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ABSTRACT 

With the attractive characteristics of low toxicity, narrow emission spectra, long 

fluorescence lifetime, and no photobleaching, rare-earth doped nanoparticles (RENPs) 

have become promising imaging nanoplatforms in the second near-infrared window 

(NIR-II, 1000–1700 nm). Many studies have been devoted to different surface 

modification strategies of RENPs to achieve good NIR-II tumor imaging property. 

However, the tumor imaging efficiency of these approaches remains disappointing. 

Herein, two methods were pursued to modify RENPs with either polyethylene glycol 

(PEG) or cancer-cell-membrane to generate PEGylated-RENPs and cancer-cell-

membrane camouflaged RENPs (CC-RENPs), respectively. This study demonstrated 

that cancer-cell-membrane coating of RENPs greatly improved tumor imaging 

performance in NIR-II window than PEG coating. Besides, CC-RENPs uptakes in liver 

and spleen significantly decreased. Importantly, CC-RENPs was found to be capable to 

aid us to pursue precise resection of the tumor. In conclusion, CC-RENPs are capable 

of targeting tumors and show high tumor NIR-II imaging quality. They are highly 

promising nanomaterials for future medical applications. 

 

Key words: NIR-II imaging, rare-earth doped nanoparticles, cancer cell membrane, 

tumor imaging, surgery navigation 

 

1. Introduction  

Cancer is one of the most serious diseases that endanger human health.[1] To 

improve patient prognosis and reduce tumor mortality, noninvasive imaging techniques 

are urgently needed to diagnose diseases and identify focal areas.[2, 3] Optical imaging 

has gained growing attention because of its high sensitivity and capacity of obtaining 
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anatomic and physiological information.[4-6] Rare-earth doped nanoparticles (RENPs) 

are usually composed of lanthanide- or actinide-doped transition metals and emit both 

up-conversion luminescence in visible (450–700 nm) window and down-conversion 

luminescence in the second near-infrared (NIR-II, 1000–1700 nm) window. With the 

attractive characteristics of low toxicity, narrow emission spectra, long fluorescence 

lifetime, and no photobleaching, RENPs have become promising nanoplatforms in 

biomedical imaging.[7]  

Even though RENPs have worked properly in up-conversion tumor imaging, the 

signal-to-noise ratio (SNR) and penetration depth are rather limited by the short-

wavelength luminescence. Interestingly, NIR-II imaging can penetrate nearly 7 mm.[8] 

At the same time, SNR is improved to > 100 because of the negligible autofluorescence 

in the NIR-II window.[9] In addition, the photon scattering loss in the NIR-II window 

is reduced by 1000 times.[10] Therefore, the development and application of NIR-II 

imaging probes have become areas of intense interests,[11] and various strategies have 

been eagerly investigated, like modification with biomolecules such as hyaluronic acid 

(HA)[12] or AMD3100 (an antagonist to CXCR-4)[13] to realize tumor targeting, and 

surface coating with polylactic acid (PLA) or phospholipids[13] to achieve enhanced 

permeability and retention (EPR) effect. However, the imaging efficiency and 

performance have remained disappointing because of poor tumor accumulation or high 

retention in livers. New strategies modifications are urgently and highly desired to be 

explored.  

Herein, RENPs, specifically NaYF4:Nd5@NaYF4 nanoparticles were prepared 

with an optimized proportion of 5% Nd3+. Two methods such as coating with 

polyethylene glycol (PEG) and/or cancer cell membrane were further used to modify 

the RENPs. Inspiringly, the cancer cell membrane coated NaYF4:Nd5@NaYF4 

nanoprobe, namely CC-Nd@PEG, showed excellent performance in the detection of 

tumors and tumor surgery navigation capacity in the NIR-II window. 

 

2. Materials and methods 
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2.1 Synthesis of NaYF4:Nd5@NaYF4 nanoparticles 

NaYF4:Nd5@NaYF4 NPs were prepared using the thermal decomposition method, 

which is a commonly used approach to obtain RENPs with high yield.[10] Briefly, 

Y(OAc)3 (1.9 mmol) and 0.1 mmol Nd(OAc)3 were stirred and completed dissolved in 

a mixture of 30 mL of 1-octadecene and 12 mL of oleic acid (OA) at 130 - 150 °C. 

Afterward, the mixture was cooled to 40 °C and 20 mL of methyl alcohol containing 8 

mmol NH4F and 8 mmol NaOH were added dropwise. After the removal of the methyl 

alcohol through nitrogen flow, the temperature of the reaction rose quickly up to 300 °C. 

Then the NaYF4:Nd5 core was formed after the stirring for an additional 1.5 h. 

Followed by the repeating procedure using 2 mmol Y(OAc)3 to coat the core. After 

centrifuging and washing with ethyl alcohol, the resulting NaYF4:Nd5@NaYF4 was 

stored in n-hexane. All reactions were performed under nitrogen flow protection. 

The morphology and the size of the RENPs were identified on transmission 

electron microscopy (TEM, Tecnai G2 20 TWIN, FEI, the Netherlands). The 

absorbance of the RENPs was measured on an ultraviolet–visible (UV-VIS) 

spectrophotometer (Cary 60 UV-Vis, Agilent, USA). Photoluminescence (PL) emission 

spectra were obtained on a home-built NIR-II spectroscopy setup. The Zeta potential 

of NPs was determined by Dynamic Light Scattering (DLS) on an analyzer (Malvern 

Zetasizer Nano ZS90, UK). 

 

2.2 Preparation of PEGylated-RENPs 

A total of 2 mL of n-hexane containing 10 mg RENPs were added to 20 mL of 

distearoylphosphatidylethanolamine-polyethylene glycol solution (DSPE-PEG, 5K, 

1.1 mg/mL) and sonicated for 2 min on an ice bath. Then the aqueous layer was 

separated and filtered through a 0.22-micron membrane. After centrifugation (5000 g, 

15 min × 3) and purification by a molecular weight cutoff filter (30 kDa), PEGylated 

RENPs were collected. The morphology and the diameter of PEGylated-

NaYF4:Nd5@NaYF4 (named as Nd@PEG) were identified by TEM and DLS. The 

photostability of Nd@PEG in phosphate-buffered saline (PBS) or fetal bovine serum 
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(FBS) solution was tested using the NIR-II spectroscopy setup. 

 

2.3 Cell culture and preparation of CC-Nd@PEG 

The human breast cancer cell line MDA-MB-231 and NIH 3T3 fibroblasts were 

maintained in Dulbecco’s modified Eagle medium (Gibco, USA) supplemented with 

10% FBS (Gibco). The cell membranes of MDA-MB-231 cells were obtained by the 

extrusion method as previously described.[14] Cell disruption was performed with 

hypotonic lysis. Then the cell membranes were got by freeing the intracellular contents 

through differential centrifugation (Optima XPN-100 Ultracentrifuge, Beckman, USA). 

CC-Nd@PEG was obtained by physically extruding the mixture of cell membranes and 

Nd@PEG (w/w, 1/1) for 11 passes through a 200-nm polycarbonate membrane on a 

mini-extruder. The purification of CC-Nd@PEG was performed by centrifugation at 

1000 g to remove excess cancer cell membranes. The characteristics of CC-Nd@PEG 

were tested by TEM and DLS. And the photostability in PBS and FBS was also 

evaluated. The protein content of MDA-MB-231 cells, cell membranes, and CC-

RENPs were carried out in parallel using sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE). The expression of the specific membrane markers 

(Na+/K+-ATPase, EGFR and N-Cadherin) and cytosolic marker (GAPDH) in MDA-

MB-231 cells, cell membranes, and CC-RENPs were evaluated by western blot. 

 

2.4 Cytotoxicity test and in vitro uptake assay 

Approximately 1 × 104 3T3 fibroblasts or MDA-MB-231 cells per well were plated 

into 96-well plates and cultured overnight, respectively. Then different concentrations 

(5, 10, 25, 50, 100 and 250 µg/mL) of Nd@PEG and CC-Nd@PEG were added and 

incubated for 24 h, followed by 4 h exposure to 1 mM methyl thiazolyltetrazolium 

(MTT). After the removal of the media, any remaining formazan crystals were 

dissolved using DMSO and the absorbance at 490 nm was measured to assess cell 

viability. MDA-MB-231 cells (2 × 105 cells per well) were seeded in 6-well plates and 

then incubated with 0.5 mL of serum-free DMEM containing Nd@PEG or CC-
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Nd@PEG (2.5 µM) at 37 °C for 4 h. Thereafter, the cells were rinsed twice with 1 mL 

of PBS and digested with pancreatic enzyme. The fluorescence intensity of digestions 

was detected in the home-built NIR-II imaging system using a 1000 nm long-pass filter 

under 808 nm excitation. 

 

2.5 Animal models 

All animal studies were approved by Stanford University’s administrative panel on 

Laboratory Animal Care and performed in accordance with the National Institutes of 

Health Guide for the Care and Use of Laboratory Animals. BALB/c nude mice (female, 

n = 23, 4–6 weeks) were purchased from Charles River Laboratories (Wilmington, MA, 

USA) and received subcutaneous injections of MDA-MB-231 cells (5 × 106 per mice) 

in the right shoulder. Three weeks after the injections, the mice were used for in vivo 

NIR-II fluorescence imaging.  

 

2.6 Tumor targeted NIR-II imaging and image guided surgery 

Under anesthesia, the nude mice bearing MDA-MB-231 tumors received slow 

intravenous injection of 150 µL of CC-Nd@PEG (5 mg/mL, n = 3) or Nd@PEG (5 

mg/mL, n = 3) via the tail vein. Tumor imaging was performed at 1, 4, 8, and 24 h post-

injection under a 1000 nm long-pass filter with 808 nm excitation by a home-built NIR-

II small-animal imaging system. The power density of 808 nm laser was kept below 

100 mW cm-2. At 24 h, the tumors were resected under NIR-II imaging guidance. Image 

J was applied to analyze the luminescent signals and the tumor site-to-normal tissue 

ratios (T/N, the ipsilateral hind limb was selected as normal tissue) were calculated 

before and after the surgery. The tumors and surrounding tissues were cut off, fixed, 

and stained with hematoxylin and eosin (H&E).  

 

2.7 The biodistribution study of Nd@PEG and CC-Nd@PEG 

To study the biodistribution of RENPs, a total of 50 µL of CC-Nd@PEG (1 mg/mL, 

n = 3), Nd@PEG (1 mg/mL, n = 3), or PBS (biological background, n = 2) were injected 
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to the tumor bearing mice. After the injection for 24 h, the mice were euthanized and 

the interested tissues (i.e., hearts, livers, spleens, lungs, kidneys, bones and tumors) 

were collected and digested in the mixture of HNO3, HCl, and HClO4 (v/v/v = 3/1/2) at 

room temperature. After the removal of the acids, the samples were resuspended in DI 

water for determination of the metal ion Y3+ with inductively coupled plasma mass 

spectrometry (ICP-MS, Agilent 7900). To study the in-vivo pharmacokinetics of the 

two NPs, 20 μL of blood was collected for the Y3+ quantification at various time points 

(0.5, 1, 2, 4, 8, and 24 h) after the injection. 

 

2.8 In vivo toxicity evaluation 

In order to test the potential in vivo toxicity of RENPs, BALB/c nude mice (n = 9) 

received an injection of 200 μL of PBS, or PBS containing Nd@PEG or CC-Nd@PEG 

at the dose of ~45 mg/kg (n = 3 each group). The general status of the mice was 

evaluated every day by veterinarian and mice body weights were measured every five 

day. All mice were euthanized on the 30 day after the injection and H&E staining of 

liver, spleen, lung and kidney were performed.  

 

2.9 Statistical analysis 

Statistical analysis was performed with GraphPad Prism (version 5.0, San Diego 

CA, USA). All data are expressed as mean ± standard deviation. The differences 

between two groups were compared using Student’s t-test (two-tailed) and were 

considered statistically significant when P values were < 0.05.  

 

3. Results 

3.1 Characteristics of NaYF4:Nd5@NaYbF4, Nd@PEG and CC-Nd@PEG 

The core-shell NaYF4:Nd5@NaYF4 NPs were prepared using the thermal 

decomposition method (details in Materials and methods). The core contains a 5% 

portion of Nd3+ in NaYF4 crystal. NaYF4:Nd5@NaYF4 exhibited multiple absorption 

peaks, and the absorbance wavelength of NaYF4:Nd5@NaYF4 between 790–810 nm is 
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suitable for in vivo imaging (Figure 1A). NaYF4:Nd5@NaYbF4 showed sharp emission 

peaks corresponding to Nd3+ at 1060 nm (Figure 1B) under 808 nm excitation. The 

fluorescence quantum yield (QY) of NaYF4:Nd5@NaYbF4 was 7.1% with IR26 (QY 

= 0.5% in dichloroethane used) as a reference. In the TEM study, the shapes of the 

RENPs were regular and spherical (Figure 1D-F), and their diameters were 30.8 ± 1.0 

nm. After modified with a layer of DSPE-PEG, the diameters of Nd@PEG were 33.3 

± 0.9 nm (Figure 1E). Finally coated with cell membranes, CC-Nd@PEG (39.2 ± 1.1 

nm, Figure 1F) displayed a spherical shape with a typical core-shell (Nd@PEG-cell 

membrane) structure, and it showed good mono-dispersity in the aqueous environment. 

In the SDS-PAGE study, compared with cancer cells, the cell membrane proteins were 

mostly retained in the cell membranes and the resulting CC-RENPs after the hypotonic 

and extruding processes (Figure S1A), suggesting a successful translocation of the cell 

membranes to the RENPs’ surface. The western blot (Figure S1B) showed a similar 

presence of membrane markers Na+/K+-ATPase, EGFR and N-Cadherin in both cancer 

cell membranes and CC-RENPs, while cytosolic marker GAPDH were almost 

undetectable. So the CC-RENPs well inherited the membrane-specific markers. 

The mean hydrate particle sizes of Nd@PEG and CC-Nd@PEG were 101 and 154 

nm, respectively (Figure 2A). The average Zeta potential of Nd@PEG and CC-

Nd@PEG were −27.1 and −14.8 mV, respectively (Figure 2B). After continuous laser 

excitation, the fluorescence intensity of Nd@PEG and CC-Nd@PEG displayed slight 

fluctuations and remained ~ 100% of initial at 120 min in FBS and PBS (Figure 2C 

and D), indicating good photostability in vitro. Nd@PEG and CC-Nd@PEG showed 

no apparent cytotoxicity to MDA-MB-231 (Figure 3A) and NIH 3T3 cells (Figure S4) 

even at concentrations up to 250 µg/mL, demonstrating their in vitro biocompatibility. 

The fluorescence signals of CC-Nd@PEG in MDA-MB-231 cells were statistically 

2.55-fold higher than that of Nd@PEG (Figure 3B, P < 0.05), showing strong avidity 

of CC-Nd@PEG to MDA-MB-231cells in vitro. 

 

3.2 Tumor targeted NIR-II imaging and image guided surgery 
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The NIR-II images of MDA-MB-231 tumor bearing mice are shown in Figure 4. 

With rising T/N over time, MDA-MB-231 tumors were clearly delineated with CC-

Nd@PEG at 24 h post-injection (Figure 4B). Significant higher T/N was recorded in 

tumor mice models injected with CC-Nd@PEG than those injected with Nd@PEG at 

24 h (4.73 ± 0.23 vs. 2.20 ± 0.36, n = 3 each group, P < 0.05, Figure 4D). And there 

was no obvious signal in MDA-MB-231 tumors at 24 h after Nd@PEG injection 

(Figure 4A). With NIR-II imaging, image-guided surgery was successfully conducted 

(Figure 4C). And the signal ratio of the tumor region post removing of the tumor (T) 

to normal tissue (N) fell to 1.21 ± 0.06 (n = 3) (P < 0.05). Residual tumor was not 

detected in the H&E studies of the surrounding tissues, suggesting successful 

exairesis under NIR-II image guided surgery (Figure 4E). 

 

3.3 Biodistribution of Nd@PEG and CC-Nd@PEG 

In the biodistribution study, the Y3+ content in liver, spleen and bone was found to 

be at relatively high levels at 24 h post-injection. And the content in other tissues 

remained low levels, especially in the lung, which also demonstrated the 

monodispersity of both NPs (Figure 5A). Compared with Nd@PEG, CC-Nd@PEG 

exhibited significantly higher accumulation in the tumor (P < 0.0001), and lower 

accumulations in bone (P < 0.01), liver (P < 0.0001) and spleen (P < 0.0001). In the 

time curve of blood circulation, the CC-RENPs groups consistently exhibited 

significantly enhanced blood retention compared to Nd@PEG (Figure S5). 

 

3.4 In vivo toxicity evaluation  

The weight of the two groups of mice had no statistical difference within 30 days 

(Figure 5B). Liver, kidney, spleen, and lung were also evaluated for pathological 

changes. The results (Figure 5C) showed that there was no obvious damage to these 

organs with the intravenous injections of the nanoparticles, indicating that they were 

well-tolerated, leading to no death or an acute side effect of the subjects at the dose 

tested. 
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4. Discussion  

RENPs are well known for capable of realizing either up-conversing luminescence 

imaging in the visible window or down-conversion luminescence imaging in the NIR-

II window. Compared with visible imaging, fluorescent imaging in the NIR-II window 

is superior for achieving higher resolution and signal-noise ratio (SNR) with less tissue 

autofluorescence and photon scattering.[15, 16] Thus, the down-conversion 

luminescence of RENPs in the NIR-II window has greatly expanded its application in 

biomedical imaging.[17] The RENP, NaYF4:Nd5@NaYbF4, has shown sharp emission 

peak corresponding to Nd3+ at 1060 nm under 808 nm excitation and thus used for NIR-

II tumor imaging in this study. 

At present, a variety of NIR-II imaging materials such as single-walled carbon 

nanotubes, quantum dots, RENPs, polymers, and small-molecule organic dyes have 

been developed.[18-20] Among them, small-molecule organic dyes are the most widely 

applied.[21] However, the synthesis of organic dyes is complex.[22, 23] Some small-

molecule dyes are liable to be photo-quenched and decomposed. As a comparison, 

NaYF4:Nd5@NaYF4 can be easily synthesized by a thermal decomposition method at 

high yield.[24] The RENPs also possess good chemical stability and thermal 

tolerance.[25] In our recent study, RENPs coated with DSPE-mPEG (RENPs@DSPE-

mPEG) have shown remarkable imaging quality in blood vessels, lymph nodes, skeletal 

system mapping, and bone disease diagnoses.[26] More importantly, RENPs and 

modified RENPs show better photostability than most other materials, highlighting the 

potential for clinical translation.[27] 

Unfortunately, RENPs have generally shown short blood retention time and instant 

accumulation in the reticuloendothelial system, which offers little time for the EPR 

effect with tumors.[28] And due to macrophage function in the immune response, 

RENPs display undesirable high uptake in liver and spleen system. Therefore, for 

application in tumor imaging, strenuous efforts had been made to prolong its circulation 

time in blood, decrease macrophage uptake, and improve its opportunity to accumulate 
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in tumors. Bovine serum albumin (BSA), PEG, HA or PLA encapsulation enhanced 

nanomaterials with better biocompatibility, water solubility and tumor targeting 

capacity.[9, 13, 29, 30] However, the retention time is still not sufficient enough to 

obtain high tumor imaging performance. Red blood cell (RBC) and stem cell 

membranes could camouflage RENPs to avoid fast clearance and macrophage.[31, 32] 

And coating with stem cell membranes would enable the fabrication of nanocarriers 

with tumor tropism.[33] It still can’t realize the molecular recognition of the specific 

cancer. Recently, cancer cell membrane-cloaked RENPs (CC-RENPs) have been 

reported to have homologous targeting abilities to the same cancers, which displays 

superiority in cancer imaging in visible window.[14, 34] The imaging performance 

could be further improved with higher resolution using CC-Nd@PEG, which emit 

~1060 nm down-conversion luminescence under 808 nm excitation. In the results, CC-

Nd@PEG shows good tumor targeting ability and tumor imaging quality in NIR-II 

window. Using dynamic NIR-II imaging, the tumor can be further removed at a high 

temporal and spatial resolution, which may provide the surgeon with real-time and 

precise feedback.  

From the biodistribution study, the highest accumulations of Nd@PEG and CC-

Nd@PEG are both noted in the liver and spleen. Similarly, in our previous study, the 

RENPs@DSPE-mPEG uptake in the tissues shows the same clearance pathway and 

mainly accumulated in RES system. Compared with Nd@PEG, lower accumulation of 

CC-Nd@PEG in liver and spleen indicates less phagocytosis in the immune system. 

Higher tumor uptake of CC-Nd@PEG at 24 h post injection has been found than that 

of Nd@PEG. By coating the cancer cell membranes on the surface of RENPs, they can 

inherit the complex and unique surface properties from the source cells. The surface of 

the MDA-MB-231 cancer cell membrane is composed of numerous “self-marker” 

proteins and glycans, which effectively avoid the immune attack.[35] As a kind of 

stealth coating materials, the surface antigenic diversity of the cancer cell membrane 

completely replicates onto the surface of RENPs with proper orientation, which endows 

the RENPs with escaped ability from the mononuclear phagocyte system. These results 
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suggest that the cancer cell membrane cloaked nanoparticles could achieve high 

specific tumor imaging by inheriting the immune escaping from the cancer cell 

membrane, as well as homologous targeting capabilities from the same cancer cells. 

Considering double potential threats, the carcinogenic risk of cancer cells and the 

non-biodegradability of RENPs, the cancer cell membrane modified RENPs have been 

urged to evaluate their toxicity in biological applications. Nd@PEG and CC-Nd@PEG 

have resulted in no apparent cytotoxicity to NIH 3T3 cells in vitro. And in vivo results 

also indicate that Nd@PEG and CC-Nd@PEG are well tolerated at the dose tested (~45 

mg/kg), resulting in no body weight loss, obvious hepatic and renal damage. CC-

Nd@PEG did not cause tumors in the control nude mice with immunodeficiency. This 

is mainly due to the removal of nuclei constituent from the final formulation alleviated 

the safety concerns regarding genetic material. These results suggest the safety and 

biocompatibility of the RENPs. Accordingly, it is reasonable for us to assume that CC-

Nd@PEG may be an alternative and safe NIR-II image probe for future medical 

imaging applications.  

This study has some issues to be addressed. Further studies and convincing 

evidence are required to explore the homologous target and immune escape abilities of 

CC-Nd@PEG. Besides, other than using cell membranes to coat the RENPs, there are 

various methods to modify RENPs to be multifunctional, biocompatible and tumor 

targeting,[13, 36] which are worthy of exploring. Future work will focus on facile 

surface engineering of RENPs to increase its biocompatibility and clearance, and 

translational potential would be explored for in vivo imaging of different diseases. 

Moreover, considered high quantum yield of RENPs and high sensitivity of optical 

imaging, very low amount of materials can be administrated into living subjects for in 

vivo imaging. The administration routes of RENPs can also be explored to minimize 

toxicity concerns. 

 

5. Conclusions 

In summary, tumor precise surgery has been achieved using CC-Nd@PEG, 
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combining superior NIR-II fluorescence of RENPs and targeting of cancer cell 

membrane coating. NaYF4:Nd5@NaYF4 coated with cancer cell membranes can 

reduce accumulation in liver and spleen as well as improve tumor targeting. CC-

Nd@PEG is a highly promising nanoprobe for future medical applications. 

 

Acknowledgements 

This work was supported by the Office of Science (BER), US Department of 

Energy (DE-SC0008397), the National Natural Science Foundation of China (No. 

81630049, 81801738, 81901783, 81571747, and 81371628), and the National Science 

and Technology Support Program (No. 2015BAI01B09). Moreover, this work was also 

funded by a fellowship from China Scholarship Council (No. 201706160068, to X. 

Zhang). 

 

 

References 

[1] E.P. Mamounas, T. Kuehn, E.J.T. Rutgers, G. von Minckwitz, Current approach of the axilla in 

patients with early-stage breast cancer, Lancet 17 (2017) 31451-31454. https://doi.org/10.1016/S0140-

6736(17)31451-4. 

[2] X. Zhang, C. Liu, F. Hu, Y. Zhang, J. Wang, Y. Gao, Y. Jiang, Y. Zhang, X. Lan, PET imaging of 

VCAM-1 expression and monitoring therapy response in tumor with a (68)Ga-labeled single chain 

variable fragment, Mol. Pharm. 15 (2018) 609-618. https://doi.org/10.1021/acs.molpharmaceut.7b00961. 

[3] N.J. Weissman, P. Soman, D.J. Shah, Multimodality imaging: opportunities and challenges, JACC-

Cardiovasc. Imag. 6 (2013) 1022-1023. https://doi.org/10.1016/j.jcmg.2013.07.003. 

[4] S. Zhu, Q. Yang, A.L. Antaris, J. Yue, Z. Ma, H. Wang, W. Huang, H. Wan, J. Wang, S. Diao, B. 

Zhang, X. Li, Y. Zhong, K. Yu, G. Hong, J. Luo, Y. Liang, H. Dai, Molecular imaging of biological 

systems with a clickable dye in the broad 800- to 1,700-nm near-infrared window, Proc. Natl. Acad. Sci. 

114 (2017) 962-967. https://doi.org/10.1073/pnas.1617990114. 

[5] H. Yi, D. Ghosh, M.H. Ham, J. Qi, P.W. Barone, M.S. Strano, A.M. Belcher, M13 phage-

functionalized single-walled carbon nanotubes as nanoprobes for second near-infrared window 

fluorescence imaging of targeted tumors, Nano Lett. 12 (2012) 1176-1183. 

https://doi.org/10.1021/nl2031663. 

[6] G. Hong, J.C. Lee, J.T. Robinson, U. Raaz, L. Xie, N.F. Huang, J.P. Cooke, H. Dai, Multifunctional 

in vivo vascular imaging using near-infrared II fluorescence, Nat. Med. 18 (2012) 1841-1846. 

https://doi.org/10.1038/nm.2995. 

[7] F. Ren, L. Ding, H. Liu, Q. Huang, H. Zhang, L. Zhang, J. Zeng, Q. Sun, Z. Li, M. Gao, Ultra-small 

nanocluster mediated synthesis of Nd(3+)-doped core-shell nanocrystals with emission in the second 

near-infrared window for multimodal imaging of tumor vasculature, Biomaterials 175 (2018) 30-43. 



14 

 

https://doi.org/10.1016/j.biomaterials.2018.05.021. 

[8] Y. Yang, P. Wang, L. Lu, Y. Fan, C. Sun, L. Fan, C. Xu, A.M. El-Toni, M. Alhoshan, F. Zhang, Small-

molecule lanthanide complexes probe for second near-infrared window bioimaging, Anal. Chem. 90 

(2018) 7946-7952. https://doi.org/10.1021/acs.analchem.8b00603. 

[9] Y. Zhang, Y. Zhang, G. Hong, W. He, K. Zhou, K. Yang, F. Li, G. Chen, Z. Liu, H. Dai, Q. Wang, 

Biodistribution, pharmacokinetics and toxicology of Ag2S near-infrared quantum dots in mice, 

Biomaterials 34 (2013) 3639-3646. https://doi.org/10.1016/j.biomaterials.2013.01.089. 

[10] R. Wang, X. Li, L. Zhou, F. Zhang, Epitaxial seeded growth of rare-earth nanocrystals with efficient 

800 nm near-infrared to 1525 nm short-wavelength infrared downconversion photoluminescence for in 

vivo bioimaging, Angew. Chem. Int. Ed. 53 (2014) 12086-12090. 

https://doi.org/10.1002/anie.201407420. 

[11] K. Cheng, H. Chen, C.H. Jenkins, G. Zhang, W. Zhao, Z. Zhang, F. Han, J. Fung, M. Yang, Y. Jiang, 

L. Xing, Z. Cheng, Synthesis, characterization, and biomedical applications of a targeted dual-modal 

near-infrared-II fluorescence and photoacoustic imaging nanoprobe, ACS Nano 11 (2017) 12276-12291. 

https://doi.org/10.1021/acsnano.7b05966. 

[12] X. Dang, L. Gu, J. Qi, S. Correa, G. Zhang, A.M. Belcher, P.T. Hammond, Layer-by-layer assembled 

fluorescent probes in the second near-infrared window for systemic delivery and detection of ovarian 

cancer, Proc. Natl. Acad. Sci. 113 (2016) 5179-5184. https://doi.org/10.1073/pnas.1521175113. 

[13] M. Zevon, V. Ganapathy, H. Kantamneni, M. Mingozzi, P. Kim, D. Adler, Y. Sheng, M.C. Tan, M. 

Pierce, R.E. Riman, C.M. Roth, P.V. Moghe, CXCR-4 targeted, short wave infrared (SWIR) emitting 

nanoprobes for enhanced deep tissue imaging and micrometastatic cancer lesion detection, Small 11 

(2015) 6347-6357. https://doi.org/10.1002/smll.201502202. 

[14] L. Rao, L.L. Bu, B. Cai, J.H. Xu, A. Li, W.F. Zhang, Z.J. Sun, S.S. Guo, W. Liu, T.H. Wang, X.Z. 

Zhao, Cancer cell membrane-coated upconversion nanoprobes for highly specific tumor imaging, Adv. 

Mater. 28 (2016) 3460-3466. https://doi.org/10.1002/adma.201506086. 

[15] S. He, J. Song, J. Qu, Z. Cheng, Crucial breakthrough of second near-infrared biological window 

fluorophores: design and synthesis toward multimodal imaging and theranostics, Chem. Soc. Rev. 47 

(2018) 4258-4278. https://doi.org/10.1039/c8cs00234g. 

[16] K. Welsher, S.P. Sherlock, H. Dai, Deep-tissue anatomical imaging of mice using carbon nanotube 

fluorophores in the second near-infrared window, Proc. Natl. Acad. Sci. 108 (2011) 8943-8948. 

https://doi.org/10.1073/pnas.1014501108. 

[17] L. Liu, S. Wang, B. Zhao, P. Pei, Y. Fan, X. Li, F. Zhang, Er3+ sensitized 1530 nm to 1180 nm second 

near-infrared window upconversion nanocrystals for in vivo biosensing, Angew. Chem. Int. Ed. 57 (2018) 

7518-7522. https://doi.org/10.1002/anie.201802889. 

[18] G. Hong, S. Diao, J. Chang, A.L. Antaris, C. Chen, B. Zhang, S. Zhao, D.N. Atochin, P.L. Huang, 

K.I. Andreasson, C.J. Kuo, H. Dai, Through-skull fluorescence imaging of the brain in a new near-

infrared window, Nat. Photonics 8 (2014) 723-730. https://doi.org/10.1038/nphoton.2014.166. 

[19] H. He, Y. Lin, Z.Q. Tian, D.L. Zhu, Z.L. Zhang, D.W. Pang, Ultrasmall Pb:Ag2S quantum dots with 

uniform particle size and bright tunable fluorescence in the NIR-II window, Small 14 (2018) e1703296. 

https://doi.org/10.1002/smll.201703296. 

[20] B. Li, L. Lu, M. Zhao, Z. Lei, F. Zhang, An efficient 1064 nm NIR-II excitation fluorescent 

molecular dye for deep-tissue high-resolution dynamic bioimaging, Angew. Chem. Int. Ed. 57 (2018) 

7483-7487. https://doi.org/10.1002/anie.201801226. 

[21] A.L. Antaris, H. Chen, K. Cheng, Y. Sun, G. Hong, C. Qu, S. Diao, Z. Deng, X. Hu, B. Zhang, X. 



15 

 

Zhang, O.K. Yaghi, Z.R. Alamparambil, X. Hong, Z. Cheng, H. Dai, A small-molecule dye for NIR-II 

imaging, Nat. Mater. 15 (2016) 235-242. https://doi.org/10.1038/nmat4476. 

[22] Y. Sun, C. Qu, H. Chen, M. He, C. Tang, K. Shou, S. Hong, M. Yang, Y. Jiang, B. Ding, Y. Xiao, L. 

Xing, X. Hong, Z. Cheng, Novel benzo-bis(1,2,5-thiadiazole) fluorophores for in vivo NIR-II imaging 

of cancer, Chem. Sci. 7 (2016) 6203-6207. https://doi.org/10.1039/c6sc01561a. 

[23] Q.L. Yang, Z.B. Hu, S.J. Zhu, R. Ma, H.L. Ma, Z.R. Ma, H. Wan, T. Zhu, Z.Y. Jiang, W.Q. Liu, L.Y. 

Jiao, H.T. Sun, Y.Y. Liang, H.J. Dai, Donor engineering for NIR-II molecular fluorophores with enhanced 

fluorescent performance, J. Am. Chem. Soc. 140 (2018) 1715-1724. 

https://doi.org/10.1021/jacs.7b10334. 

[24] M. Kamimura, T. Matsumoto, S. Suyari, M. Umezawa, K. Soga, Ratiometric near-infrared 

fluorescence nanothermometry in the OTN-NIR (NIR II/III) biological window based on rare-earth 

doped β-NaYF4 nanoparticles, J. Mater. Chem. B 5 (2017) 1917-1925. 

https://doi.org/10.1039/C7TB00070G. 

[25] Z. Deng, X. Li, Z. Xue, M. Jiang, Y. Li, S. Zeng, H. Liu, A high performance Sc-based nanoprobe 

for through-skull fluorescence imaging of brain vessels beyond 1500 nm, Nanoscale 10 (2018) 9393-

9400. https://doi.org/10.1039/c8nr00305j. 

[26] S. He, S. Chen, D. Li, Y. Wu, X. Zhang, J. Liu, High affinity to skeleton rare earth doped 

nanoparticles for near-infrared II imaging, Nano Lett. 19 (2019) 2985-2992. 

https://doi.org/10.1021/acs.nanolett.9b00140. 

[27] F. Ding, Y. Zhan, X. Lu, Y. Sun, Recent advances in near-infrared II fluorophores for multifunctional 

biomedical imaging, Chem. Sci. 9 (2018) 4370-4380. https://doi.org/10.1039/c8sc01153b. 

[28] Z. Xue, S. Zeng, J. Hao, Non-invasive through-skull brain vascular imaging and small tumor 

diagnosis based on NIR-II emissive lanthanide nanoprobes beyond 1500 nm, Biomaterials 171 (2018) 

153-163. https://doi.org/10.1016/j.biomaterials.2018.04.037. 

[29] T. Sabri, P.D. Pawelek, J.A. Capobianco, Dual activity of rose bengal functionalized to albumin-

coated lanthanide-doped upconverting nanoparticles: Targeting and photodynamic therapy, ACS Appl. 

Mater. Interfaces 10 (2018) 26947-26953. https://doi.org/10.1021/acsami.8b08919. 

[30] K. Knop, R. Hoogenboom, D. Fischer, U.S. Schubert, Poly(ethylene glycol) in drug delivery: pros 

and cons as well as potential alternatives, Angew. Chem. Int. Ed. 49 (2010) 6288-6308. 

https://doi.org/10.1002/anie.200902672. 

[31] Z. Chen, P. Zhao, Z. Luo, M. Zheng, H. Tian, P. Gong, G. Gao, H. Pan, L. Liu, A. Ma, H. Cui, Y. 

Ma, L. Cai, Cancer cell membrane-biomimetic nanoparticles for homologous-targeting dual-modal 

imaging and photothermal therapy, ACS Nano 10 (2016) 10049-10057. 

https://doi.org/10.1021/acsnano.6b04695. 

[32] C. Gao, Z. Lin, Z. Wu, X. Lin, Q. He, Stem-cell-membrane camouflaging on near-infrared 

photoactivated upconversion nanoarchitectures for in vivo remote-controlled photodynamic therapy, 

ACS Appl. Mater. Interfaces. 8 (2016) 34252-34260. https://doi.org/10.1021/acsami.6b12865. 

[33] R.H. Fang, A.V. Kroll, W. Gao, L. Zhang, Cell membrane coating nanotechnology, Adv. Mater. 30 

(2018) e1706759. https://doi.org/10.1002/adma.201706759. 

[34] R.H. Fang, Y. Jiang, J.C. Fang, L. Zhang, Cell membrane-derived nanomaterials for biomedical 

applications, Biomaterials 128 (2017) 69-83. https://doi.org/10.1016/j.biomaterials.2017.02.041. 

[35] P.L. Rodriguez, T. Harada, D.A, Christian, D.A. Pantano, R.K. Tsai, D.E. Discher, Minimal "Self" 

peptides that inhibit phagocytic clearance and enhance delivery of nanoparticles. Science 6122 (2013) 

971-975. https://doi.org/10.1126/science.1229568. 



16 

 

[36] L. Xiong, Z. Chen, Q. Tian, T. Cao, C. Xu, F. Li, High contrast upconversion luminescence targeted 

imaging in vivo using peptide-labeled nanophosphors, Anal. Chem. 81 (2009) 8687-8694. 

https://doi.org/10.1021/ac901960d. 

 

  



17 

 

 

Figure 1. The synthesis of NaYF4:Nd5@NaYF4, Nd@PEG, and CC-Nd@PEG. The 

absorbance (A) and (B) emission spectra of NaYF4:Nd5@NaYbF4. (C) The synthesis 

process of CC-Nd@PEG. The TEM image of NaYF4:Nd5@NaYF4 (D), Nd@PEG 

(E) and CC-Nd@PEG (F). 
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Figure 2. Characteristics of Nd@PEG and CC-Nd@PEG. The (A) particle size and 

(B) distribution of zeta potential, which were tested by dynamic light scattering 

(DLS). The fluorescent photostability of Nd@PEG (C) and CC-Nd@PEG (D), 

respectively, over 2 h. 
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Figure 3. Cytotoxicity test and in vitro uptake assay of Nd@PEG and CC-Nd@PEG. 

(A) The MDA-MB-231 cytotoxicity of Nd@PEG and CC-Nd@PEG tested by MTT. 

(B) The uptake ability of CC-Nd@PEG to MDA-MB-231 cells was significantly 

higher than that of Nd@PEG. 
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Figure 4. Tumor targeted NIR-II Imaging. The tumor images of Nd@PEG (A) and 

CC-Nd@PEG (B) at 24 h (left: bright field image; right: NIR-II image). The tumors 

are indicated by arrows. The tumor site-to-normal ratios (T/N) of Nd@PEG and CC-

Nd@PEG at different time points are shown in D. With real-time NIR-II imaging, 

MDA-MB-231 tumors were delineated and resected thoroughly (C). The histology of 

the resected tumor and surrounding tissue was confirmed by H&E staining (E). Scale 

bar (A, B and C): 5 mm. *P < 0.001. 
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Figure 5. Biodistribution study and in vivo toxicity evaluation. (A) Biodistribution of 

Nd@PEG and CC-Nd@PEG at 24 h post-injection. The weight curves of the mice 

after the nanoprobe injected are shown in B (n = 3 per group). Representative H&E 

staining result of liver, kidney, spleen, and lung from the euthanized mice on the 30 

day after being injected with PBS or PBS containing Nd@PEG or CC-Nd@PEG (C, 

n = 3 per group). *P < 0.01 and **P < 0.0001. The data are expressed as means ± SD. 
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Graphical abstract 

Cancer cell membrane-coated rare earth doped nanoparticles for tumor surgery 

navigation in NIR-II imaging window 

Xiao Zhang a,b,1, Shuqing Hea,1, Bingbing Dinga, Chunrong Qua, Qing Zhanga, Hao 

Chena, Yu Suna, Hanyi Fangb, Yu Longb, Ruiping Zhangc, Xiaoli Lanb, Zhen Chenga* 

 

Cancer-cell-membrane-camouflaged RENPs manifest promising NIR-II tumor 

imaging performance by decreasing phagocytosis of liver and spleen as well as 

increasing tumor uptake. 

 

 




