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  1.     Introduction 

 In vivo optical bioimaging is one of the 
most effi cient and widely used imaging 
technologies. Luminescent bioprobes have 
been rapidly developed for optical imaging 
in recent years, especially the one on the 
basis of upconversion (UC) process. [ 1–16 ]  
Upconversion nanoparticles (UCNPs) are 
considered as a next generation of nano-
probes for in vivo optical bioimaging owing 
to their unique merits, such as low biotox-
icity, excellent UC emission, minimized 
autofl uorescence, deep penetration depth, 
etc. [ 17–25 ]  In general, the well-established 
Yb 3+ /Er 3+  and Yb 3+ /Ho 3+  systems pre-
sent dominant green emission under the 
980 nm excitation. [ 26–29 ]  However, UC emis-
sion located in short wavelengths within 
visible spectrum is not optimal for in vivo 
bioimaging owing to appreciable absorption 
of bio-tissues, although the Mn 2+  doping 
method can realize an enhanced red emis-
sion in Yb 3+ /Er 3+  co-doped NaLnF 4  systems 
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reported by our previous report and other group. [ 30,31 ]  NaYF 4 :Yb 3+ /
Tm 3+  UCNPs have triggered particular interest for their effi cient 
NIR-to-NIR UC process, where both of the excitation and emis-
sion wavelengths are within 750–1000 nm, which is well known 
as “optical transmission window.” [ 32,33 ]  Compared with NIR-to-
visible emission, NIR-to-NIR process effi ciently prevents the 
emitted photon energy from endogenous absorption and there-
fore achieves a deeper penetration depth with high sensitivity. 

 More signifi cantly, the intense and sensitive NIR emission 
of Yb 3+ /Tm 3+  co-doped UCNPs makes in vivo long-lasting 
tracking and biodistribution based on UC optical bioimaging 
possible. The effi cient NIR-to-NIR process is suitable for deep 
tissue imaging and long-term in vivo biodistribution investiga-
tion, which can provide vital information for pharmacology/
toxicology and diagnosis/therapy of nanoparticles. Recently, it is 
reported that NIR emission enhancement in NaYF 4 :Yb 3+ /Tm 3+  
system was realized through increasing the doping concentra-
tion of Yb 3+  by thermal decomposition. [ 32 ]  However, the rig-
orous conditions of synthesis (high temperature and inert gas 
protection) and additionally hydrophilic converting restrained 
further applications of these UCNPs for bioimaging and tumor 
detection. Therefore, it is desirable to develop a simple method 
and achieve the synthesis of hydrophilic UCNPs with effi cient 
NIR-to-NIR emission for demonstrating long-term in vivo 
imaging and tumor diagnosis. 

 Apart from the signifi cantly enhanced UC emission, the 
introduction of Yb 3+  into host lattice brings additional imaging 
functions, namely X-ray computed tomography (CT) and T 2 -
weighted MRI. Yb 3+ -based UCNPs can emerge as CT contrast 
agents owing to the large K-edge value (61 keV) and high X-ray 
absorption coeffi cient (6.91 cm 2  g −1  at 80 keV) of Yb 3+ . [ 34,35 ]  
CT imaging provides accurate 3D information of tissues and 
high contrast, contributing to determining the location of the 
lesion, [ 36,37 ]  while MRI becomes an increasingly signifi cant 
approach to noninvasive tumor diagnosis for its high resolu-
tion of soft tissues. A number of MRI contrast agents have been 
explored to shorten longitudinal or transverse relaxation time of 
surrounding water protons to improve imaging contrast. [ 38–40 ]  
Among them, superparamagnetic iron oxide nanoparticles 
(SPIONs) have been used as widely applied T 2 -weighted con-
trast agents owing to their high feasibility of detecting the 
lesion in T 2 -weighted MRI. [ 41 ]  Nevertheless, the magnetic sus-
ceptibility artifacts of SPIONs hinder their visualization and dis-
tinguishing sensitivity of tumor, especially when signal-to-noise 
ratio is low. Therefore, the development of multi functional 
UCNPs offers the possibility to overcome the shortcomings 
from each single imaging modality and hence enhances the 
diagnosis effi ciency. The short electronic transverse relaxation 
time and large intrinsic magnet moment ( µ  eff  = 4.53  µ  B ) of Yb 3+  
make Yb 3+ -hosted UCNPs can act as promising candidates 
for T 2 -weighted MRI. [ 38 ]  To the best of our knowledge, multi-
functional Yb 3+ -based UCNPs with remarkably enhanced NIR 
emission for trimodal UC optical/CT/T 2 -weighted MRI have 
not been exploited yet. Moreover, the excellent optical and para-
magnetic capabilities of these UCNPs inspire us to pursue tiny 
tumor detection under UC optical and MRI modalities, which 
is vital to diagnosis and therapy of early-stage cancer. 

 In this work, PEGylated NaYF 4 : x %Yb 3+ /2%Tm 3+  ( x  = 20, 
40, 60, 80, and 98) UCNPs (denoted as PEG-UCNPs-1, -2, -3, 

-4, and -5) were synthesized via a simple one-pot hydrothermal 
method using PEG as capping ligands. The effect of Yb 3+  
concentration on NIR emission intensity was studied. PEG-
UCNPs-5 with strongest NIR emission was used for in vitro 
deep tissue penetration, trimodal UC optical/CT/T 2 -weighted 
MRI bioimaging, long-circulation tracking, and UC optical/
T 2 -weighted MRI directed small tumor detection. In vivo UC 
whole body imaging based on blood circulation was performed 
to validate the merits of NIR emission. Long-term in vivo and ex 
vivo tracking of the injected PEG-UCNPs-5 was observed in real 
time to study the biodistribution and excretion mechanism of 
PEG-UCNPs-5. Moreover, in vivo detection of small tumor was 
also successfully achieved under UC optical/T 2 -weighted MRI 
modalities, indicating that the designed PEG-UCNPs-5 molec-
ular probes can be used as ideal agents for further biological and 
preclinical investigation, especially early-stage cancer diagnosis.  

  2.     Results and Discussion 

  2.1.     Phase and Microstructure Characterization 

 PEG-UCNPs-1, -2, -3, -4, and -5 were simultaneously syn-
thesized and surface modifi ed via a simple one-pot hydro-
thermal method using PEG as a surface modifi er. As shown 
in  Figure    1  a, the diffraction peaks of PEG-UCNPs-1, -3, and 
-5 present the major cubic and weak hexagonal phases, which 
can match those of the standard cubic phase NaYF 4  (JCPDS 
fi le no. 77-2042) and hexagonal phase NaYbF 4  (JCPDS fi le 
no. 16-0334), respectively. No other extra peaks appear. When 
increasing Yb 3+  doping concentrations, the phase compositions 
of these UCNPs are not evidently changed. As demonstrated 
by typical fi eld-emission scanning electron microscope (FE-
SEM) images (Figure S1, Supporting Information), all these 
PEGylated UCNPs are of nanoparticle shapes. The size dis-
tribution based on transmission electron microscopy (TEM) 
image (Figure  1 c) of PEG-UCNPs-5 was measured to be 
55.8 ± 9.1 nm (Figure S2, Supporting Information). The high-
resolution TEM (HR-TEM) image shows a single nanoparticle 
of PEG-UCNPs-5 (Figure  1 d), in which an interplanar spacing 
was nearly 3.08 Å, matching well with the (111) lattice plane of 
the cubic phase NaYbF 4 . In addition, the selected area electron 
diffraction (SAED) pattern of PEG-UCNPs-5 (Figure  1 e) pre-
sents the intense diffraction fringes of cubic phase, indicating 
that the cubic phase is dominant, which coincides with the 
former X-ray diffraction (XRD) analysis. The energy-dispersive 
X-ray spectrometer (EDS) analysis of PEG-UCNPs-5 (Figure 
 1 f) demonstrates the mainly composed elements of Na, Yb, 
F, and Tm, further indicating the formation of NaYbF 4 :Tm 3+  
UCNPs. Note that the detected Cu signal is ascribed to the 
TEM grid. The surface functional groups of PEG-UCNPs-5 and 
UCNPs without coating PEG were measured by Fourier trans-
form infrared (FTIR) spectra, respectively. As presented by red 
curve in Figure  1 b, the broad and strong stretching vibration 
band centered at 3436 cm −1  and peaks centered at 1364 cm −1  
are corresponding to the O H group and the C O C anti-
symmetric stretching, respectively. The characteristic peak cen-
tered at 1589 cm −1  originates from the C O groups. The peak 
centered at 2823 cm −1  is assigned to the symmetric stretching 
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of CH 2 . The peak at 1507 cm −1  is due to the asymmetric 
(δ as ) COO −  stretching. [ 42 ]  The FTIR results indicate that PEG 
is successfully coated onto the surface of these nanoparticles. 

    2.2.     Remarkable Enhancement of NIR Emission 

 The UC emission spectra of these UCNPs ( Figure    2  a) pre-
sent four distinct emission bands centered at 475, 650, 695, 
and 800 nm, which coincides with the  1 G 4  →  3 H 6 ,  1 G 4  →  3 F 4 , 
 3 F 2,3  →  3 H 6 , and  3 H 4  →  3 H 6  transitions of Tm 3+  (Figure  2 b), 
respectively. [ 32 ]  The predominant emission of these UCNPs 
locates within NIR region, which is favorable for in vivo UC 
optical bioimaging. Moreover, as seen in Figure  2 c, the UC 
emission intensity centered at 800 nm increases by 4.3, 7.1, 
14.7, and 113 times while Yb 3+  concentration changes from 20% 
to 40%, 60%, and 98%, respectively. The NIR emission inten-
sity enhancement is largely ascribed to the fact that the energy 
transfer effi ciency increases with the increase in number of 
Yb 3+  per Tm 3+  and corresponding decrease in average distance 
between Yb 3+  and Tm 3+ . [ 32 ]  The increased Yb 3+  concentration 
facilities the energy transfer between Yb 3+  and Tm 3+ . However, 
the back-energy-transfer process  1 G 4  (Tm 3+ ) +  2 F 7/2  (Yb 3+ ) →  3 H 5  
(Tm 3+ ) +  2 F 5/2  (Yb 3+ ) from Tm 3+  to Yb 3+  is meanwhile facilitated, 
which has an inhibitory effect on the population of  1 G 4  (Tm 3+ ), 
resulting in the increase of the state  3 H 5  (Tm 3+ ). [ 43 ]  Therefore, 
the state  3 F 4  (Tm 3+ ) is populated owing to the increased non-
radiative transition from  3 H 5  (Tm 3+ ). Consequently, through 
the energy transfer  2 F 5/2  (Yb 3+ ) +  3 F 4  (Tm 3+ ) →  2 F 7/2  (Yb 3+ ) +  3 F 2  
(Tm 3+ ), the state  3 H 4  (Tm 3+ ) can be directly populated because 
of the nonradiative relaxation of  3 F 2  (Tm 3+ ), which leads to 
the signifi cant enhancement in NIR emission centered at 

800 nm. Apart from the effect of the dopant concentration, it is 
expected that the effects of the intrinsical larger probability of 
the phonon assisted energy transfer induced NIR emission and 
the phonons of the host matrix may contribute to the remark-
ably enhanced NIR-to-NIR emission. [ 44 ]  In addition, in vitro 
UC imaging using the 96-well plates (inset in Figure  2 d) also 
presents the remarkably enhanced NIR emission. As illustrated 
in Figure  2 d, the value of signal to noise ratio (SNR) gradually 
increases from 4.7 to 68.1 and fi nally to 505.6, corresponding to 
PEG-UCNPs-1, -4, -5, respectively. UC emission spectra and in 
vitro UC imaging simultaneously verify that NIR emission can 
be dramatically promoted by increasing Yb 3+  concentration and 
PEG-UCNPs-5 can act as promising luminescent nanoprobes 
for in vivo UC bioimaging. 

  Before using PEG-UCNPs-5 as bioprobes for in vivo bioim-
aging, the evaluation of cell toxicity of these UCNPs is required. 
To reveal the cytotoxicity and biocompatibility of PEG-UCNPs-5, 
cell cytotoxicity of PEG-UCNPs-5 in HeLa cells was measured 
using a 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl-tetrazolium 
bromide (MTT) method. As shown in Figure S3 (Supporting 
Information), cell viability is beyond 90% when treated with 
0–100 µg mL −1  PEG-UCNPs-5. Besides, cellular viability is still 
maintained at 78% when the concentration of nanoparticles is 
increased up to 1000 µg mL −1 . These results reveal that PEG-
UCNPs-5 is suitable for the use as attractive bioprobes with the 
merit of low cytotoxicity.  

  2.3.     In Vitro NIR-to-NIR UC Bioimaging 

 One important application of the remarkably enhanced NIR 
emission of PEG-UCNPs-5 is to develop new bioprobes for deep 
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 Figure 1.    a) The XRD patterns of PEG-UCNPs-1, -3, and -5; b) FTIR spectra of PEG-UCNPs-5 and UCNPs without coating of PEG; c) TEM, d) HR-TEM, 
e) SAED, f) EDS of PEG-UCNPs-5. Scale bars are 100 nm for (c) and 5 nm for (d). 
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tissue bioimaging. In order to demonstrate the application, cer-
tain amounts of PEG-UCNPs-1, -3, and -5 were transferred into 
the pork muscles with different depths (3, 6, and 12 mm). As 
shown in  Figure    3  a, the UC signals of PEG-UCNPs-5 are visual-
ized even at a depth of 12 mm. However, PEG-UCNPs-1 and -3 
can only be detected at about 3 and 6 mm beneath the tissue. 
The calculated SNR (Figure  3 b) reveals that PEG-UCNPs-5 pre-
sents the highest SNR values of 637.6 and 59.0 under 3 and 
6 mm tissue surface, respectively, and maintains a high contrast 
of 15.8 even at a depth of 12 mm, indicating PEG-UCNPs-5 can 
be used as promising nanoprobes for in vivo deep tissue bio-
imaging. To further verify the advantage of NIR emission over 
visible emission, in vitro phantom experiment (Figure S4, Sup-
porting Information) was performed using NaYF 4 :Yb 3+ /Er 3+  
UCNPs with green emission (545 nm) and PEG-UCNPs-5 with 
NIR emission (800 nm), respectively. As shown in Figure S4 
(Supporting Information), NaYF 4 :Yb 3+ /Er 3+  UCNPs with green 
emission present much lower penetration depths compared to 
PEG-UCNPs-5 with NIR emission. Therefore, NIR emission 
shows its unique advantage in deep tissue optical bioimaging. 

  To evaluate the capability of the in vivo UC optical bioim-
aging, a group of Kunming mice were subcutaneously injected 
with PEG-UCNPs-5. As demonstrated in Figure S5a (Sup-
porting Information), no UC signal was detected in the mouse. 
After subcutaneous injection with PEG-UCNPs-5, intense UC 
emission signal (Figure S5b, Supporting Information) can be 
detected using a band pass fi lter at 809 nm with a bandwidth 
of 40 nm. To validate the feasibility of in vivo X-ray bioimaging, 
X-ray imaging model was executed using the same group of 

Kunming mice. As shown in Figure S6 (Supporting Informa-
tion), there was no abnormal X-ray signal in the whole body 
of the mouse before injection with PEG-UCNPs-5. However, 
the injected site (Figure S6b, Supporting Information) exhibits 
high contrast properties of X-ray absorption. 

 The successful in vivo UC optical and X-ray bioimaging 
based on PEG-UCNPs-5 verifi es their ability for each single bio-
imaging modality, and therefore we moved forward to access 
synergistic UC optical/X-ray bioimaging using PEG-UCNPs-5. 
Another Kunming mouse with subcutaneous injection of PEG-
UCNPs-5 was used for evaluating the feasibility of the in vivo 
synergistic UC optical/X-ray bioimaging. Similar to the above 
bioimaging results, the non-injected mouse (Figure S7a, Sup-
porting Information) showed no UC signal and obvious X-ray 
contrast. In contrast, the high-contrast X-ray (left panel in 
Figure S7b, Supporting Information) and intense UC signals 
(middle panel in Figure S7b, Supporting Information) were 
detected using the corresponding imaging system. Importantly, 
the X-ray signal matches well with the UC signal in the overlay 
image (right panel in Figure S7b, Supporting Information), 
indicating the successful synergistic dual-modal UC/X-ray 
bioimaging.  

  2.4.     In Vivo Long-Circulation Tracking and Biodistribution 

 The UC optical imaging superiority using PEG-UCNPs-5 pro-
vides the possibility of long-lasting tracking of PEG-UCNPs-5 
in vivo. To further validate the feasibility of the translocation 
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 Figure 2.    a) The emission spectra of PEG-UCNPs-1, -2, -3, -4, and -5, b) energy-level diagrams between Yb 3+  and Tm 3+  and proposed UC mechanisms 
under 980 nm excitation, c) The relative intensity of NIR emission centered at 800 nm of these UCNPs, and d) the calculated SNR based on the in vitro 
UC imaging of these UCNPs in 96-well plates. The insets in (d) indicate the corresponding bright fi eld images (upper) and merged UC images (lower).
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and clearance of PEG-UCNPs-5 in the live mice, groups of Kun-
ming mice were under intravenous injection of PEG-UCNPs-5 
from tail vein. As shown in  Figure    4  a, UC signal in the live 
mouse was detected using the in vivo bioimaging system at 
different injection time intervals. UC signal was observed in 
the lungs location after 5 min injection and then gradually 
transferred into the liver location, which is consistent with our 
previous results. [ 45 ]  As a result, UC signal in the liver region 
is gradually enhanced after injection. The corresponding statis-
tical average value of UC signal in the lung location (Figure  4 b) 
indicated that PEG-UCNPs-5 were fi rstly assembled in the 
lungs, increased to the maximum after 20 min injection. How-
ever, UC signal in the liver region (Figure  4 c) increased after 
4.5 h injection and showed a slight decrease trend subsequently. 

  It is expected that PEG-UCNPs-5 can be accumulated in 
the lung capillaries other than uptake by specifi c endothelial 
cells. [ 46 ]  Figure S8 (Supporting Information) shows high-reso-
lution X-ray bioimaging of Kunming mice dissected before and 
after 5 min intravenous injection of UCNPs-PEG-5 from tail 
vein. As demonstrated in Figure S8 (Supporting Information), 
it is obvious that the enhanced visualization of the blood vessels 
of the lungs is clearly observed after administration. 

 For the further study of translocation and excretion mech-
anism, these injected mice were dissected and the isolated 
organs (Figure  4 d) were used for UC signal detection. The 
detected UC signals in the isolated lungs and the liver show 
the same variation trend when compared with that of in the 
live mouse. However, UC intensity in the isolated lungs is 
always higher than that in the liver, which is unmatched with 

the results of the live mouse. This is due to the different pen-
etration depth of the emission light in the two locations in vivo 
and the exposure time (30 s for in vivo detection and 5 s for 
ex vivo detection). As shown in Figure  4 d,e, weak UC signals 
were detected in the isolated kidney, stomach, and intestine 
after 20 min injection and presented the increase trend then. 
And, the feces of the live mouse after 1 h injection (Figure  4 g) 
were collected and used for UC detection. The weak UC signal 
is presented. By contrast, the feces of the mouse before admin-
istration presented no UC signal. These results indicated that 
the excretion path of these nanoparticles was mainly ascribed 
to hepatobiliary excretion, which may provide a fundamental 
guide for the biological and pre-clinical applications.  

  2.5.     In Vivo X-Ray CT Imaging 

 Apart from the excellent NIR emission, these Yb 3+ -based 
UCNPs possess the large K-edge value and X-ray absorp-
tion coeffi cient, making these UCNPs promising contrast 
agents for X-ray CT imaging. To further demonstrate in vivo 
CT imaging, a mouse with intravenous injection from tail 
vein was detected using an X-ray micro-CT imaging system. 
As shown in  Figure    5  , there was no obvious signal from soft 
tissues before the injection of PEG-UCNPs-5. Predominant 
signal in the liver and spleen regions can be observed from 
the 3D volume-rendered CT images from the top and lateral 
view after 5 min intravenous injection of PEG-UCNPs-5. The 
CT contrast signals in these two locations increased with 
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 Figure 3.    a) UC signal detection of pork muscle tissues treated with different nanoprobes (300 µL, 2 mg mL −1 ): PEG-UCNPs-1, -3, and -5 in different 
depths (3, 6, and 12 mm). b) The corresponding SNR of these UCNPs.
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injection time. Particularly, the maximum values were reached 
in the liver and the spleen after 1 h and 1 d injection, respec-
tively. These CT contrast results were different from aforemen-
tioned UC tracking using these nanoprobes, which was mainly 
ascribed to the injection dosage of nanoprobes and imaging 
accuracy between UC optical imaging and CT imaging. The 
high-contrast signals detected in the liver and spleen locations 
validate that PEG-UCNPs-5 can act as contrast agents for X-ray 
CT imaging. 

    2.6.     In Vivo Detection of Small Tumors 

 To investigate the potential application of PEG-UCNPs-5 for 
in vivo tumor diagnosis, tumor-bearing mice intravenously 
injected PEG-UCNPs-5 probes via tail vein were used for in 
vivo UC luminescent bioimaging. As presented in  Figure    6  a, 
UC signal is initially concentrated in the lungs and liver regions 
after 1 h injection, which matches well with the above results 
of normal mice after intravenous injection of PEG-UCNPs-5. 
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 Figure 4.    a) In vivo long-term tracking of PEG-UCNPs-5 based on UC optical bioimaging at different time periods, and quantifi cation of UC optical 
signals from b) the lungs and c) the liver regions in the live mice. d,e) Biodistribution of PEG-UCNPs-5 in isolated organs (heart, liver, spleen, lung, 
kidney, stomach, and intestines) at well-designed intervals after injection from tail vein, f) quantifi cation of UC optical signals from these organs, and 
g) digital photographs and UC optical imaging based on the feces of the live mouse after 1 h injection. The dosage of PEG-UCNPs-5 (2 mg mL −1 ) is 
50 µL for each mouse. Error bars for (b,c,f) and were based on three mice per group.
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Importantly, the nanoprobes gradually 
transferred into the liver location and the 
tumor site after 3 h injection. As shown 
in Figure  6 a,c, UC signal in tumor site 
increased until 12 h injection. Moreover, UC 
signal in tumor site with high contrast is still 
visualized after 24 h injection, revealing the 
feasibility of detecting tumor in vivo. To fur-
ther demonstrate the small tumor detection, 
in situ (Figure  6 b) and ex vivo (Figure  6 d) 
UC images of the small tumor were car-
ried out. Intense UC signal can be detected, 
further indicating the translocation of PEG-
UCNPs-5 to tumor site which is likely due 
to the enhanced permeability and retention 
(EPR) effect of cancerous tumors. [ 47 ]  These 
results indicate that PEG-UCNPs-5 can act as 
effective luminescent nanoprobes for tumor 
detection. 

  In addition to UC optical and CT imaging 
function, PEG-UCNPs-5 can also be used as 
contrast agents for T 2 -weighted MRI. This is 
due to the fact that most of the paramagnetic 
lanthanide ions, such as Dy 3+ , Ho 3+  Tm 3+ , 
Yb 3+ , present short electronic transverse 
relaxation time, which affects T 2 -weighted 
MRI. [ 38,40 ]  The relaxation proton via a Curie 
mechanism largely affects T 2 -weighted MRI, 
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 Figure 5.    In vivo 3D volume-rendered CT imaging of a Kunming mouse before and after 
(5 min, 1 h, 4.5 h, and 1 d) intravenous injection of PEG-UCNPs-5 (200 µL, 20 mg mL −1 ).

 Figure 6.    a) In vivo UC optical bioimaging of HeLa tumor-bearing mouse after intravenous injection with PEG-UCNPs-5 (50 µL, 2 mg mL −1 ) at different 
time intervals. b) In situ digital photographs and UC images of the mouse. c) Average UC signal in a tumor site based on in vivo UC bioimaging. 
d) Digital photograph and ex vivo UC luminescence bioimaging of tumor. Error bars for (c) are based on three mice per group.
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the contribution of which increases substantially with the 
external magnetic fi eld and is proportional to the square of the 
effective magnetic moment of lanthanide ion. [ 38 ]  Among them, 
Yb 3+  ion has a relative short electronic relaxation time and high 
effective magnetic moment ( µ  eff  = 4.53  µ  B ), which could gen-
erate effi cient T 2  relaxation. However, the pure NaYbF 4  nano-
particles exhibit a limited T 2  contrast initially and a sharply 
enhanced contrast effects after 2 wt% of Ho 3+  doping, while the 
enhancing mechanism is not clear and requires further study. [ 40 ]  
To validate the feasibility of PEG-UCNPs-5 as promising T 2 -
weighted contrast agents, in vitro T 2 -weighted MRI was carried 
out using a 1.5 T Magnetom system. As illustrated in  Figure    7  a, 
T 2 -weighted MRI images were gradually darker when the molar 
concentration of Yb 3+  was increased in the range 0–12.5 × 10 −3   M , 
indicating the remarkable dose-dependent negative enhance-
ment effect. A further transverse relaxivity  r  2  measurement 
was performed using the same concentration of the sample. 
As shown in Figure  7 b, the relaxation rate  r  2  (1/T 2 ) exhibits a 
good linear relationship versus Yb 3+  molar concentration, and 
the calculated value based on fi tting slop is 2.61 mM −1  s −1  using 
a 1.5 T Magnetom system. Contrast effi ciency in T 2 -weighted 
MRI is mainly ascribed to high  r  2  values and  r  2 / r  1  ratio, and the 
higher the  r  2 / r  1  ratio, the better the imaging effi ciency of the 
T 2  contrast agent. [ 48–50 ]  Despite PEG-UCNPs-5 has relatively low 
transverse relaxivity (2.61 mM −1  s −1 ) when compared with the 
clinically used T 2  contrast agents (such as, Resovist, Feridex, 
and Combidex;  r  2 / r  1  = 31, 22.6, and 6, respectively, measured at 
3 T), [ 40,51,52 ]  our designed Yb 3+ -based PEG-UCNPs-5 possesses 
a high  r  2 / r  1  value of 326, which is larger than those of the clin-
ical ones (Figure S9, Supporting Information). Therefore, it is 
expected that PEG-UCNPs-5 with high  r  2 / r  1  value can be used as 

high potential agent for T 2 -weighted MRI. Most importantly, in 
vitro phantom and later in vivo T 2 -MRI have demonstrated that 
our UCNPs can act as potential T 2 -weighted MRI agents and 
even serve for T 2 -weighted MRI guided small tumor detection. 

  With the high performance of PEG-UCNPs-5 on T 2 -
weighted MRI in vitro, small tumor detection based on T 2 -
weighted MRI in vivo was executed through intravenous 
injection of PEG-UCNPs-5. As presented in Figure  7 c, high 
contrast in the liver region lasted over 3 h, which is coinci-
dent with the aforementioned results of long-lasting tracking 
of nanoparticles using normal mice and small tumor-bearing 
mice in vivo UC optical bioimaging. Interestingly, the high 
contrast was also observed in the tumor site after administra-
tion of PEG-UCNPs-5. To achieve a clear view of the negative 
enhancement effect, colored T 2 -weighted MRI coronal images 
are also presented (Figure  7 c), where the color of the tumor 
site changes from green to blue, corresponding to the T 2  signal 
variation from high to low level. As far as we know, this is 
the fi rst time to demonstrate Yb 3+ -based nanoprobes for T 2 -
weighted MRI guided small tumor detection, differing from 
the previously reported [ 53 ]  Gd-based probes for tumor detec-
tion. Combined with the results of in vivo UC optical and CT 
bioimaging, PEG-UCNPs-5 can act as multifunctional nano-
probes for trimodal UC optical/CT/T 2 -weighted MRI, and even 
UC optical and T 2 -weighted MRI directed small tumor detec-
tion, providing an integrative platform for imaging-guided in 
vivo real-time detection and their early-stage diagnosis of small 
tumor in the future. 

 To further determine whether PEG-UCNPs-5 may induce 
any side effects or pathological changes, a long-term toxicity 
of PEG-UCNPs-5 was determined by testing the pathology 
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 Figure 7.    a) In vitro T 2 -weighted MRI images of PEG-UCNPs-5 solutions with different Yb 3+  concentrations, b) relaxation rate (1/T) versus Yb 3+  molar 
concentration, and c) in vivo MRI coronal images of tumor-bearing mouse at different time points (pre-injection, 1 and 3 h) by intravenous injection of 
PEG-UCNPs-5 (50 µL, 2 × 10 −3   M  of Yb 3+ ). The dotted and full arrows in (c) refer to the high-contrast regions of the liver and tumor sites, respectively.
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sections of major organs, including heart, liver, spleen, lung, 
and kidney ( Figure    8  ). Healthy Kunming mice were dis-
sected for 3, 14, and 21 d after intravenous injection of PEG-
UCNPs-5 and the isolated organs were stained with hema-
toxylin and eosin (H&E). Compared with the control group, 
no noticeable sign of organ damage or infl ammatory lesion 
of viscera tissues was observed. The results imply that PEG-
UCNPs-5 should not induce apparent toxicity in the mouse, 
although these nanoparticles tend to retain in the body for a 
long time. 

     3.     Conclusion 

 In this work, we report that the multifunctional PEGylated 
NaYF 4 :Yb 3+ /Tm 3+  UCNPs nanoprobes synthesized by a simple 
one-pot hydrothermal reaction can be effectively used for the 
early-stage diagnosis of small tumor via in vivo tri-modal NIR-
to-NIR UC optical/CT/T 2 -weighted MRI imaging techniques. 
PEG-UCNPs-5 takes advantage of dramatically enhanced 
NIR emission and PEG coating for in vivo long-circulation 
tracking and translocation of nanoparticles based on UC optical 
imaging. PEG-UCNPs-5 can act as ideal luminescent probes 
for UC optical bioimaging and high-contrast agents for CT and 
T 2 -weighted MRI. Signifi cantly, PEG-UCNPs-5 can be used for 
real-time detection of small tumor and acted as excellent tumor-
diagnosis nanoprobes under both NIR-to-NIR UC optical and 
T 2 -weighted MRI imaging modalities. The measurement of 
long-term toxicity of PEG-UCNPs-5 indicates little side effect or 
pathological change by testing the pathology sections of major 
organs (heart, liver, spleen, lung, and kidney). These results 
make PEG-UCNPs-5 promising probe for multimodal deep 
tissue bioimaging and disease detection, especially for early-
stage cancer diagnosis.  

  4.     Experimental Section 
  Chemicals and Materials : The oxides Y 2 O 3  (99.99%), Yb 2 O 3  

(99.99%), and Tm 2 O 3  (99.99%) were obtained from Sigma–Aldrich. 
The corresponding nitrates Y(NO 3 ) 3 , Yb(NO 3 ) 3 , and Tm(NO 3 ) 3  
were synthesized by adding oxides into dilute HNO 3  solution. PEG 
( M  w  ≈ 5000), ethylene glycol (EG), NaF, NaOH, and other reagents 
bought from Sinopharm Chemical Reagent Co., China were of analytical 
grade. All chemicals were used as received without further purifi cation. 

  Synthesis of PEGylated UCNPs : A simple one-pot hydrothermal route 
was used to synthesize the hydrophilic PEGylated NaYF 4 : x %Yb 3+ /2%Tm 3+  
( x  = 20, 40, 60, 80, and 98) UCNPs. [ 45 ]  1.0 g of PEG was added into 
15 mL of EG to form a clear mixture under agitation. And then, total 
amounts (1 mmol) of rare earth nitrides were dissolved into the 
aforementioned solution. After another 20 min stirring, 5 mL of EG and 
4 mL of NaF (1  M ) aqueous solution were added. After 30 min stirring, 
the homogeneous solution was transferred into a 50 mL stainless steel 
autoclave. The vessel was sealed and maintained at 190 °C for 24 h. The 
products were cooled naturally to room temperature. The precipitates 
in the bottom of the vessel were washed with ethanol and deionized 
water three times and collected via centrifugation. Aqueous solution 
containing UCNPs with designed concentration was prepared for further 
use. To verify the surface coating of PEGylated UCNPs, the control 
experiments using the similar method were conducted. The replacement 
of EG and PEG by DI water was executed in the fabrication of UCNPs 
without PEG coating. 

  Characterization : XRD data of PEG-UCNPs-1, -3, and -5 were recorded 
via a Rigaku 2500 X-ray diffractometer using a D/max-γA system with 
Cu-Kα radiation ( λ  = 1.5406 Å) at 40 kV and 250 mA. All these PEGylated 
UCNPs were characterized by FE-SEM (FEI NanoSEM 450), TEM 
(JEOL-2100F), HR-TEM, and SAED. The EDS analysis was performed 
under TEM assay. The surface ligands of PEG-UCNPs-5 and UCNPs 
without PEG coating were detected via FTIR spectra using a Magna 
760 spectrometer (Nicolet). UC emission spectra of these UCNPs were 
detected by a Zolix analytical instrument (fl uoroSENS 9000A) equipped 
with external 980 nm laser as excitation light source. 

  Cytotoxicity Assay : The cell toxicity of PEG-UCNPs-5 was detected 
by an MTT proliferation assay method in HeLa cells. HeLa cells were 
cultured in Dulbecco’s modifi ed Eagle medium (DMEM, 10% fetal 

 Figure 8.    H&E-stained tissue sections images of heart, liver, spleen, lung and kidney collected from mice without injection and 3, 14, and 21 days after 
injection of PEG-UCNPs-5 (50 µL, 2 mg mL −1 ). All images are shown at medium magnifi cation (100×).
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bovine serum +1% penicillin/streptomycin) at 37 °C and 5% CO 2 . 
Approximate 5 × 10 4  cells per well were plated in 96-well plates. Designed 
concentrations of PEG-UCNPs-5 (0, 100, 250, 500, and 1000 µg mL −1 ) 
were added into the cells in the absence of serum after 24 h incubation. 
20 µL of MTT solution was added after 4 h incubation. Blue formazan 
crystals were detected by microscope. Media were removed and then 
150 µL of DMSO was added per well. The absorbance (Abs.) was 
measured using a microtiter plate reader. The cell viability (%) was then 
calculated as [Abs.490 (treated cells)-background]/[Abs.490 (untreated 
cells)-background] × 100%. 

  UC Optical/X-ray Bioimaging : All of these PEGylated UCNPs with 
the same concentration (2 mg mL −1 ) were transferred into 96-well 
plates (300 µL per well), respectively. In vitro UC optical bioimaging 
was detected using a multimodal in vivo imaging system (Bruker In 
Vivo FX PRO) equipped with external 980 nm laser as light source. UC 
signals were collected through the band pass fi lter (809/20 nm). PEG-
UCNPs-1, -3, and -5 (2 mg mL −1 , 300 µL per well) were placed into pork 
muscle tissues at various depths (3, 6, 12 mm). The value of SNR was 
calculated using the average value of UC signal on each site of UCNPs 
dividing the background signal. For in vivo imaging, Kunming mice 
(three per group) were anesthetized by intraperitoneal injection using 
150 µL of pentobarbital sodium aqueous solution (10 wt%). And then, 
50 µL of aqueous solution containing PEG-UCNPs-5 (2 mg mL −1 ) was 
subcutaneously injected into the mice. In vivo UC optical and X-ray 
bioimaging were captured using the same imaging system. All animal 
procedures comply with the institutional animal use and care regulations 
approved by the Laboratory Animal Center of Hunan Province. 

  CT Bioimaging : To investigate in vivo CT imaging based on PEG-
UCNPs-5, three mice were anesthetized through intraperitoneal injection 
with 150 µL of pentobarbital sodium solution (10 wt%). After that, 
200 µL of aqueous solutions containing PEG-UCNPs-5 (20 mg mL −1 ) 
were injected into each of these mice via intravenous injections from 
tail vein. CT images were captured before injection and after 5 min, 1 h, 
6 h, 12 h, and 1 d injection employing a multimodal imaging system 
(Optical Multimodality Molecular Imaging System for Small Animal, 
Key Laboratory of molecular Imaging, CAS). The imaging was executed 
as following parameters: thickness, 120 µm; base resolution, 120 × 
120 µm 2 ; 40 kV, 0.8 mA. The 3D renderings of in vivo CT images were 
analyzed with 3D Med 4.6 Software. 

  In Vivo Long-Term Tracking Based on UC Optical Bioimaging : To 
investigate in vivo whole body biodistribution of PEG-UCNPs-5, some 
groups of Kunming mice were intravenously injected 50 µL of PEG-
UCNPs-5 aqueous solution (2 mg mL −1 ) from tail vein. Bright fi eld 
images and UC optical images at different time intervals were captured 
in sequence under the multi-modal in vivo imaging system. To further 
investigate the biodistribution and accumulation of PEG-UCNPs-5 in 
various organs, these injected Kunming mice were sacrifi ced at designed 
intervals and the major organs of these dissected mice (including heart, 
liver, spleen, lung, kidney, stomach, and intestines) were also used to 
detect bright fi eld images and UC optical images. 

  UC Optical Bioimaging-Directed Tumor Detection : HeLa cells 
(1 × 10 7  cells per site) were implanted into BALB/C mice by 
subcutaneous injection. In vivo tumor imaging was performed when 
tumor reached 3–5 mm in average diameter (6–8 d after implant). 
These inoculated tumor modals (3 per group) were anesthetized by 
intraperitoneal injection using 150 µL of pentobarbital sodium aqueous 
solution (10 wt%). 50 µL of aqueous solution containing PEG-UCNPs-5 
(2 mg mL −1 ) was then intravenously injected into these mice. UC signal 
images were captured at regular time intervals. The in situ/ex vivo 
imaging was executed by the same parameters. The corresponding 
digital pictures were taken with a Canon digital camera. 

  T 2 -Weighted MRI In Vitro and In Vivo : To prove the feasibility of 
PEG-UCNPs-5 as contrast agents for T 2 -weighted MRI, in vitro T 2 -
weighted MRI was measured. PEG-UCNPs-5 solutions with certain 
Yb 3+  concentrations (0 × 10 −3 , 1.56 × 10 −3 , 3.13 × 10 −3 , 6.25 × 10 −3 , 
and 12.5 × 10 −3   M ) were dispersed in 1.0 mL tubes. Relaxivity values 
were measured by the curve fi tting of 1/T 2  versus Yb 3+  concentration. 
T 2 -weighted MRI images were acquired using 1.5 T Magnetom system 

(HT-MRSI65-35, Shanghai Shinning Global Scientifi c and Educational 
Equipment Co.) using T 2 -weighted sequence as follows: Spin Echo 
(SE), TR = 500 ms, TE = 65 ms, matrix = 512 × 256, FOV = 50 × 130, 
slice thickness = 0.5 mm. In vivo tumor detection experiments were 
performed via intravenously injecting 50 µL of PEG-UCNPs-5 solution 
with 2 × 10 −3   M  of Yb 3+  concentration into an anesthetic mouse with 
small tumor using 1.2 T Magnetom system (HT-ANNMR-50, Shanghai 
Shinning Global Scientifi c and Educational Equipment Co.). Coronal 
cross-sectional images were captured before and after administration. 

  Histological Assessment : 50 µL of PEG-UCNPs-5 (2 mg mL −1 ) was 
intravenously injected into Kunming mice and the untreated mice 
selected as control group. Major organs (heart, liver, spleen, lung, and 
kidney) were isolated from mice of control and experimental groups 
after 3, 14, and 21 d. All these tissues were H&E-stained to observe 
histological changes. The histological sections were operated using an 
optical microscope.  
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