .
Inset: the absorbance at 505 nm (a) and the ratio (Is49/Ig00) of UCL
intensities at 540 and 800 nm (b) of OA-Ir1-UCNPs as a function of
CN™ concentration. Excitation by CW 980 nm laser with a power

density of 45 W cm ™2,

The possibility of achieving high selectivity for CN™ over
other potentially competing species was investigated. As shown
in Figure 4, only the addition of CN™ led to drastic absorbance
bleaching and enhancement of the green UCL emission of the
UCNPs, and no significant color changes were observed in
experiments using other anions, such as NO5; , ClO, , F,
Cl,Br,NO,,I,AcO™, and SO,*, indicating that OA-Ir1-
UCNPs can selectively detect CN™ over other anions. The high
selectivity of this probe is attributed to the unique reaction of
CN™ with the a,(-unsaturated carbonyl moiety, leading to the
disruption of the s-conjugation system. In the competition
experiments, CN~ was added to the solutions containing OA-
Ir1-UCNPs and these anions mentioned above. These co-
existent ions had negligible interfering effect on the sensing of
CN™ by OA-Ir1-UCNPs in solution (Figure S12). Therefore, the
excellent selectivity of OA-Ir1-UCNPs to CN ™ over these anions
in aqueous media indicates its utility for biological applications.

The cytotoxicity of the OA-Ir1-UCNPs was evaluated on the
basis of the reduction activity of methyl thiazolyl tetrazolium
(MTT). The viability of untreated cells was assumed to be 100%.
On the basis of sample doses, OA-Ir1-UCNPs exhibited good cell
viability (Figure S13). Specifically, cell viabilities of 90% and 80%
even at a high-dose concentration of 800 #g/mL were observed
after 24 and 48 h, respectively. These data indicate satisfactory in
vitro biocompatibilities at all dosages of the nanoparticles, thus,
enabling the OA-Ir1-UCNPs to serve as a potential probe for
UCL imaging.
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Figure 4. The photos of color changes (a) of the OA-Ir1-UCNPs upon
addition of various anions, and absorption spectra (b) and UCL spectra
(c) of OA-Ir1-UCNPs (10 uM) in DMF/H20 (9:1, v/v) solution upon
addition of 1 mM of different anions.

Figure S. Ratiometric UCL images in HeLa cells (top, a-d) and 50 uM
CN pretreated Hela Cells (bottom, e-h) incubated with 5 M OA-Ir1-
UCNP:s for 2 h at 37 °C. Emission was collected by green UCL channel
from 515—560 nm (a and e) and red channel from 635—680 nm (cand g).
(d and h) Ratiometric UCL images with ratio function with green
channel and red channel; (b and f) overlay of brightfield imaging and
green UCL imaging (4., = 980 nm).

Furthermore, laser-scanning upconversion luminescence mi-
croscopy (LSUCLM)'** experiments were carried out to de-
monstrate the applicability of the OA-Ir1-UCNPs in the
bioimaging of intracellular CN™ (Figure S). As determined by
LSUCLM, HelLa cells incubated with OA-Ir1-UCNPs (5 uM)
for 1 h at 37 °C showed only a weak UCL emission at
515—560 nm (Figure Sa). When the cells were supplemented
with 50 uM CN in the growth medium for 20 h at 37 °C and
then incubated with OA-Ir1-UCNPs under the same conditions,
a significant enhancement of the green UCL emission was
observed in the intracellular region (Figure Se). Brightfield
measurements with or without treatment with CN™ confirmed
that the cells remained viable throughout the imaging experi-
ments. Overlay of UCL imaging and brightfield images revealed
that the UCL signals were localized in the cytosol region
(Figure Sf), indicating the subcellular distribution of CN ™.

Furthermore, in light of the rapid enhancement of green UCL
at 515—560 nm over red UCL at 635—680 nm under excitation
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of UCNPs with 980 nm light (Figure 3b), the ratiometric UCL
imaging was investigated when UCL emissions were collected at
green channel (515—560 nm) and red channel (635—680 nm).
As shown in Figure 5d, HeLa cells incubated with 5 #M OA-Ir1-
UCNP:s for 2 h at 37 °C showed a ratio of the green UCL channel
to red one of <1. Upon incubation with 5 M OA-Ir1-UCNPs to
CN™ pretreated HeLa cells, however, the ratio of green UCL to
red one was increased to be ~3 (Figure Sh). The results suggest
that OA-Ir1-UCNPs could be used for monitoring intracellular
CN™ with ratiometric UCL methods.

In summary, we have developed chromophoric iridium (IIT)
complex-coated NaYF,: 20%Yb, 1.6%Er, 0.4%Tm nanocrystals
and have demonstrated their utility as a ratiometric UCL probe
for bioimaging of cyanide anion in living cells. Through inhibi-
tion of the FRET process from the UCL emission of the
nanocrystals to the absorbance of the chromophoric iridium
complex, the OA-Ir1-UCNPs nanosystem can be used as a
ratiometric UCL probe for highly selective detection of CN™
over other anions. The low detection limit of 0.18 uM CN™
makes OA-Ir1-UCNPs practically applicable for detecting CN ™
in drinking water. Furthermore, by means of LSUCLM experi-
ments, the OA-Ir1-UCNPs nanosystem can be used as a ratio-
metric UCL probe for monitoring CN ™ in living cells. To the
best of our knowledge, this is the first example of a ratiometric
UCL probe for both sensing and bioimaging of an anion. The
results provide a useful design strategy of new ratiometric UCL
probes for low-molecular-weight species (such as metal ions and
anions) in living cells
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