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lifetime value under bio-tissue using 
time-domain technique.[19–22] However, 
realizing quantitative luminescence-life-
time in situ sensing for endogenous ions, 
protein interaction, tumor hypoxia, acute 
inflammation, and the tumor microenvi-
ronment still faces big challenges and is 
in urgent demand.

To address this challenge, we have turned 
to the NIR-II lifetime Förster resonance 
energy transfer (FRET) systems design. 
Since lanthanide nanoparticles show 
unique advantages including: 1) finely tun-
able excitation and emission wavelengths 
changing varied dopants,[23–29] 2) long and 
adjustable lifetime from microseconds to 
milliseconds,[19,20,30] and 3) stable lumi-
nescence property in physiological envi-
ronment,[23,31–34] they can be used as the 

FRET donor.[35–39] If the analyte sensitive energy acceptor can 
be obtained, this lifetime FRET sensor can be used for quanti-
tative in vivo detection. Up to now, several contributions have 
been made based on tumor microenvironment[40] (pH,[41–43] reac-
tive oxygen/nitrogen species,[37,44] adenosine triphosphate,[45] and 
enzymes[46–48]) responsive luminescence probes. Among them, 
peroxynitrite (ONOO−) as a kind of reactive nitrogen species 
(RNS), is closely related to the nitration of proteins and receptors 
on immune cells in tumor micro environment, which signifi-
cantly influences the immunosuppression of tumor.[44,49] Thus, 
through in situ detection of ONOO−, tumor lesions could be dis-
tinguished from normal tissue.[50]

Herein, we report the NIR-II lifetime FRET sensor for hepa-
tocellular carcinoma (HCC) detection based on a specially 
designed NIR-II cyanine dye, MY-1057, which is responsive to 
ONOO− in the tumor microenvironment. In vivo quantitative 
sensing challenges are successfully overcome by integrating the 
lanthanide donor (Nd3+-doped nanoparticle) and the MY-1057 
acceptor (Scheme 1a). The luminescence lifetime of the 
nanosensor can be decreased and determined by the amount 
of the surface modified acceptor. In response to RNS (especially 
ONOO−) at tumor lesions, the structure of energy acceptor 
MY-1057 degrades, leading to the lifetime recovery of the 
nanosensor (Scheme  1b). As a result, HCC lesions could be 
distinguished from normal hepatic tissue in lifetime imaging, 
while the intensity-based luminescence imaging fails to 
distinguish lesions due to the low signal-to-noise ratio caused 

Deep tissue imaging in the second near-infrared (NIR-II) window holds 
great promise for widespread fundamental research. However, inhomoge-
neous signal attenuation due to tissue absorption and scattering hampers 
its application for accurate in vivo biosensing. Here, lifetime-based in situ 
hepatocellular carcinoma (HCC) detection in NIR-II region is presented using 
a tumor-microenvironment (peroxynitrite, ONOO−)-responsive lanthanide–
cyanine Förster resonance energy transfer (FRET) nanosensor. A specially 
designed ONOO−-responsive NIR-II dye, MY-1057, is synthesized as the FRET 
acceptor. Robust lifetime sensing is demonstrated to be independent of tissue 
penetration depth. Tumor lesions are accurately distinguished from normal 
tissue due to the recovery lifetime. Magnetic resonance imaging and liver 
dissection results illustrate the reliability of lifetime-based detection in single 
and multiple HCC models. Moreover, the ONOO− amount can be calculated 
according to the standard curve.

Biomedical luminescence imaging has shown significant 
potential for real-time investigations of live biological and 
physiological processes due to the advantages of fast feedback 
and high sensitivity.[1–3] Over the past years, significant efforts 
have been made to produce fluorescent probes operating in the 
second near-infrared (NIR-II) window (1000–1700  nm), which 
offers enhanced penetration into biological tissues compared 
with visible to traditional first near-infrared window regions 
(700–1000 nm).[4–18] However, accurate detection in deep tissue 
is hampered by the fact that luminescence signal intensity 
exhibits unavoidable and inhomogeneous attenuation caused 
by tissue absorption and scattering.[6,19] Recently, lumines-
cence lifetime imaging has been demonstrated to exhibit stable 
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by the high accumulation of nanomaterials at liver (Scheme 1c). 
The lifetime results exhibit well correlation with clinical mag-
netic resonance imaging (MRI) results, illustrating the reliable 
detection of HCC by lifetime imaging. Furthermore, ONOO− 
amount could be quantified in tumor lesions with various sizes.

To achieve both of the high luminescence intensity and stable 
lifetime for in vivo imaging, lanthanide downshifting nano-
particles (DSNPs) β-NaYF4@NaYF4:1%Nd were synthesized 
as NIR-II FRET donor with 1060  nm emission (Figure 1b and 
Figures S1–S3, Supporting Information). The core–shell nano-
structures were further modified with 6-aminohexanoic acid 
and poly(ethylene glycol) acid (COOH-PEG5000-OCH3 and 
COOH-PEG5000-Mal, 9:1) to enhance biocompatibility and 

facilitate the incorporation of RNS-responsive dye MY-1057 
into the particles via hydrophobic interaction (Scheme  1a and 
Figures S4–S6, Supporting Information). After MY-1057 encap-
sulation, DSNP@MY-1057 exhibited shortened luminescence 
lifetime from 305 ± 3 to 203 ± 2 µs with FRET efficiency of 33% 
(Figure S7, Supporting Information). Furthermore, active tar-
geting antibody glypican-3 (GPC-3) was conjugated with DSNP@
MY-1057 to enhance the targeting ability at HCC lesion and 
finally form the DSNP@MY-1057-GPC-3 nanosensor with the 
hydrodynamic diameter of 52.4 nm (Scheme 1a and Figure 1a).

First in vitro RNS response capability of DSNP@MY-
1057-GPC-3 nanosensor was evaluated. Upon ONOO− 
treatment, MY-1057 absorption at 1057 nm gradually decreased 
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Scheme 1. Schematic illustration of lifetime-based detection of hepatocellular carcinoma (HCC) in the second near-infrared (NIR-II) window.  
a) Scheme of the ONOO−-responsive nanosensor DSNP@MY-1057-GPC-3. b) In the presence of ONOO−, the structure of the energy acceptor MY-1057 
degrades sensitively, leading to the lifetime recovery in NIR-II region. c) Illustration of noninvasive NIR-II intensity- and lifetime-based imaging for 
HCC mice after administration of DSNP@MY-1057-GPC-3 nanosensor. HCC lesions could be distinguished from normal hepatic tissue from lifetime 
imaging, while the intensity-based luminescence imaging fails.
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due to the structural degradation (Figure  1c), leading to the 
luminescence intensity recovery of DSNP@MY-1057-GPC-3 
(Figure 1d and Figure S8, Supporting Information), along with 
lifetime recovery of the nanosensor from 203 ± 2 to 298 ± 2 µs 
(Figure 1e). Under 808 nm excitation, obvious lifetime recovery 
of DSNP@MY-1057-GPC-3 was only observed in the presence 
of ONOO−, even the concentration of other radials (ClO−, H2O2, 
O2

−, and •OH) were fivefold higher than that of ONOO−, illus-
trating the high selectivity of ONOO− detection (Figure 1f).

To obtain the optimal energy acceptor, series of dyes (denoted 
as MY-dyes) were designed with different terminal groups 
(Figure 2a). MY-dyes were synthesized from commercially avail-
able benzopyrrole derivatives through alkylated reaction and the 
Vilsmeier–Haack reaction (Figures S9–S12 and Tables S1–S3, 
Supporting Information). The absorption peaks of MY-dyes were 
located beyond 1000  nm and overlapped with the emission 
wavelength of DSNPs (Figure  2b and Figure S13, Supporting 
Information). However, only MY-1058 and MY-1057 were suc-
cessfully encapsulated into the PEG layer on DSNPs surface 
(Figure 2c–e; Figures S14 and S15, Supporting Information), 
leading to obvious lifetime decreasing to 75 ±  1 and 203 ± 2 µs 
from 305  ±  3  µs, respectively. To investigate the encapsulating 
ability of MY-dyes, partition coefficient (Log P, a measure of 
hydrophobicity) of COOH-PEG5000-OCH3 and MY-dyes were 
measured (Table S4 and Figure S16, Supporting Information).[51] 
Log P of MY-1058 and MY-1057 were −1.10 ± 0.07 and 0.07 ± 0.02, 
respectively, which were closer to COOH-PEG5000-OCH3 
(−0.56  ±  0.04) compared to that of MY-1005 (0.51  ±  0.07). Next, 
the in vivo application potential was evaluated by measuring the 

biostability of nanosensors. After adding fresh blood, lifetime of 
DSNP@MY-1057 remained stable while that of DSNP@MY-1058 
changed from 75 ± 1 to 260 ± 2 µs immediately, which was due 
to the strong extraction effect of blood for MY-1058. Isothermal 
titration calorimetry was used to measure the binding ability 
between MY-1058 and several blood proteins including human 
serum albumin, bovine serum albumin, and bovine fibrinogen. 
MY-1058 tended to bind with bovine fibrinogen with binding 
parameter of 18 140  L  mol−1 (Figure S17, Supporting Informa-
tion), further demonstrating MY-1058 molecule can be extracted 
out of nanosensor in the presence of blood to induce the lifetime 
recovery. In addition, luminescence-lifetime stability of DSNP@
MY-1057-GPC-3 was further investigated in various physical 
media including the whole blood, 10% fetal bovine serum, cell 
culture (Dulbecco’s modified Eagle medium (DMEM)) and deion-
ized water with pH 6. Nearly invariable lifetime value change 
was observed in 48  h (Figure S18, Supporting Information). 
Hence, due to the superior lifetime regulating range and good 
biostability, DSNP@MY-1057-GPC-3 was used as the optimal 
nanosensor for the following lifetime imaging experiment.

To investigate the reliability of lifetime-based DSNP@MY-
1057-GPC-3 for ONOO− sensing, intensity, and lifetime-based 
imaging of DSNP@MY-1057-GPC-3 were studied under dif-
ferent penetration depth by time-resolved NIR-II imaging 
system (Figure 3a). Before reacting with ONOO−, DSNP@
MY-1057-GPC-3 was filled in capillaries under phantom tissue 
(1% Intralipid) and bio-tissue, intensity-based imaging exhib-
ited signal attenuation while lifetime-based imaging showed 
consist lifetime values after penetrating through phantom 

Adv. Mater. 2020, 2001172

Figure 1. Characterization of luminescence-lifetime nanosensor and in vitro ONOO− response. a) Transmission electron microscopy (TEM) images 
and dynamic light scattering (DLS) size distribution results of DSNP@MY-1057-GPC-3 nanoparticles. b) Overlap of the MY-1057 absorption and DSNP 
luminescence emission spectra. c) Absorption of MY-1057 as a function of ONOO− (0–1/4 equiv.). d) Luminescence emission intensity and e) lifetime 
response of DSNP@MY-1057-GPC-3 at 1060 nm as a function ONOO− concentration. f) Specificity of DSNP@MY-1057-GPC-3 for various radicals with 
lifetime changing at 1060 nm. ONOO−: 40 × 10−6 m. ClO−, H2O2, O2

−, •OH: 200 × 10−6 m. τ0 and τ represent for the luminescence lifetime of DSNP@
MY-1057-GPC-3 at 1060 nm before and after responding to ONOO−, respectively. Error bars, mean ± s.d. (n = 3).
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tissue and bio-tissue (Figure S19, Supporting Information). 
In the presence of ONOO−, NIR-II intensity-based imaging 
showed deep tissue penetration, and intensity signal of 
DSNP@MY-1057-GPC-3 raised linearly with increased ONOO− 
concentration (Figure  3b). However, the slopes of intensity-
ONOO− functions were 900, 432, and 60  a.u.  µm−1 under 0, 
2, and 5 mm penetration depth, respectively (Figure 3e), illus-
trating that quantitative detection of ONOO− using intensity-
based imaging was not reliable due to signal attenuation caused 
by inhomogeneous scattering and absorption. In contrast, con-
sistent lifetime response was obtained regardless of penetra-
tion depth (Figure 3c). In accord with lifetime spectral results 
(Figure  1e), lifetime recovered continuously from 202  ±  13 
to 303  ±  10  µs along with addition of ONOO− (Figure  3c,d). 
More importantly, under phantom tissue with various penetra-
tion depth, lifetime values exhibited linearly correspondent to 
ONOO− concentration and the lifetime-ONOO− function slopes 
were almost identical (3 µs µm−1 under 0, 2, and 5 mm penetra-
tion, Figure 3f). The stable slope value of lifetime-ONOO− func-
tions ensured the reliability of lifetime-based ONOO− detection 
under bio-tissue (Figure  3g,h), and ONOO− amount could be 

calculated under unknown penetration depth according to the 
standard curve (Figure 3f and Equation (S1), Supporting Infor-
mation). Furthermore, to investigate the distinguish ability of 
lifetime-based imaging, DSNP@MY-1057-GPC-3 nanosensors 
before and after responding to ONOO− were encapsulated in 
poly(vinylpyrrolidone) (PVP) film to fabricate the short-life-
time background and long-lifetime targets. For lifetime-based 
imaging, long-lifetime targets with lifetime of 215  ±  9 and 
224 ± 9 µs were easily distinguished from short-lifetime back-
ground (204 ± 10 µs), illustrating the capability of lifetime-based 
imaging for in vivo tumor detection (Figure S20, Supporting 
Information). Before in vivo imaging, the potential cytotoxicity 
of DSNP@MY-1057-GPC-3 was evaluated in human umbilical 
vein endothelial cells (HUVECs) and human hepatocellular 
carcinoma HepG-2 cells, which showed over 95% viability after 
incubation with 500  µg  mL−1 nanosensor for 24  h, indicating 
the low cytotoxicity of DSNP@MY-1057-GPC-3 for both HUVEC 
and HepG-2 cells (Figure S21, Supporting Information).

The stable and reliable luminescence lifetime encouraged 
us to further explore its potential for in situ detection of HCC 
lesions. To build HCC model, human hepatocellular carcinoma 
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Figure 2. Optimizing energy acceptors by synthesizing MY series cyanine dyes for ONOO− sensing. a) Synthesis of MY-dyes. b) Absorption spectra 
of MY-dyes in dimethyl sulfoxide (DMSO). c) Scheme illustration of optimization of energy acceptor. Insets: Luminescence lifetime images of sam-
ples A–F. d) Luminescence decay curves of samples A–F in (c). Lifetime values are indicated as mean ± s.d. (n = 3). e) Lifetime values of DSNP and 
DSNP@MY-dyes before and after incubating with blood (*0.01 < P < 0.05, ****P < 0.0001, numbers in (e) represent the relative multiple of lifetime 
changes for different samples).
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HepG-2 cells were injected into liver tissue of nude mice to 
mimic naturally occurring tumors. Then, the mice received 
DSNP@MY-1057-GPC-3 nanosensor by intravenous injection 
(15 mg kg−1) (Figure 4a). The ≈50 nm hydrodynamic diameter 
led to efficient accumulation of nanosensors at liver with stable 
lifetime around 205  µs due to the reticuloendothelial system 
capture (Figure S22, Supporting Information). Tumor lesions 
could hardly be observed with NIR-II luminescence intensity 
imaging, while tumor lesions with lifetime from 212  ±  7 to  
275  ±  49  µs were easily distinguished from normal hepatic 
tissue background (205  ±  7  µs) by lifetime-based imaging 
(Figure  4b,c). Tumor sizes and locations acquired from life-
time imaging exhibited excellent consistency with MRI and 
dissected liver white light results, suggesting the accuracy and 
reliability of lifetime imaging (Figure 4d and Figure S23, Sup-
porting Information). Furthermore, to quantify the amount of 
ONOO− at tumor lesions, nanosensor accumulation in tumors 

was measured by inductively coupled plasma optical emis-
sion spectrometry, and the ONOO− amount was calculated 
according to Equation (S1) in the Supporting Information. The 
amount of ONOO− at tumor lesions raised with the increase of 
tumor volume (Figure  4e). Finally, HCC model with multi ple 
lesions was established, three tumor lesions with lifetime from 
215  ±  27 to 249  ±  43  µs were accurately distinguished from 
normal hepatic tissue with lifetime of 204 ± 10 µs (Figure 4f,g 
and Figure S24, Supporting Information). Moreover, lifetime 
imaging results for HCC with multiple lesions were well 
accord with MRI results and white light photo, further dem-
onstrating the reliability of lifetime-based detection (Figure 4f). 
Hematoxylin–eosin (H&E) staining results showed negligible 
harm for organs including heart, liver, spleen, lung, and kidney 
at 24 h after DSNP@MY-1057-GPC-3 administration, indicating 
the low biotoxicity of DSNP@MY-1057-GPC-3 nanosensors 
(Figures S25 and S26, Supporting Information).
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Figure 3. In vitro intensity- and lifetime-based imaging of DSNP@MY-1057-GPC-3 nanosensor in response to ONOO− in NIR-II region. a) Experi-
ment setup for intensity- and lifetime-based imaging of capillary under various penetration depth. Region of interest (ROI) during data processing 
was marked with blue and white dash box. b,e) Intensity- and c,f) lifetime-based imaging results as a function of ONOO− concentration with DSNP@
MY-1057-GPC-3 contained capillaries under different penetration depths. d) Lifetime distribution of DSNP@MY-1057-GPC-3 as a function of ONOO− 
concentration under 5 mm penetration depth of 1% Intralipid. g,h) Slopes of functions extracted from (e) and (f). Error bars, mean ± s.d. (n = 3).
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In summary, an NIR-II lifetime-based ONOO−-responsive 
nanosensor was established using a lanthanide–cyanine FRET 
system. After administration in HCC-bearing mice, single or 
multiple lesions could be accurately distinguished from normal 
hepatic tissue by lifetime imaging due to the recovery lifetime 
responding to ONOO− in the tumor microenvironment. Fur-
thermore, the ONOO− amount at tumor lesions could be quan-
titatively measured according to the in vitro standard curve. 
Additionally, lifetime imaging employs pulsed excitation and 
delayed detection, contributing to higher sensitivity and con-
trast by removing the autofluorescence background. The risk 
of thermal accumulation and damage to the tissue are also 
reduced compared to ordinary intensity imaging, rendering the 
use of high-power lasers less of a concern. Given lifetime meas-
urement is immune to the constant background from ambient 
light, augmented reality can be integrated to enable a wide 
range of preclinical and clinical biomedical applications.

Experimental Section
For all the experiments, see the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 4. In situ HCC tumor detection by noninvasive NIR-II luminescence-lifetime imaging after administration of DSNP@MY-1057-GPC-3 nanosensor. 
a) Imaging setup for noninvasive lifetime imaging in NIR-II region. b) Noninvasive intensity-based imaging, lifetime-based imaging, and MRI of HCC-
bearing mice and optical photo of dissected livers. Tumor lesions and normal hepatic tissues are marked as indicated. c) Luminescence lifetime 
distribution, d) measured size and e) calculated ONOO− amount of Tumors 1–5. f) Noninvasive intensity-based imaging, lifetime-based imaging of 
a mouse bearing multiple HCC lesions and optical photo of the dissected liver. ROI A: normal hepatic tissue; ROI B–D: tumor lesions distinguished 
from lifetime imaging. g) Lifetime extracted from ROI A–D of (f).
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