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ABSTRACT: The fabrication of lanthanide upconversion nanocompo-
sites as probes has become a new research hotspot due to its special
advantages via utilizing upconversion luminescence (UCL) as a detection
signal. Herein, a hybrid organic dye modified upconversion nano-
phosphor is successfully developed as a nanoprobe for cysteine/
homocysteine. Yolk−shell structured upconversion nanoparticles
(YSUCNP) with lanthanide upconversion nanophosphor as moveable
core and silica as mesoporous shell are synthesized, and a colorimetric
chemodosimeter for cysteine/homocysteine is accommodated in the
hollow cavities. Thus, cysteine/homocysteine can be quantitatively
detected on the basis of luminescent resonance energy transfer (LRET)
in a UCL turn-off pattern. The dye-loaded YSUCNP possess good
dispersibility in aqueous solution; thus detection of the targeted
molecule can be achieved in pure water. Cellular experiments carried out with laser-scanning upconversion luminescence
microscopy further demonstrate that the dye-loaded YSUCNP can serve as an intracellular nanoprobe to detect cysteine/
homocysteine. Moreover, this dye-loading protocol can be developed as a common approach to construct other
chemodosimeter-modified UCNP hybrid nanoprobes, as proved by a UCL turn-on style sensor for cyanide.
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■ INTRODUCTION

With the unique ability to convert long-wavelength near-
infrared (NIR) light to short-wavelength light, lanthanide
upconversion nanophosphors (UCNP) have been considered
as a promising class of luminescent labels.1−8 In contrast to
conventional fluorescence probes, UCNP feature several
attractive optical properties, such as a narrow emission band,
high photostability, no blinking, and no autofluorescence from
biosamples,9−18 which affords the UCNP great potential in
sensing for in vivo samples.19−25

Because UCNP generally lack a recognition moiety, a special
recognition group must be conjugated with UCNP to realize
sensing functionalization with upconversion luminescence
(UCL) as detection signal. To tune the UCL intensity in the
presence of the analyte, a chromophore as the energy acceptor
is usually introduced into UCNP to achieve luminescence
resonance energy transfer (LRET)26 from the UCNP (donor)
to the chromophore (acceptor). To date, several upconversion
LRET (UC-LRET) nanosystems have been developed for
detection of biomacromolecules (such as DNA,27−29 metal-
loproteinase,30 avidin,31 and thrombin32,33), metal cations,
anions and oxygen,34−39 in which the energy transfer process is
utilized to modulate the UCL intensity. However, no UCL-
based nanoprobe has been reported to detect amino acids.
Homocysteine (Hcy) and cysteine (Cys) play crucial roles in

biological systems. The level of Hcy in plasma is an indicator of

disorders including cardiovascular and Alzheimer’s disease.40

Cys deficiency is related to slowed growth, edema, lethargy,
liver damage, muscle and fat loss, skin lesions, and weakness.41

The detection of Hcy and Cys has attracted increasing attention
in recent years. Unfortunately, there is no example of UCNP
for detection of Hcy and Cys, although there are many organic
fluorescence probes for the specific detection of Hcy and Cys
with the help of organic solvent.42−53

We are interested in developing a UCL-based nanoprobe for
the highly selective detection of Cys/Hcy over other amino
acids. In this present study, we fabricated upconversion
nanocomposites by simply loading 8-oxo-8H-acenaphtho[1,2-
b]pyrrole-9-carbonitrile (ANP, as colorimetric chemodosimeter
of Cys/Hcy, Scheme 1)47into a yolk−shell upconverting
nanophosphor (YSUCNP, Scheme 1) for UC-LRET detection
of Cys/Hcy in aqueous solution. Herein, the as-prepared
nanosystem was denoted as YSUCNP-ANP. In the presence of
Cys/Hcy, color of YSUCNP-ANP changed from yellowish to
purple, and green UCL emission decreased concomitantly, that
is, YSUCNP-ANP was a UCL turn-off nanoprobe for Cys/Hcy.
Importantly, because of the hollow nanostructure and high
loading efficiency of hydrophobic compounds for YSUCNP,
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such design strategy could be extended to detect other analytes.
For example, the iridium(III) complex54 (Ir1, Scheme 1) as
CN−-sensitive chemodosimeter could be loaded into the
hollow space of YSUCNP to construct a proof-of-concept of
turn-on style UC-LRET nanoprobe.

■ RESULTS AND DISCUSSION

1. Design of the UCNP-Based LRET Probe. Scheme 1
shows the design strategy of the UCL probe based on LRET
process between the UCNP and the loaded chromophoric
chemodosimeter. Herein, to achieve the ratiometric UCL
detection, UCNP with a composition of NaLuF4 codoped with
20% of Yb3+, 1% of Er3+, and 0.5% of Tm3+ (denoted as
NaLuF4:Yb,Er,Tm) showing both UCL emission at 800 and
540 nm were synthesized as energy donor. To tune the UCL
intensity, two chromophoric chemodosimeters or their sensing
products were introduced as energy acceptors. Importantly, in
order to gather the chromophoric chemodosimeters or their
products around the UCNP, a yolk−shell nanostructure was
fabricated, and the hollow cavities of the YSUCNP were
utilized to accommodate the chromophoric chemodosimeters
as guest molecules. Such strategy do not require any specific
chemical modifications to the probe molecule, which was
distinguished from the previous method.54,55 Moreover, the
chemodosimeter-loaded YSUCNP with hydrophilic silica shell
as outer layer was allowed to disperse in aqueous solutions to
make the detection system workable in pure aqueous solution.
To obtain a UC-LRET-based sensor, overlap between the

adsorption spectra of the chemodosimeters (or their products)
and the emission spectrum of UCNP is necessary. In our design
strategy, the intense green UCL of Er3+-doped UCNP was
adopted as the responsive signal. The reaction of the targeted
molecule and chemodosimeter could change the adsorption
band of the loaded chemodosimeters, and further influence the
green UCL intensity to accomplish detection of the analyte

(Scheme 1). According to these criteria, two kinds of organic
probes, ANP47 and Ir1,54 were selected to modulate the energy
transfer between UCNP and chromophoric chemodosimeters.
Herein, ANP-loaded YSUCNP and Ir1-loaded YSUCNP were
abbreviated as YSUCNP-ANP and YSUCNP-Ir1, respectively.

2. Characterizations of YSUCNP. The TEM images of the
NaLuF4:Yb,Er,Tm cores and the yolk−shell structured nano-
particle YSUCNP are shown in Figure 1. The NaLu-
F4:Yb,Er,Tm nanocrystals possess a uniform size of ∼28 nm
(Figure 1a) and show the β-phase, which was confirmed by
XRD pattern (Figure 2a).

Scheme 1. Schemetic Illustration of the Yolk−Shell Upconverting Nanophosphors Loaded with Some Chromophoric
Chemodosimeters to Construct UC-LRET probes for Cys/Hcy or CN−a

aThe UC-LRET process from the UCNP (donor) to the chromophoric chemodosimeters (acceptor), turn-on and turn-off of the UCL emission in
green region was separately adopted to realize ratiometric detection of the special analytes.

Figure 1. TEM images of (a, b) UCNP NaLuF4:Yb,Er,Tm
nanocrystals and (c, d) YSUCNP nanoparticles.
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A modified sol−gel method using mixed surfactant as a
template53,54 was introduced to coat a hollow silica shell onto
each NaLuF4:Yb,Er,Tm nanocrystal. The final yolk−shell
structured nanoparticles (YSUCNP) were formed by removal
of the surfactant template by extraction. The YSUCNP
obtained were uniform nanospheres with an average diameter
of 90 nm (Figure 1c), and the thickness of the silica shell layer
was measured to be ∼10 nm from the TEM image (Figure 1d).
Nitrogen adsorption−desorption isotherm of YSUCNP is
shown in Figure 2b. The yolk−shell structured YSUCNP
possess a surface area of 168 cm2 g−1 and a large pore volume
of 0.90 cm3 g−1, which provides YSUCNP with the ability to
accommodate guest molecules inside its hollow cavities.56

The organic colorant chemodosimeters47 were loaded into
the hollow cavities of YSUCNP through the physical
adsorption method to form the chemodosimeter-loaded
nanostructure YSUCNP-ANP. From the N2 adsorption−
desorption isotherm of YSUCNP-ANP (Figure 2c), it can be
deduced that the surface area and pore volume of YSUCNP
were decreased by ∼30% after the loading of ANP (106 cm2

g−1 and 0.62 cm3 g−1, respectively). The reduction of surface
area and pore volume confirmed that the chemodosimeters
were loaded inside the hollow cavities, rather than adsorbed
onto the outer surface or simply mixed with YSUCNP.
3. UCL Sensing of Cys/Hcy by YSUCNP-ANP. Consid-

ering the fact that ANP could react with Cys/Hcy to form a
new compound with an appearance of the new absorption band

at 550 nm,47 it is reasoned that the nanostructure YSUCNP-
ANP can be interacted with Cys/Hcy. Herein, the interaction
of YSUCNP-ANP with Cys was investigated in detail. The
absorption spectra of YSUCNP-ANP, YSUCNP-ANP reacted
with Cys, and the UCL spectrum of YSUCNP are shown in
Figure 3. No obvious absorption of ANP in the visible

wavelength range is apparent. Upon addition of Cys, ANP-Cys
were formed with a new adsorption band from 428 to 680 nm
with two peaks at 544 and 572 nm,57 which overlapped with the
green UCL emissions corresponding to 2H11/2 → 4I15/2
transition at 522, 528 nm and 4S3/2 →

4I15/2 transition at 540
nm of Er3+. This spectral change will launch the LRET process
from the UCL emission of YSUCNP to the absorption band of
ANP-Cys addition product, with resulting turn-off of the green
UCL. Therefore, ratiometric detection of Cys was successfully
achieved by using the UCL emission at 800 nm (3H4 →

3H6
transition of Tm3+) as internal reference.
The detailed upconversion sensing experiments for Cys were

carried out in aqueous solution. YSUCNP-ANP with an ANP
loading ratio of 483 μmol/g was dispersed in PBS (pH 7.3) to
achieve a concentration of 50 μM for ANP. Upon addition of
Cys, the color of YSUCNP-ANP changed from yellowish to
purple (inset of Figure 4a), meanwhile the UCL intensity at
540 nm (4S3/2 → 4I15/2 transition) decreased concomitantly,
indicating a UCL turn-off style sensor for Cys was successfully
constructed. From the optical images of YSUCNP-ANP before
and after the addition of 50 equiv. of Cys (taken with a 540 ±
10 nm band-pass filter), the change in green UCL emission
could be intuitively observed. Figure 4a shows the detailed
UCL titration spectra of YSUCNP-ANP suspension with
various equivalents (eq ) of Cys (0−50 equiv). The ratio of
the UCL intensity at 540 to 800 nm (UCL540/UCL800)
decreased with the addition of Cys in the range of 0−18 eq.,
which showed fine linearity (inset of Figure 4b), implying the
capability of quantitative Cys sensing with YSUCNP-ANP. The
curve then inflected at 18 eq.; the slope was significantly
reduced between 18 and 50 equiv. (Figure 4b). The detection
limit for Cys was calculated to be 28.5 μM. Moreover, as
another amino acid homocysteine (Hcy) also contains a
thiolgroup, YSUCNP-ANP could respond toward Hcy in
aqueous solution. The UCL540/UCL800 value for YSUCNP-
ANP upon addition of different equivalents of Hcy is shown in
Figure S1 in the Supporting Information. The linear relation of

Figure 2. (a) XRD pattern of NaLuF4:Yb,Er,Tm nanoparticles, and
the standard XRD pattern is from Joint Committee for Powder
Diffraction Studies (JCPDS) card 27−0726. (b, c) Nitrogen
adsorption−desorption isotherms of the (b) YSUCNP and (c)
YSUCNP-ANP.

Figure 3. UV−vis absorption spectra of YSUCNP-ANP (red line),
YSUCNP-ANP upon addition of Cys (purple line) and the UCL
spectrum of YSUCNP (dot line).
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the titration curve for Hcy was similar to Cys, implying good
reproducibility of the method. The contribution of reabsorption
for the quenching of 540 nm upconversion luminescence is
estimated to be 5% using YSUCNP and free ANP as the
control experiment.
4. Selectivity UCL Tests of YSUCNP-ANP. The selective

response of YSUCNP-ANP to different amino acids, thiol-
bearing peptide glutathione (Glu) and protein BSA with Cys
residues was also studied in PBS solution (pH 7.3). As shown
in Figure 5a, neither obvious change for the UCL540/UCL800
value nor the color of the 50 μM YSUCNP-ANP suspension
can be observed upon addition of 2 mM natural amino acids:
alanine (Ala), tryptophan (Try), arginine (Arg), isoleucine
(Iso), Asparticacid (Asp), serine (Ser), glycine (Gly), valine
(Val), leucine (Leu), asparagine (Asn), tyrosine (Tyr),
methionine (Met), proline (Pro), lysine (Lys), threonine
(Thr), and histidine (His) without thiol groups and glutathione
(Glu), or 2 mg/mL biomarcomolecule of BSA. It is worth
noting that while ANP could slowly respond toward Glu in
methanol/HEPES solution (7:3, v/v, pH 7),47 the nanosensing
system also showed no response to Glu in PBS even after 24 h.
This can be attributed to the reduced reaction activity of the
thiol group in Glu in aqueous phase. The fact indicated that our
this designed nanosystem YSUCNP-ANP provided a new
strategy of improving selectivity of Cys/Hcy over than other
amino acids.

5. UCL Monitoring of Intracellular Cys/Hcy by
YSUCNP-ANP. To assess the capability of YSUCNP-ANP for
monitoring intracellular Cys/Hcy, laser-scanning upconversion
luminescence microscopy (LSUCLM) was employed to image
KB cellsincubated with YSUCNP-ANP (Figure 6a−c). More-
over, in the control group, the KB cells were initially pretreated
with 200 μM thiol-reactive agent N-ethylmaleimide (NEM) at
37 °C for 30 min to form the absence of Cys/Hcy in the cells,
before the incubation of YSUCNP-ANP (Figure 6d−f). Under
CW 980 nm excitation, the UCL emissions detected at 515−
560 nm (green region) and 635−680 nm (red region) were
separately collected. As shown in Figure 6a, the green UCL
from the KB cells treated only by YSUCNP-ANP (42 μg mL−1,
20 μM of loaded ANP) was relatively weak, whereas the green
UCL from the NEM-treated cells was much more intense
(Figure 6d). Furthermore, the ratiometric UCL imaging of the
YSUCNP-ANP-incubated KB cell pretreated with or without
NEM was compared, using ratio of green UCL intensity to red
one as detection signal. As shown in images c and f in Figure 6,
an obvious red UCL signal and a relative weak ratio of green/
red UCL can be clearly observed for the YSUCNP-ANP-
incubated KB cells without the treatment of NEM, indicating
YSUCNPs-ANP could interact with intracellular Cys/Hcy.
Moreover, the measured UCL spectra (Figure 6g) further
proved that the green UCL of YSUCNP-ANP was quenched
upon treatment with intracellular Cys/Hcy. These facts
confirmed that the YSUCNP-ANP can be successfully applied
as a ratiometric UCL nanoprobe to indicate thiol-bearing
amino acids in living cells.

6. Demonstration of the Universality of the Upcon-
version Nanoprobe Based on YSUCNP. As the hollow
cavities of YSUCNP can indiscriminately accommodate guest
molecules, this approach can also be extended as a general
method to construct UC-LRET-based nanocomposites by
simply loading other chemodosimeters in YSUCNP. Another
UCL turn-on style sensor was demonstrated here to prove the
universality of the method.
By adopting the chromophoric complex Ir1 (Scheme 1) as

the energy acceptor into the YSUCNPs, a similar UC-LRET
nanoprobeYSUCNP-Ir1 can be constructed. The chemo-
dosimeter Ir1 with a strong adsorption band at 527 nm can
effectively quench the green UCL emission of YSUCNP after
being loaded (Figure 7a). CN− can be added to react with the
α,β-unsaturated carbonyl moiety of Ir1 to reduce the

Figure 4. UCL sensing of Cys by YSUCNP-ANP. (a) UCL spectra of
50 μM YSUCNP-ANP in PBS (pH 7.5) upon addition of Cys. Inset:
the change in photographs of bright-field and UCL emission of
YSUCNP-ANP in the absence or presence of Cys. (b) Ratio of UCL
intensities at 540 and 800 nm (UCL540/UCL800) for YSUCNP-ANP
upon addition of different equivalent of Cys. Inset: the linear fitting of
UCL540/UCL800 in the linearity range.

Figure 5. (a) Ratiometric UCL intensity (UCL540/UCL800) for
YSUCNP-ANP (50 μM for ANP concentration) in PBS solution (pH
7.5) upon addition of 2 mM of different amino acids and 2 mg/mL
BSA after 24 h. (b) Photos of color changes of the YSUCNP-ANP
upon addition of different amino acids, Glu or BSA.
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absorbance at 527 nm58 and recover the UCL emission.
Therefore, CN− can be detected by the turning-on of the UCL
emission of YSUCNP-Ir1.

The titration spectra and digital photographs of YSUCNP-
Ir1 added of the CN− solution are shown in Figure 7b. It can be
observed that the green UCL gradually recovered with the
addition of CN−. The ratio value of UCL540/UCL800 increased
linearly when 0−8 equiv. of CN− was added, and the titration
curve reached a saturation point at 8 equiv. (see Figure S2 in
the Supporting Information). The calculated detection limit of
YSUCNP-Ir1 to CN− was 6.7 μM, which is one-tenth of the
detection limit of a similar UCNP-based LRET nanoprobe we
reported using polymer-coating method with the similar
complex as chemodosimeter.59 The upconversion CN− sensing
of YSUCNP-Ir1 was also found to be highly selective (see
Figures S3 and S4 in the Supporting Information). Experiments
for UCL monitoring of intracellular CN− was carried out for 48
μg mL−1 YSUCNP-Ir1 (containing 10 μM Ir1) to probe the
intracellular CN− in KB cells (see Figure S5 in the Supporting
Information).

7. Cytotoxicity of the Upconversion Nanoprobes. The
cytotoxicity of YSUCNP-ANP and YSUCNP-Ir1 to the KB
cells was further tested using the methylthiazolyldiphenyl-
tetrazolium bromide (MTT) method. After addition of 25−400
μg mL−1 of YSUCNP-ANP (see Figure S6 in the Supporting
Information) and 12.5−200 μg mL−1 of YSUCNP-Ir1 (see
Figure S7 in the Supporting Information) for 12 h, the cell
viability was greater than 85%. Even after 24 h of incubation,
cell viability still remained >80%, suggesting low cytotoxicity of
the YSUCNP-based nanoprobes.

■ CONCLUSION

A yolk−shell structured nanoparticle YSUCNP with NaLu-
F4:Yb,Er,Tm as the inner yolk and porous silica as shell has
been synthesized as a general platform to load chromophoric
chemodosimeter molecules to construct an upconversion
detection nanosystem. The hollow cavity of YSUCNP provides
a large cavity to load organic dye probes, and the hydrophilic
silica surface endows the nanosystem with surface hydro-
philicity to make it workable in a pure water phase. To
demonstrate the universality of this approach, a turn-off60,61

style sensor for Cys/Hcy detection and a turn-on62,63 style
sensor for CN− detection have been achieved, respectively. The

Figure 6. Laser scanning upconversion luminescence images of 42 μg mL−1 YSUCNP-ANP (containing 20 μM ANP) incubated withs (a−c) KB cell
and (d−f) thiol-eliminated KB cells for 3 h at 37 °C. Emissions was collected from (a, d) 515 to 560 nm (green channel) and (b, e) 635−680 nm
(red channel). (g) Detected UCL emission spectra from the KB cells without (green line) and with (red line) pretreatment of NEM (λex= 980 nm).

Figure 7. (a) UV−vis absorption spectra of YSUCNP-Ir1 (blue line)
and YSUCNP-Ir1 upon addition of CN− (green line), and the UCL
spectrum of YSUCNP (dot line). (b) Changes in UCL spectra and
emission photographs (inset up) of 20 μM YSUCNP-Ir1 in PBS (pH
7.5) upon addition of CN−. Inset (down): the linear fitting of UCL540/
UCL800 in the linearity range.
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chemodosimeter-loaded materials exhibit fine cytocompatibil-
ity, and can be used for intracellular upconversion detection of
the targeted analyte. This protocol based on yolk−shell
upconversion nanophosphors loaded with chromophoric
chemodosimeters presented provides a general method to
prepare similar UC-LRET nanoprobes of special analytes in
aqueous solution.

■ MATERIALS AND METHODS
Materials. 1-Octadecene (ODE, >90%), oleic acid (OA, >90%),

and (3-aminopropyl)triethoxysilane (APS, 98%), were purchased from
Alfa Aesar. NH4F, NaOH, acetic acid, tetraethylorthosilicate (TEOS)
and sodium dodecylbenzenesulfonate (SDBS) were purchased from
Sinopharm. Lauryl sulfonatebetaine (LSB) was purchased from
Aladdin chemical company. Rare earth oxides Er2O3 (99.999%),
Tm2O3 (99.999%), Yb2O3 (99.999%), and Lu2O3 (99.999%) were
bought from Shanghai Yuelong New Materials Co. Ltd. The rare earth
chlorides were prepared by dissolving the corresponding oxides in
concentrated hydrochloric acid (35 wt %). All the chemicals were used
without further purification unless otherwise noted. ANP was
synthesized according to the previous literature.47

Characterization. X-ray diffraction (XRD) patterns were obtained
on a Bruker D4 powder X-ray diffractometer using Cu Kα radiation
(40 kV, 40 mA). Transmission electron microscopy (TEM)
experiments were performed on a JEOL 2011 microscope operated
at 200 kV. UV−vis adsorption spectra were recorded on a Shimazu UV
2550 spectrometer. Upconversion luminescence (UCL) spectra were
measured on an Edinburgh LFS-920 spectrometer, where an external
0−3 W adjustable continues wavelength (CW) laser at 980 nm
(Connet Fiber Optics, China) replaced the xenon lamp as the
excitation source. To quantify the weight ratio of UCNPs to silica in
the nanoparticles, we treated 16 mg of YSUCNPs with 2 mL of HNO3,
and diluted it with 8 mL of deionized water; the concentrations of the
Lu elements in the solution were determined in a Hitachi P-4010
inductively coupled plasma atomic emission spectrometer (ICP-AES).
Synthesis of NaLuF4:20%Yb,1%Er,0.5%Tm Nanocrystals.

The β-phase NaLuF4:Yb,Er,Tm nanocrystals was synthesized via a
solvothermal method: 0.785 mmol of LuCl3, 0.20 mmol of YbCl3 0.01
mmol of ErCl3, and 0.005 mmol of TmCl3 were dispersed in 8 mL of
oleic acid (OA) and 15 mL of octadecene (ODE), then the mixture
was heated to 150 °C for 30 min with a gentle flow of argon gas. After
a homogeneous solution was formed, the mixture was cooled to room
temperature followed by adding 8 mL methanol solution containing
2.5 mmol NaOH and 4 mmol NH4F. The temperature was heated to
60 °C to evaporate methanol, then raised to 300 °C in an argon
atmosphere for 60 min and cooled to room temperature naturally. The
resulting nanoparticles were precipitated by adding ethanol, collecting
by centrifugation, and washing with cyclohexane/ethanol (1:1 v/v)
three times.
Synthesis of YSUCNPs. Before the synthesis, the OA ligand on

the NaLuF4:Yb,Er,Tm surface was removed, 40 mg of NaLu-
F4:Yb,Er,Tm was dispersed in 6 mL of aqueous solution and the pH
was adjust to 2 by adding 0.5 M HCl solution. The ligand-free UCNPs
was recuperate by centrifugation, and redispersed in 20 mL of 5 mmol
mixed surfactant lauryl sulfonatebetaine/sodium dodecyl benzenesul-
fonate solution to form a stock solution. Twenty milliliters of the
UCNPs stock solution was kept in an oil bath at 40 °C for 30 min, and
then 50 μL of triethanolamine, 47 μL of APS, and 300 μL of TEOS
were successively added to the resulting solution and stirred for
another 1 h. The product was collected by centrifugation, washed with
1:19 (v/v) acetic acid/ethanol solution three times to remove the
surfactant, and the obtained product YSUCNPs was kept in ethanol
for future applications.
ANP Loading. Five milligrams of ANP was dissolved in 10 mL of

ethanol containing 10 mg of YSUCNPs. After being stirred for 12 h,
the ANP-loaded YSUCNPs (YSUCNP-ANP) was separated by
centrifugation and gently washed with ethanol. The loading ratio of
ANP in YSUCNPs measured by UV−vis absorption spectroscopy was
483 μmol g−1.

Ir-1 Loading. Two milligrams of Ir-1 was dissolved in 10 mL of
ethanol containing 10 mg of YSUCNPs. After being stirred for 12 h,
the Ir-1-loaded YSUCNPs (YSUCNP-Ir-1) was separated by
centrifugation and gently washed with ethanol. The loading ratio of
Ir-1 in YSUCNPs measured by UV−vis absorption spectroscopy was
208 μmol g−1.

Cell Culture. Human nasopharyngeal epidermal carcinoma cell line
(KB cells), was provided by the Institute of Biochemistry and Cell
Biology, SIBS, CAS (China). KB cells were grown in RPMI 1640
(Roswell Park Memorial Institute’s medium) supplemented with 10%
FBS (Fetal Bovine Serum) at 37 °C and 5% CO2.

Cytotoxicity Assessments. In vitro cytotoxicity was measured by
performing MTT assay on KB cells. Cells were seeded into a 96-well
cell culture plate at 5 × 104/well, under 100% humidity, and were
cultured at 37 °C and 5% CO2 for 24 h; different concentrations of
YSUCNP-ANP or YSUCNP-Ir-1 (0, 25, 50, 100, 200, and 400 μg/mL,
diluted in RPMI 1640) were then added to the wells. The cells were
subsequently incubated for 12 or 24 h at 37 °C under 5% CO2.
Thereafter, MTT (20 μL; 5 mg/mL) was added to each well and the
plate was incubated for an additional 4 h at 37 °C under 5% CO2.
After the addition of 100 μL of DMSO, the assay plate was allowed to
stand at room temperature for 2 h. The optical density OD570 value
(Abs) of each well with background subtraction at 690 nm, was
measured by means of a Tecan Infinite M200 monochromator-based
multifunction microplate reader. The following formula was used to
calculate the inhibition of cell growth: Cell viability = (mean of Abs.
value of treatment group/mean Abs. value of control) × 100%.

YSUCNP-ANP for Intracellular Cys Detection. KB Cells (2 ×
108/L) were preseeded on 14 mm glass coverslips and cultured for 24
h to allow adhesion. The cells were incubated with 2 mL of 42 μg
mL−1 dispersion of YSUCNP-ANP in RPMI 1640 (20 μM for ANP
concentration) at 37 °C for 3 h before cell imaging was carried out.
For the control group, before the incubation with YSUCNP-AP, the
KB cells were initially pretreated with 200 μM thiol-reactive
compound N-ethylmaleimide (NEM) at 37 °C for 30 min.
Upconversion luminescence imaging was performed on our modified
laser scanning upconversion luminescence microscope (LSUCLM)
based on an Olympus FluoView FV1000 scan unit with a CW 980 nm
laser (Connet Fiber Optics, China) as excitation source. The UCL
emission was collected at 515−560 nm and 635−680 nm.

YSUCNP-Ir-1 for Intracellular CN− Detection. KB Cells (2 ×
108/L) were preseeded on 14 mm glass coverslips and cultured for 24
h to allow adhesion. The cells were incubated with 100 μM CN− for 1
h and washed by PBS solution, and then 2 mL of 48 μg mL−1

dispersion of YSUCNP-Ir-1 in RPMI 1640 (10 μM for Ir-1
concentration) was added at 37 °C for 3 h. Upconversion
luminescence imaging was carried out on our LSUCLM under
excitation at CW 980 nm. The UCL emission was collected at 515−
560 nm and 635−680 nm.
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