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ABSTRACT: By taking advantage of the optical proper-
ties of upconversion nanoparticles (UCNPs), we have 
designed a luminescence ratiometric nanosensor for 
measuring nitric oxide (NO) in biological fluids, live 
cells, and tissues. This nanoconjugate consists of a 
UCNP core with two strong fluorescence emission 
peaks at 540 and 656 nm as the upconversion fluoro-
phore, NO-reactive rhodamine B-derived molecules 
(RdMs) encapsulated within the mesopores of the 
mSiO2 shell, and a -cyclodextrin (CD) layer on the 
exterior of the particle. Reaction of the analyte with 
the O-phenylenediamine of the RdM induces opening 
of the spiro-ring and is accompanied by an appear-
ance of a strong rhodamine B (RdB) absorption band 
between 500~600 nm, which has spectral overlap 
with the green emission (540 nm) of the UCNPs. This 
results in an increase in the I656/I540 ratio and quanti-
tatively correlates with [NO]. The assay is validated 
under clean buffer conditions as well as inserum and 
liver tissue slices obtained from mouse models. 

Nitric oxide (NO), which is produced by inducible and 
constitutive nitric oxide synthases (iNOS and cNOS), 
plays important roles in several biological processes, 
including those associated with immunological, cardi-
ovascular, and nervous systems.1-3 It is also implicated 
in the processes that protect against reactive oxygen-
species.4 Recently, studies have suggested that the 
reduction of NO is a major mechanism of hepatic is-
chemic-reperfusion injury (HIRI),5 a condition that 
often arises intraoperatively from temporary inflow 
and/or outflow occlusions by vascular clamping. HIRI 
may result in multiple organ failures and/or systemic 
inflammatory response syndrome after surgery.6 

Therefore, monitoring the pharmacological parame-
ters of HIRI in real time is critically important. In-
creased NO availability through the use of an NO pre-
cursor or donor has been associated with a reduction 
in the severity of HIRI.7 Therefore, accurate meas-
urement of NO levels in the blood or liver tissues in 
real time can provide a correlation with the progress 

of HIRI and help elucidate mechanisms through which 
anti-HIRI drugs function. While a range of organic flu-
orescent probes8 and fluorescent nanosensors9 have 
been developed to detect NO, the use of fluorescent 
probes in biological samples can sometimes be lim-
ited by the fluorophores’ sensitivity to their environ-
ment, e.g. pH and hydrophobicity. In addition, fluoro-
phore-based approaches are often hindered by high 
autofluorescence backgrounds of the complex biologi-
cal fluids, poor membrane-penetration capability, and 
photo-bleaching. In contrast, lanthanide-doped up-
conversion nanoparticles (UCNPs) bypass many of 
these limitations. UCNPs are a unique class of lumi-
nescent probes that can convert continuous-wave 
(CW) near-infrared excitation to visible emission with 
a large anti-Stokes shift of several hundred nanome-
ters, narrow emission bandwidths, and high re-
sistance to photobleaching, which make them attrac-
tive for bioassays and deep-tissue imaging.10 Herein, 
we have designed a novel UCNP-based upconversion 
ratiometric luminescence nanosensor to monitor NO 
in real time, and used these probes to study the pro-
tective activity of an anti-HIRI oligopeptide. 

    As shown in Scheme 1, the nanosensor consists 

Scheme 1. Schematic illustration of the sensing 
principle of the upconversion nanoprobe for rati-
ometric luminescent measurement of nitric oxide. 
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of a UCNP core with two strong luminescence emis-
sion peaks at 540 and 656 nm as the upconversion 
lumiphores. The core is surrounded by a shell of mes-
oporous SiO2 (mSiO2), with pores loaded with rhoda-
mine B-derived molecules (RdMs) (See SI: Preparation 
of the Upconversion Nanoconjuage). NO sensing is 
achieved by the luminescence resonance energy 
transfer (LRET) process between the RdMs and the 
UCNP. The shell is further modified with a layer of -
cyclodextrin (CD) surface ligands to improve the 
nanoconjugate's stability and biocompatibility in 
physiological environments, and to block large mole-
cules such as enzymes from entering the mesoporous 
channels while still allowing NO to penetrate freely. 
Reaction of NO with the O-phenylenediamine of RdM 
induces the opening of the spiro-ring8f and is accom-
panied by the recovery of the strong absorption of 
rhodamine B (RdB) at 500~600 nm, which spectrally 
overlaps with the green emission (540 nm) of UCNPs. 
Thus, the presence of NO increases the I656/I540 ratio, 
allowing for the quantitative measurement of NO. 

    Transmission electron microscopy (TEM) shows 
that the oleic acid-capped UCNPs (NaYF4: 20% Yb, 2% 
Er, 0.2% Tm) have a uniform size of 25 nm (Figure 
1A). Luminescence spectroscopy gives three strong 
upconversion emission peaks at 540, 656 and 800 
nm (Figure 1B), due to the doping of Er3+ and Tm3+ 
ions. The UCNP@RdMMSN@CD particles have a 20 
nm thick mesoporous silica shell (Figure 1C), and 
possess excellent water dispersibility. Zeta-potential 
of the nanoconjugate is determined to be +22.7 mV, 
similar to that of the UCNP@MSN nanoparticles 

(+23.7 mV), and significantly negative-shifted com-
pared with that of the amine-terminated UCNP@MSN 
nanoparticles (+42.1 mV) (Figure S1). FTIR spectra 
show absorbance peaks at 3344 cm−1 and 1636 cm−1, 
corresponding to the asymmetric and symmetric vi-
bration modes of the OH groups (Figure S2). These 
two vibrations are much stronger for 
UCNP@RdMMSN@CD nanoconjugates compared 
with the amine-modified UCNP@MSN particles. 
Therefore, both zeta-potential and FTIR analyses in-
dicate that the CD layer is successfully immobilized 
on the surface of the UCNP@MSN. To confirm the en-
capsulation of RdMs, the UV/Vis absorption spectra of 
the UCNP@RdMMSN@CD nanoconjugates were tak-
en before/after the addition of NO. It can be seen 
from Figure 1D that the absorption band at 500~600 
nm of RdB appears when NO is present, and the solu-
tion color also changes from colorless to pink (inset of 
Figure 1D). FTIR shows strong absorbance peaks at 
1384 cm−1, which is assigned to the stretching vibra-
tion of the C-O bond of -COO- groups after treatment 
with NO (Figure S3). These results indicate that RdMs 
are successfully coupled to UCNPs, and that the na-
nosensors are responsive to NO. By using an excess of 
NO to fully convert RdM to RdB and subsequently 
measuring RdB absorption, it is estimated that the 
loading efficiency of RdM is ~11.3 wt% (Figure S4).  

Next, we examined the solution stability and cyto-
toxicity of the upconversion nanoprobes. A RdB-
leaching test with/without CD modification was first 
performed. Because particles and their suspension 
media can be separated via centrifugation, and 
leached RdB would remain in the supernatant, leach-
ing of RdB can be easily monitored. Figure S5 depicts 
the fluorescence intensities of the supernatants of the 
suspensions of the two nanoconjugates as a function 
of immersion time. The fluorescence intensity for the 

Wavelength/nm
400 500 600 700 800

U
C

L
 i
n

te
n

s
it
y
(a

.u
.) B

Wavelength/nm
400 500 600 700

A
b

s
o

rb
a

n
c
e

(a
.u

.)

a

b

a b

NO

D

A

C

50 nm

50 nm

 

Figure 1. TEM image (A) and luminescence spectrum of 
UCNPs in cyclohexane (B), λex = 980 nm. (C) TEM image 
of UCNP@RdMMSN@CD nanoconjugate. (D) UV/Vis 
spectra and visual appearance (inset) of the nanoconju-
gate (300 μg•mL-1) before (a) and after (b) introduction 
of NO in PBS. 
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Figure 2. (A) UCL spectra and the luminescence intensity 
ratios of UCNP@RdMMSN@CD (300 μg•mL-1) in the 
presence of various chemical species (inset: chemical 
species tested; values are calculated from the spectra, 
100 μM for ROS and RNS, 75μM for NO). (B) Particle 
(300 μg•mL-1) response to [NO] (0-186 μM) in PBS (10 
mM, pH 7.4) at room temperature. Error bars are ob-
tained from three parallel samples. λex=980 nm. 
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UCNP@RdBMSN@CD sample exhibits insignificant 
variations even after prolonged immersion times, 
while large increases of fluorescence can be observed 
for the non-capped sample, suggesting that CD cap-
ping is effective in preventing RdB from leaching. In 
addition, the nanosensor I656/I540 ratio remains stable 
in cell lysates for 24 h (Figure S6).  An MTT cytotoxi-
city assay shows no evidence of cytotoxic for liver and 
HeLa cells up to 1 mg/mL for nanoprobes with or 
without prior with NO treatment (Figure S7), alt-
hough the particles exhibit good cellular uptake (Fig-
ure S8). Z-scanning shows bright luminescence 
throughout the cells (Figure S9), and lysosomal stain-
ing (Figure S10) shows that the UCNP@MSN@CD 
nanoconjugates colocalize with the lysosomes. These 
data suggest that the CD-functionalized nanoconju-
gate has good stability and excellent cell permeability 
yet remains non-toxic to cells. 

We next investigated the extent to which the lumi-
nescence intensity ratio (I656/I540) changes when 
UCNP@RdMMSN@CD particles are treated with NO 
and other reactive oxygen and nitrogen species under 
clean buffer conditions (Figure 2). With the addition 
of NO, upconversion luminescence (UCL) emission at 
540 nm decreases, likely due to energy transfer from 
the UCNP to RdMs. In contrast, no obvious change is 
detected with other oxidative chemical species (NO3-, 
NO2-, H2O2, HClO, 1O2, ONOO-, O2- and ·OH). These ob-
servations are similar to that of free RdMs (Figure 
S11). A plot of I656/I540 ratio versus NO concentration 
in the range of 7.4-110 M reveals a linear response 
(R2 = 0.996), from which a detection limit of 73 nM 
based on a signal-to-noise ratio of S/N = 3 is estimat-
ed. This range is appropriate for measuring NO in live 
cells (~ 20 M),11 serum (~ 30-50 M),12 or liver tis-

sues (~ 40 M).13  
  To investigate the applicability of these probes for 

monitoring NO levels in live cells, we first incubated 
HeLa cells with the nanoprobes in cell growth medi-
um. Then, the cells were treated with different 
amounts of NO, after which luminescence emission 
images at 540 and 656 nm were acquired (excitation: 
980 nm). Under these artificially [NO]-elevated condi-
tions, the luminescence emission for the 540 nm 
channel decreased with increasing [NO] (Figure 3). To 
demonstrate the possibility of using these probes to 
image NO in deep tissue (made possible by near-IR 
excitation), rat liver tissue slices (1-2 mm thick) were 
incubated with the nanoprobes and subsequently NO, 
and luminescence imaging was carried out using a 
confocal microscope equipped with a 980-nm laser. 
The Z-scans show clear upconversion luminescence 
emission at 656 nm even at a depth of 600 m, while 
the upconversion luminescence emission at 540 nm 
from the NO-treated tissue slice is substantially weak-
er (Figure S12). 

 Next, we used these NO-sensing probes to investi-
gate the anti-HIRI behavior of octreotide (Oct), which 
is a synthetic somatostatin octapeptide that primarily 
inhibits the secretion of growth hormone.14 Recent 
studies15 have demonstrated that Oct can reduce HIRI 
significantly, possibly via elevation of NO concentra-
tions, although a detailed mechanism remains unclear. 
Hepatic ischemia reperfusion surgery was performed 
on rat models with/without octreotide (Oct) pretreat-
ment, and NO levels in the serum and liver tissue 
samples were monitored. As shown in Figure 4A, 
compared with blank (PBS), the green UCL emission 
at 540 nm decreases slightly for the serum of sham-
operated rats and ischemia (IR) rat models, while the 
decrease was more substantial for the serum of the 
Oct-preconditioned IR (Oct-IR) rat model, resulting in 
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Figure 4. (A) UCL spectra and the luminescence intensi-
ty ratios (inset) of the nanoprobes in serum. Error bars 
were obtained from three parallel samples. (B-D) Lumi-
nescence ratiometric images at a depth of 300 μm of rat 
liver tissue slices incubated with the nanoprobes (300 
μg•mL-1), and the corresponding intensity profile of a 
linear region across the liver tissue slices. Excitation: 
980 nm. Scale bar: 200 μm. 
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Figure 3. Confocal microscopy luminescence images of 
HeLa cells after treatment with UCNP@RdMMSN@CD 
(300 μg•mL-1) and different concentrations of NO (via 
DEA NONOate). Excitation: 980 nm. Scale bars: 25 μm. 
a-c): No NO precursor, 0.2 mM and 0.4 mM, respective-
ly; a4-c4): Luminescence ratiometric images displayed 
in pseudocolor. a5-c5): Intensity profiles of linear re-
gions of across the HeLa cells shown in a4-c4. 
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the corresponding luminescence intensity ratio 
(I656/I540) changes. This suggests that there is only a 
small increase of serum NO level from sham to IR 
models (from ~ 16 M to ~ 24 M), likely a result of 
self-protective stress responses, while the significant 
increase of NO levels for the Oct-IR group (~86 M) 
corresponds with the activity of the drug. Confocal 
microscopy was also used to monitor the NO levels in 
living liver tissue slices obtained from the sham, IR, 
and Oct-IR rat groups after incubation with the up-
conversion nanoprobes (Figure 4B-D). The lumines-
cence emission ratio of I656/I540 increased significant-
ly for the Oct-IR model, while no clear difference was 
found for the sham and the IR models, indicating that 
Oct is linked to elevated NO levels in the liver tissue. 
This points to the possibility that the protective 
mechanisms of Oct on HIRI are at least in part due to 
increased NO production. 

In summary, we have developed a novel upconver-
sion ratiometric nanosensor for NO monitoring, 
which takes advantage of the excellent optical charac-
teristics of UCNPs, the highly selective RdMs/NO ring-
opening reaction, and the biocompatibility and size 
filtering properties of CD. Using this novel probe, we 
discovered that NO levels are elevated in Oct-treated 
rat IR models. To the best of our knowledge, this is the 
first time that an upconversion luminescent nano-
probe has been successfully used to measure serum 
and liver tissue NO levels in HIRI and to study the 
drug-protection process. With further optimization, 
this new NO-sensing platform could become a highly 
useful biotechnology tool for in vitro and in vivo moni-
toring of NO, and may be extended to additional ana-
lytes. 
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