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ABSTRACT: Visualization of tumor vessels/metastasis and cerebrovascular architecture is vital 

important for analyzing pathological states of brain diseases and tumor's abnormal blood vessel 

to improve cancer diagnosis. In vivo fluorescence imaging using second near infrared emission 

beyond 1500 nm (NIR-IIb) is emerged as a next generation optical imaging method with 

significant improvement in imaging sensitivity and spatial resolution. Unfortunately, highly 

biocompatible probe capable of generating NIR-IIb emission with sufficient brightness and 

uniformed size is still scarce. Here, we have proposed the polyacrylic acid (PAA)-modified 

NaLnF4:40Gd/20Yb/2Er nanorods (Ln=Y, Yb, Lu, PAA-Ln-NRs) with enhanced downshifting 

NIR-IIb emission, high quantum yield (QY), relative narrow bandwidth (~160 nm) and high bio-

compatibility via Ce
3+

 doping for high performance NIR-IIb bioimaging. The downshifting 

emission beyond 1500 nm is improved by 1.75~2.2 times with simultaneously suppressing the 

upconversion (UC) path in Y, Yb, and Lu hosts via Ce
3+

 doping. Moreover, compared with the 

traditionally used Y-based host, the QY of NIR-IIb emission in Lu-based probe in water is 

improved from 2.2% to 3.6%. The explored bright NIR-IIb emitted PAA-Lu-NRs were used for 

high sensitivity small tumor (~ 4 mm)/metastatic tiny tumor detection (~ 3 mm), tumor vessel 

visualization with high spatial resolution (41 µm) and brain vessel imaging. Therefore, our 

findings open up the opportunity of utilizing lanthanide based NIR-IIb probe with bright 1525 

nm emission for in vivo optical-guided tumor vessel/metastasis and non-invasive brain vascular 

imaging.           

 

KEYWORDS: rare-earth nanoprobes, enhancement of downshifting emission, tiny metastatic 

tumor detection, tumor vascular imaging. 
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Cerebrovascular disorders and cancer are a major cause of death, devastating morbidity, and 

long-term disabilities in humans.
1-8

 In the past decades, non-invasive brain/tumor vascular and 

metastasis tumor imaging were emerged as indispensible technique for the identification of 

cerebrovascular anomalies and tumor-associated vascular features.
1-4,7,8

 Current vascular imaging 

techniques including X-ray computed tomography (CT)
9
, magnetic resonance imaging (MRI)

10
 

and positron emission tomography (PET)
11

, have demonstrated good performance in 

understanding the pathological dysfunction of the cerebrovascular system, owing to its unlimited 

penetration depth.
12

 However, most of these imaging models still suffered from morphometric 

analyses, low spatial resolution and unfavorable imaging sensitivity.
13

 Compared with the 

previously reported imaging method, optical imaging has provided a non-invasive imaging 

method for studying the cerebral dysfunction or disease, owing to its advantages of high 

sensitivity, and high spatial/temporal resolution, which plays a major role in both biomedical and 

clinic diagnostics.
12,13

 However, the traditional optical imaging method by using visible and first 

near-infrared (NIR-I) light still suffer from intrinsic drawbacks, including inevitable tissue 

scattering, relative low tissue-penetration depth, subsequently leading to a low imaging quality 

and resolution.
14-23

 Therefore, developing optical probe with low scattering losses, high 

penetration depth, and imaging resolution is highly demanded for vascular imaging. 

Recently, optical imaging in short wavelength near-infrared region (1000-1700, referred as 

NIR-II) has been emerged as the next generation imaging technique for in vivo vascular imaging 

owing to its negligible tissue auto-fluorescence, reduced tissue scattering over NIR-I, and 

significant improvements in tissue penetration and spatial resolution.
24,25

 At present, there are 

several kinds of materials capable of generating NIR-II emission, such as quantum dots (QDs),
26-

32
 aggregation-induced emission dots,

33
 single-walled carbon nanotubes (SWNTs),

34-41
 and small 
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organic molecular.
42-50

 Nevertheless, most of QDs always contain toxic elements, such as lead, 

or arsenic,
26-29

 preventing their widespread bioimaging application in vivo. Although NIR-II 

imaging by using SWNTs has achieved a great progress for non-invasive brain vessel imaging.
1
 

However, there are still some unavoidable drawbacks, including the broad band emission peaks 

(>300 nm), low QY (0.1-0.4%), and uniform size distribution, impeding further practical 

application as NIR-II emitters.
24,51

 Small organic molecules usually present high photo-bleaching 

and rapid clearance from the diseased organs and tumor site, making them unsuitable for tumor 

diagnosis usually long-term imaging needed.
45

 Notably, compared with NIR-II imaging using 

1000-1400 nm emission, the 1500-1700 nm (referred as NIR-IIb) emission region is more 

beneficial for in vivo fluorescence imaging with superior imaging quality owing to the low 

fluorescence signal attenuation by water and the reduced photon scattering
45

. However, highly 

bright NIR-IIb fluorescent probes with uniformed size and high QY are still rarely explored.  

Rare-earth based nanomaterials have been emerged as desirable probes for biological 

imaging application in the NIR-I region, owing to their advantages of low biotoxicity, high 

photostability, narrow band emission, and uniform size distribution.
14-23

 Notably, among the 

various Yb/Er-doped host materials, NaLnF4 nanocrystals are commonly regarded as the most 

efficient UC hosts.
20

 However, the relatively low UC emission efficiency and large tissue 

scattering in NIR-I region impede their wide applications in optical bioimaging. Fortunately, it 

simultaneously holds high efficient downshifting emission in 1525 nm accomplished with the 

UC emission, under the excitation of 980 nm laser, featuring the significant reduction in photon 

scattering than the UC NIR-I/visible region,
24,52-57

. In addition, the downshifting and UC 

emissions in same host are two competing processes.
 
Recently, Dai’s group

52
 demonstrated a 

NaYbF4:Yb/Er@NaYF4 core/shell nanoprobe with enhanced 1525 nm emission via Ce
3+

 doping 
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method for high temporal resolution imaging of brain vessel. However, the NIR-II imaging by 

using rare earth-based nanoprobe is still in an infant stage. 

Herein, we demonstrated a NaLnF4:Gd/Yb/Er fluorescent agent (Ln=Y, Yb, Lu) with 

enhanced NIR-IIb emission at 1525 nm for small tumor/metastasis tumor diagnosis and non-

invasive brain/tumor vascular imaging via doping Ce
3+

. Mentionable, the downshifting emission 

in 1525 nm was highly enhanced by boosting the downshifting pathway and suppressing the UC 

emission. In vivo optical-guided tumor-related vascular imaging is demonstrated with high 

resolution. These findings reveal that the explored PAA-Lu-NRs probes with high biocompatible 

and bright SWIR emission are promising agent for optical-guided non-invasive tumor/brain 

vascular imaging and small tumor/metastasis tumor diagnosis in the advanced NIR-II window. 

Results and Discussion 

High quality NaLnF4 luminescent nanorods with boosted NIR-IIb emission and 

enhanced QY. As shown in Scheme 1 and Figure 1a, the high quality NIR-IIb emitting 

nanorods with uniform size, improved downshifting emission beyond 1500 nm and QY by using 

Ce
3+ 

doping are demonstrated for optical-guided metastatic tumor diagnosis, tumor and brain 

vessel imaging. To reveal the effect of Ce
3+

 doping on the crystal structure and size, the NaLuF4 

nanocrystals doped with different concentrations of Ce
3+

 were first tested by using a transmission 

electron microscopy (TEM, Figure 1b-1f) and X-ray powder diffraction (XRD, Figure 1i). 

Without the presence of Ce
3+

, the sample presents highly uniform rod-like structure (Figure 1b). 

And with adding Ce
3+

, all of the samples still maintain the rod-like shape and size (Figure 1b-1d, 

1f). High-resolution TEM (HRTEM, Figure 1e) image of a single nanorod taken from Figure 1d 

indicates the high crystallization nature with d-spacing of 3.01 Å, matching well the (100) crystal 
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plane of the hexagonal phase NaLuF4. Moreover, energy dispersive X-ray spectrometer (EDS) 

analyses (Figure S1) taken from Figure 1d also indicate the presence of Na, Lu, F, Gd, Er and 

the doped Ce elements. To further reveal the element distribution of the NaLuF4: 

40Gd/20Yb/2Er/xCe nanorods, we have carried out EDS mapping test. Figure S2a shows a 

scanning TEM (STEM) image of the NaLuF4:40Gd/20Yb/2Er/5%Ce nanorods. As demonstrated, 

the nanorods present uniform element distribution throughout the detected area. And the element 

compositions of the NaLuF4: 40Gd/20Yb/2Er/5%Ce nanorods were further tested by using X-ray 

photoelectron spectroscopy (XPS). As shown in Figure S3, XPS results also showed the 

presence of Ce element in host matrix, further verifying the successful incorporation of Ce
3+

 into 

the host. Dynamic light scattering (DLS) measurement (Figure S4) was performed to evaluate 

the aggregation degree of the samples, revealing the low aggregation and uniform distribution, 

which are consistent with TEM results.  

To further verify the crystal phase structure of the as-prepared samples, XRD measurements 

were performed. As shown in Figure 1i, with increasing the Ce concentration, all the samples 

show the hexagonal phase structure (JCPDS: 27-1427), no other extra peaks are observed, also 

indicating the formation of pure hexagonal phase structure. And the diffraction peak of (300) 

crystal plane gradually shift to lower angle from 2θ of 53.34 to 52.94, which is mainly ascribed 

to the substitution of Lu
3+ 

(r=1.117Å)
58

 by larger Ce
3+

 (1.283Å)
58

.
 
To reveal the Ce

3+
 doping 

induced lattice constant change, we have measured the lattice parameters for NaLuF4: Yb/Er/Gd 

nanorods doped with different Ce
3+

. As demonstrated in Table S1, the lattice parameter is 

gradually increased by improvement of Ce
3+ 

dopant contents. These results indicate that the Ce
3+

 

ions are successfully incorporated into the host matrix
59

. For comparison, the different Ce
3+

 

doped NaYbF4 and NaYF4 nanorods were also prepared by the same method. As shown in 
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Figure S5 and Figure 1g and 1h, TEM results reveal that the NaLnF4 (Ln=Yb, Y) nanorods 

doped with different contents of Ce
3+

 (2% to 10%) show the same highly-uniform rod-like 

morphology and crystallization in accordance with the case of NaLuF4 nanorods. 

 

Scheme 1. Schematic illustration of the enhanced NIR-IIb emission of PAA-Ln-NRs via Ce
3+

 

doping for non-invasive tumor metastasis/vascular visualization and brain vessel imaging. 
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Figure 1. (a) Schematic presentation of the synthesis process of the different Ce
3+

 doped 

NaLnF4:40Gd/20Yb/2Er nanorods. (b), (c), (d) and (f) TEM images of NaLuF4:Yb/Gd/Er 

samples doped with different concentrations of Ce
3+

 (0, 2, 5, 10 mol%), respectively. (g) and (h) 

TEM images of NaYbF4:40Gd/2Er/5%Ce and NaYF4:20Yb/40Gd/2Er/5%Ce samples, 

respectively.  All the scale bars are 100 nm. (e) HRTEM image taken from d. (i) The XRD 

patterns of the as prepared NaLuF4 samples doped with different concentrations of Ce
3+

 (0, 2, 5, 

10 mol%). The red dotted line indicates the diffraction peaks shift to lower angle direction. 
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To reveal the effect of Ce
3+

 doping on the optical properties, the UC visible and 

downshifting NIR-IIb spectra of NaLnF4:Yb/Ce/Gd/Er nanorods were systematically studied. As 

shown in Figure 2a and 2e, Figure S6 and Figure S7, all of the samples present two 

characteristic UC visible emission bands centered at 525/545 and 650 nm and one efficient 

downshifting NIR-IIb emission centered at 1525 nm. The UC visible emission is mainly ascribed 

to the efficient energy transfer from Yb
3+

 to Er
3+

 to excite the intermediate 
4
I11/2 state to the 

higher 
2
H11/2 and 

4
S3/2 energy levels (Figure 2c), finally resulting in the corresponding UC visible 

emissions. While for simultaneous NIR-IIb emission, a rapid phonon mediated non-radiative 

decay from 
4
I11/2 to 

4
I13/2 level is occurred for generating 1525 nm downshifting emission

60
. It is 

noted that both the downshifting and UC emitting processes are all highly related to the 

intermediate 
4
I11/2 state of Er

3+
, presenting competitive emission process. Therefore, to achieve 

high efficient NIR-IIb emission, a suppressed UC emission by decreasing the population of 
4
I11/2 

state and simultaneously increasing the electron numbers in 
4
I13/2 level demanded

52,60-62
 

Fortunately, the energy level difference between 
2
F5/2 and 

2
F7/2 states of Ce

3+
 is about 2300 cm

−1
, 

which is approximated to the energy level spacing of 
4
I11/2 and 

4
I13/2 (about 3700 cm

−1
) of Er

3+
, 

enabling phonon-mediated non-radiative decay from 
4
I11/2 to 

4
I13/2 level of Er

3+
 via the efficient 

cross relaxation (CR, Figure 2c) between Er
3+

 (
4
I11/2→

4
I13/2) and Ce

3+
 (

2
F7/2→

2
F5/2). Moreover, 

Dai’s group
52

 proposed a Ce
3+

 doping strategy to boost the 1525 emission in NaYbF4-based 

core/shell nanoparticles for high temporal resolution brain vessel imaging. Thus, inspired by 

Dai's report
52

, a general Ce
3+

 doping method is adopted here to improve the downshifting NIR-

IIb emission and simultaneously suppressing UC process. As shown in Figure 2b, 2d and 2e, a 

significant enhancement (200%) of NIR-IIb emission at 1525 nm was realized by doping 5% 

Ce
3+

 in the NaLuF4 host. Meanwhile, the overall UC emission intensity was dramatically 
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decreased via doping Ce
3+

, owing to the efficient phonon assistant CR process between Er
3+

 and 

Ce
3+

. And further increasing Ce
3+

 contents, the NIR-IIb emission intensity was gradually 

decreased (Figure 2d and Figure 2e), which is mainly attributed to the concentration quenching 

effect at a higher Ce doping concentration, revealing a limit depopulation of 
4
I11/2 level of Er

3+
 by 

Ce
3+

 doping. Additionally, to reveal the effect of Er
3+

 content on the NIR-IIb emission, NIR-IIb 

emission properties of the NaLuF4:Gd/Yb/5%Ce nanorods doped with different concentrations of 

Er
3+

 (2%, 10%, 20%) were further studied. As shown in Figure S8, the NIR-IIb emission 

intensity was dramatically decreased (~ 2 times) when increasing Er
3+

 content from 2 to 10%. 

With further increasing the Er
3+

 dopant content to 20%, the emission intensity was decreased for 

about 4 times, matching well with the in vitro phantom imaging results (inset of Figure S8). 

These results reveal that the Er dopant content of 2% is an optimal doping content for 1525 nm 

emission in PAA-Lu-NRs. 

Moreover, the NIR-IIb emission intensity of the NaYbF4/NaYF4 hosts was also enhanced 

by 1.75 times and 2.2 times by adjusting the Ce
3+

 contents to 5%, respectively. As a comparison 

experiment, the NIR-IIb emission properties of 5% Ce doped NaLnF4 (Ln= Lu, Yb, Y) nanorods 

were further studied. As shown in Figure 2f, 2g and 2h, the Lu-based host showed the most 

efficient NIR-IIb emission over the three hosts, making it an ideal nanoprobe for NIR-IIb 

bioimaging. The QY of NIR-IIb emission of NaLnF4:5% Ce nanorods in water was determined 

in a similar way to the previous report
41

 by using a standard IR-26 dye (QY = 0.5%) dissolved in 

1,2-dichloroethane (DCE) as a reference. As demonstrated in Table S2, Lu-based probes doped 

with 5% Ce
3+

 present the highest QY in cyclohexane (26 %) and in water (3.6%) among the 

three Ln-based hosts, which is also relative higher than the previously reported lanthanide probe 

with QY of 23.1% in hexagonal and 2.73% in water
52

 and SWNTs with low QY of 0.4%
55

. 
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Therefore, the Lu-based nanorods hold merits of narrow-band emission (~160 nm), high QY 

(3.6% in water) and uniform size, making their more competitive probe for further biological 

application. Prior to in vivo imaging, the hydrophobic 5 mol% Ce doped NaLuF4:Yb/Er/Gd 

nanorods were converted to hydrophilic ones by using a typical PAA-modifying method.
63

 The 

zeta potential of the PAA-Lu-NRs was first tested and revealed the negative charge nature on the 

surface (-38.4 mV), indicating the successful modification of PAA on the surface of the NaLuF4: 

40Gd/20Yb/2Er/5%Ce nanorods. The stability of the PAA-Lu-NRs in phosphate buffer solution 

(PBS) and fetal bovine serum (FBS) was further studied. As shown in Figure S9, the PAA-Lu-

NRs solution presents no detectable aggregation in PBS and FBS in 1 day and 7 days, indicating 

the high stability of this probe for biomedical application. 

 

Figure 2. (a) The proposed mechanism of Ce doping-induced NIR-IIb emission 

enhancement. (b) In vitro NIR-IIb fluorescent imaging of NaLuF4:40Gd/20Yb/2Er/X%Ce (X= 0, 

2, 5, 10) nanorods under the excitation of 980 nm laser. (c) Simplified energy level diagram 



 

12 

revealing the energy transfer between Yb
3+

, Er
3+

, and Ce
3+

 ions. (d) The corresponding UC and 

NIR-IIb emission intensity evolution under 980 nm excitation. (e) UC and NIR-IIb luminescence 

spectra of NaLuF4:Gd/Yb/Er nanorods doped with different contents of Ce
3+

 (0, 2, 5, 10 mol%). 

(f) NIR-IIb luminescence spectra of the NaLnF4:40Gd/20Yb/2Er/5%Ce (Ln=Y, Yb, Lu) 

nanorods. (g) The corresponding NIR-IIb emission intensity of the 

NaLnF4:40Gd/20Yb/2Er/5%Ce (Ln=Y, Yb, Lu) nanorods. (h) In vitro phantom NIR-IIb 

fluorescent imaging of NaLnF4:40Gd/20Yb/2Er/5%Ce (Ln=Y, Yb, Lu) nanorods under 980 nm 

laser excitation. 

In vivo optical-guided small tumor diagnosis in the NIR-IIb window. In vivo small tumor 

detection has played a very important role for early cancer diagnosis. However, until now, it is 

still a great challenge to diagnose the small tumor (below 5 mm) owing to the lower uptake of 

macromolecular drugs and dramatic comparable geometric resistances.
64

 Therefore, an effective 

nanoparticulate probes with improved accumulation in small tumor is urgently needed. For 

further assessing the ability of PAA-Lu-NRs for small tumor detection, in vivo optical-guided 

NIR-IIb bioimaging of a tumor-bearing mouse was performed. The in vivo NIR-IIb bioimaging 

(Figure 3a) of the tumor-bearing mouse was performed by intravenously injecting a 200 µL 

PAA-Lu-NRs (3 mg/mL) solution. As demonstrated in Figure 3b, NIR-IIb fluorescent signals 

were observed in the liver and spleen site of the mouse after 1 h injection. Subsequently, NIR-IIb 

fluorescent signal in the tumor site was also observed after 24 h injection and gradually enhanced 

until 48 h injection, revealing the effective accumulation of PAA-Lu-NRs in the tumor site and 

feasible application for long-time tracking of tumor (Figure 3c). The tumor to normal (T/N) 

tissue ratio (Figure S10) of the mouse was further evaluated, presenting the high T/N ratio of 

~16. To reveal the biodistribution of the PAA-Lu-NRs in the living body, the tumor-bearing 



 

13 

mouse was dissected to obtain the isolated organs (liver, heart, spleen, kidneys, lung, and tumor) 

for further ex-vivo NIR-IIb imaging. As shown in Figure 3d, bright NIR-IIb emission can be 

detected in the liver, spleen, lung and tumor site, indicating the same distribution trend with the 

living mouse (Figure 3b). Additionally, the quantitative analysis of the fluorescence intensity 

was performed. As shown in Figure S11, the PAA-Lu-NRs were found to mainly accumulated 

in the liver (34.7%), spleen (39.1%) and lung (17.3%), and tumor site (8%), indicating the 

efficient tumor uptake of the PAA-Lu-NRs via enhanced permeability and retention (EPR) effect.  

    To further reveal the time-dependent biodistribution of the PAA-Lu-NRs, in vivo (Figure 

S12) and ex vivo (Figure S13) bioimaging of normal mice were performed. As shown in Figure 

S12 and Figure S14, the NIR-IIb signal in the liver of the mouse was gradually enhanced after 

12 h injection and subsequently decreased after 24 h injection. Ex vivo bioimaging (Figure S13c 

and d) demonstrated that the optical signals were mainly observed in the liver, spleen and lung 

organs then gradually enhanced after 12 h injection and decreased after 24 h injection, which was 

also matched well with the aforementioned results of in vivo tumor imaging. The 

pharmacokinetic behavior (Figure S13a and b) was also evaluated by testing the blood samples at 

different time points (1 min ~ 24 h), which is similar with the previously reported method.
52 

The 

half-life of the PAA-Lu-NRs in the living mouse was measured to be ~ 76 min. It should be 

pointed out that the accumulation of nanoprobes in liver and spleen may result in immune 

response. Thus, to preliminary evaluation of the immune response and biotoxicity, the immune 

response test (Table S3) and weight changes (Figure S15) of the normal mice were performed. 

As shown in Table S3, the immune organs index presents no obvious differences between the 

control and test mice, indicating the low immune response and high biocompatibility of the 

PAA-Lu-NRs. And, no significant weight change was observed in the control group and treated 
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group mice, also validating the high biocompatibility of PAA-Lu-NRs for bioimaging 

application. Therefore, these results imply that the PAA-Lu-NRs are ideal NIR-IIb-emitters for 

deep tissue bioimaging and small tumor detection. 

 

Figure 3. (a) Schematic illustration of in vivo small tumor diagnosis by using PAA-Lu-NRs. (b) 

NIR-IIb bioimaging of LLC tumor-bearing mouse after intravenously injecting PAA-Lu-NRs at 

different time periods. (c) Digital photograph of tumor-bearing mouse and in vivo NIR-IIb 

fluorescent imaging of the tumor-bearing mouse (the green circle indicated the tumor site). (d) 

Digital photographs of the isolated organs/tumor and the corresponding ex-vivo NIR-IIb imaging, 
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respectively.  

Optical imaging-guided metastatic tumor diagnosis and tumor vessel imaging. Early 

diagnosis of small tumor is highly important for cancer therapy and improving survival rate.
32

 It 

is well known that the formation and growth of tumor is highly depended on the blood supply 

around the tumor. Therefore, non-invasive imaging of tumor vessels with high spatial resolution 

may provide more detailed information on tumor vessel morphology, lengths, and leakage 

nature
32,46

 For further assessing the ability of PAA-Lu-NRs for tiny metastatic tumor detection 

and tumor vascular imaging, in vivo NIR-IIb bioimaging of the Lewis lung carcinoma (LLC) 

tumor-bearing mouse (primary tumor site labelled in 1) was performed. As shown in Figure 4a, 

after 10 s injection, the PAA-Lu-NRs probes were immediately entered into the systemic blood 

circulation, resulting in the clear identification of tumor vessels owing to the abundant vessel 

around the tumor. Then the fluorescence signal was decreased with prolonging the injection time 

and scarcely observed after 8 min injection. After 24 h injection, the fluorescence signals in the 

primary tumor site 1 were gradually enhanced, indicating the efficient uptake of PAA-Lu-NRs in 

the tumor site by EPR effect. And in comparison with the initial injection time (before 8 min), 

the fluorescence signals were almost observed in the tumor inner region. This is mainly ascribed 

to the translocation of nanoprobes from systemic blood circulation to tumor interior region via 

EPR effect. More importantly, an extra fluorescence signal in the back of the mouse was 

observed, which was mainly attributed to the tumor metastasis from site 1 to site 2. To further 

verify the tumor metastasis, the tumor in site 2 was then dissected, a tiny metastatic tumor (~ 3 

mm in diameter, Figure 4b and 4c) was observed. Ex vivo NIR-IIb imaging (Figure 4c) of the 

dissected metastatic tumor in site 2 also demonstrated the presence of fluorescence signal in the 

metastatic tumor, unambiguously validating the tumor metastasis. It should be pointed out that 
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the tumor size has a great influence on the uptake of nanoprobes via EPR effect. Although, the 

tiny tumors with size of 1-2 mm have little vasculature and ultra-low EPR effect
65

, Gao et al. still 

demonstrated the efficient uptake of UC nanoparticles in tiny tumor with size of 2 mm via EPR 

effect
64

. And, as demonstrated in Figure 4, our detected metastatic tumor with size of about 3-4 

mm also presents some vessels around the tumor, indicating the possible accumulation of 

nanoprobes in the tiny metastatic tumor through EPR effect, which is also consistent with the 

results of Figure 3 and Figure S11. Moreover, as shown in Figure 4, the higher NIR-IIb emitting 

signal after 24h injection was observed than that in the tiny metastatic tumor, further revealing 

the size dependent EPR effect of the tumor.
66

 

It is worth noting that our nanoprobes are non-specifically accumulated in the 

reticuloendothelial system (RES) such as liver and spleen, potentially resulting in undesirable 

interference signal for tumor detection. It is known that the non-specific uptake of nanoprobes in 

RES was regarded as the main issue and major challenge for the delivery of nanoprobes to other 

targeting sites. Thus, reducing the non-specific accumulation of inorganic nanoprobes in RES 

renders minimized background interference in the liver and spleen, which is beneficial for highly 

sensitive diagnosis of primary and metastatic tumors. Therefore, it is significant to developing 

nanoprobes with low non-specific RES accumulation through coating protein-adsorption 

resistant ligands or synergistically integrating of the EPR effect with active targeting strategy
66

, 

which is needed for further study. 
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Figure 4. (a) Non-invasive optical imaging-guided tumor metastasis/vessel imaging. Tumor site 

1 was the original cultured tumor, tumor site 2 was the metastasis tumor from site 1. (b) In situ 

digital photograph of the LLC tumor-bearing mouse with skin dissected. (c) Ex vivo NIR-IIb 

bioimaging (right panel) and the digital photograph (left panel) of the metastasis tumor. 

In addition, high magnification NIR-IIb optical imaging-guided dynamic tumor vessel 

imaging in primary tumor site 1 with field of view (FOV) of 26 mm×21 mm was further 

performed. As shown in  Figure 5a, 5b and 5c, after intravenous injection of PAA-Lu-NRs 

solution 10 s, abundant vessels in the tumor site were observed, providing necessary conditions 

for the tumor growth. The fluorescence signal of the tumor vessel decreased after 8 min injection. 

To further evaluate tumor vessel visualization, we performed the cross-sectional analysis of the 

tumor vessel marked by the blue lines. As shown in Figure 5d and 5e, an ultrasmall tumor vessel 

with a fitted diameter of 41 µm was observed by using the NIR-IIb bioimaging system. Although 
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there is a tiny necrosis area (marked by white circle) in the epidermis of the primary tumor, 

appreciable image from abundant blood vessels in and around the tumor site is still evident. 

Histological analysis of the primary and metastatic tumor was further performed. As presented in 

Figure S16, the histological results demonstrated the same characteristics between the primary 

and metastasis tumor. Moreover, the TEM micrographs (Figure S17) of the primary and 

metastasis tumor further confirm the location of the PAA-Lu-NRs inside tumor tissues, 

indicating the efficient accumulation of PAA-Lu-NRs in both primary and  metastasis tumor. 

 To further reveal the tumor vessel imaging, another colorectal tumor model was used for 

vessel visualization. As shown in Figure S18, the abundant tumor vessels were also clearly 

identified, matching well with the LLC result. Ex vivo bioimaging of the resected tumor after 24 

h injection was also performed (Figure S18e) and obvious fluorescence signal in tumor site was 

clearly observed, also verifying the effective accumulation of PAA-Lu-NRs in the tumor site. 

Histological analysis was performed by using the hematoxylin and eosin (H&E) sections from 

the control colorectal tumor-bearing mouse (untreated with nanoprobes) and treated tumor-

bearing mouse. As illustrated in Figure S18d, no obvious inflammatory lesion was observed in 

the tumor sites, indicating the good biosafety of PAA-Lu-NRs for tumor vascular imaging. 

Thereby, the developed PAA-Lu-NRs can be used as efficient NIR-IIb optical nanoprobe for 

general tumor vessel imaging and tumor metastasis diagnosis. These findings further extend the 

NIR-IIb emitting rare-earth based nanoprobes for non-invasive real-time tumor metastasis 

detection, making it promising agent for the potential applications in optical imaging-guided 

surgery for primary/metastatic tumor dissection.
67 
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Figure 5. Schematic illustration of NIR-IIb optical imaging-guided LLC vessel imaging. (b) A 

bright field image (up) and digital photograph (down) of LLC tumor. (c) The time coursed NIR-

IIb imaging of a mouse tumor under the excitation of 980 nm lase with an excitation power 

density of 100 mW/ cm
2
 (FOV: 26 mm×21 mm). (d) A magnified tumor vascular image. (e) The 

cross-sectional fluorescence intensity profiles along blue lines 1 and 2 of the tumor site. The 

scale bar is 2 mm in (d) and the white circle in (b) and (d) indicates the necrosis region in the 

epidermis of the primary tumor. 
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 Non-invasive brain vessel imaging. In vivo non-invasive imaging of brain vessel has provided 

an indispensible method for the cerebral dysfunction or brain disease diagnosis.
1
 With 

intravenously injecting PAA-Lu-NRs solution (200 µL, 3 mg/mL) into a Kunming mouse, we 

performed the non-invasive brain vessel imaging (Figure 6a) by using a home-made in vivo 

imaging system
51

 equipped with InGaAs detector for 1525 nm emission detection (Princeton 

Instruments) under 980 nm laser excitation. As shown in Figure 6b, upon injection 8 s later, 

small cerebral vessels were clearly visualized with excellent spatial resolution. The NIR-IIb 

signal was slightly decreased after 160 s injection, and almost disappeared within 360 s. This 

result revealed that the PAA-Lu-NRs with enhanced NIR-IIb emission were promising probe for 

non-invasive optical-guided brain vessel imaging.  

We further demonstrated the cross-sectional analysis of the blood vessel and the 

fluorescence intensity profiles marked by blue-dashed lines to identify the signal intensity and 

diameter of the blood vessel. As seen in Figure 6c, the two measurable tiny blood vessels with a 

fitted diameter of 42 µm (Figure 6d) and 60 µm (Figure 6e) by using Gaussian fits method were 

distinguished. It is noted that the smallest vessel with full width at half maximum (FWHM) of 

approximately 42 µm is clearly observed by using the in vivo NIR-IIb fluorescence imaging 

system, which is approximated to the limiting resolution of the current imaging condition with 

FOV of 26 mm×21 mm (640×512 pixels, 41 μm/pixel). Dynamic NIR-IIb cerebrovascular 

imaging with high spatial resolution was successfully achieved by using the PAA-Lu-NRs, 

indicating the feasibility of the PAA-Lu-NRs for brain vascular imaging and early disease 

prediction and diagnosis. Therefore, it is expected that the NIR-IIb-imaging guided vasculature 

imaging with high spatial/temporal resolution presented here may have potential applications in 
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real-time assessment of cerebrovascular anomalies
52

, cerebral dysfunction, traumatic brain injury 

imaging (TBI)
68

 and so on. 

 

Figure 6. (a) Schematic illustration of in vivo non-invasive brain vessel imaging by using the in 

vivo imaging sytem equipped with InGaAs detector (NIR-II lens: 100 mm, Edmund Optics, 

FOV: 26 mm×21 mm, 640×512 pixels, 41 μm/pixel) and 980 nm laser with an excitation power 

density of 100 mW/ cm
2
 as light source. (b) Fast brain vascular imaging of a mouse with hair 
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removed after injection of 200 µL solution of PAA-Lu-NRs (3 mg/mL) at tail vein under a 980 

nm laser excitation. (c) A typical cerebral vascular image and the corresponding zoom-in images 

of the two blue rectangle areas. (d) and (e) Cross-sectional fluorescence intensity profiles along 

green lines of the mouse. All the scale bars are 1 mm. 

For further evaluating the potential application of PAA-Lu-NRs for fast in vivo blood vessel 

imaging, we also performed the whole body dynamic vessel imaging (FOV: 14.6 cm×18.3 cm) 

and supine position/prone position (FOV: 26 mm×21 mm, 640×512 pixels, 41 μm/pixel). As 

shown in Figure S19a, the whole body time-dependent dynamic visualization of vessel was 

achieved. After 4 s injection, bright NIR-IIb fluorescence signal in the small vessel can be 

observed, and it tends to be decreased after 100 s injection. Finally, the fluorescence signal was 

scarcely observed after 240 s injection. To further reveal the dynamic visualization of vessel, a 

high magnification NIR-IIb imaging with FOV of 26 mm×21 mm was performed in 

supine/prone positions (Figure S19b, Figure S19c). As demonstrated, small vessels were also 

obviously observed after 4 s injection and decreased after 120 s injection.  For further evaluating 

the high spatial resolution vessel imaging, three peaks in both supine and prone position (Figure 

S20 Figure S21) were identified, and then the Gaussian functions fitting method were used for 

evaluating the FWHM of the small vessels marked by the white lines. The FWHM of the marked 

vessels in the prone position (Figure S20b, S20c, S20d) were evaluated to be 42, 58, and 41 µm, 

respectively. The vessels in the supine position (Figure S21b, S21c, S21d) were 229, 164, and 

110 µm, respectively. These results implied the PAA-Lu-NRs are optimum NIR-IIb-emitter for 

in vivo fast vessel tracking.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

X-ray bioimaging. Apart from the superior NIR-IIb imaging-guided in-situ tiny metastatic 

tumor detection, the PAA-Lu-NRs containing Gd element could bring additional imaging 
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functions such as X-ray and magnetic resonance imaging (MRI), due to the large K-edge value 

of Lu
69

 and efficient intrinsic magnetic moment (μeff=4.53 μB)
70 

of Gd. Therefore, compared 

with the well-developed SWNTs, NIR-II dyes, and semiconductor nanoparticles, the PAA-Lu-

NRs can hold additional imaging ability such as MRI and X-ray imaging. 

For revealing the multimodal imaging nature, PAA-Lu-NRs and clinically used iobitridol 

molecule were used for X-ray bioimaging. As shown in Figure S22a, in vitro phantom imaging 

of PAA-Lu-NRs and iobitridol molecules showed concentration-dependent imaging contrast. 

Moreover, the PAA-Lu-NRs present superior X-ray imaging ability than the iobitridol molecules 

at the same concentration. And a higher Hounsfield units value of PAA-Lu-NRs (Figure S22b) 

was achieved, further verifying more efficient X-ray absorption of PAA-Lu-NRs than that of 

iobitridol molecule. Moreover, in vivo CT imaging of mouse after intravenously injecting of 

PAA-Lu-NRs through tail vein was further performed to assess the feasibility of PAA-Lu-NRs as 

CT agent. As shown in Figure S23, no CT signal was detected in the soft tissues of the mouse 

without injection of PAA-Lu-NRs solution. And an obvious enhancement of CT signal in the 

spleen and liver was observed from the top and lateral view of the 3D volume-rendered CT 

images after 10 min injection. The CT signal gradually increased until 12 h pre-injection and 

then decreased after 24 h injection, matching well with the in vivo and ex vivo NIR-II bioimaging 

results. These results demonstrate that the PAA-Lu-NRs are promising agents for in vivo CT 

imaging. 

Histological analysis. Probes with low biotoxicity and high biocompatiblity are highly 

demanded for biomedicine applications. To reveal this, in vivo toxicity evaluation of PAA-Lu-

NRs was performed by a typical histological assessment method. Figure S24 shows the 

histological analysis of H&E stained organs (heart, liver, spleen, lung and kidney) of the normal 
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mouse intravenously injected with PAA-Lu-NRs for 3, 7 and 30 days and control group without 

injection, respectively. No apparent lesions in the isolated organs were observed, indicating the 

good biocompatibility and negligible toxicity side effect of the PAA-Lu-NRs for biomedical 

application. 

 

Conclusions 

In summary, high quality PAA-Ln-NRs with significantly enhanced downshifting NIR-IIb 

narrow-band emission beyond 1500 nm, uniformed size, and low bioxoticity via Ce
3+

 doping 

were explored. Optical-guided NIR-IIb small tumor (~4 mm)/metastatic tumor (~3 mm) 

diagnosis, non-invasive brain vessel imaging and tumor vessel imaging with high spatial 

resolution (41 µm) are achieved, owing to the strong 1525 nm emission of PAA-Lu-NRs. 

Therefore, in comparison with SWNTs, the explored PAA-Lu-NRs present highly uniform size, 

narrow-band emission, high QY (3.6% in water), low toxicity and capacity of multimodal 

imaging, making it more competitive in the next generation NIR-II optical imaging field.  
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