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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.
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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



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% Nd**. 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



2.1 Synthesis of NaYF4:Nd5@NaYF4 nanoparticles

NaYFs: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(OACc)3 (1.9 mmol) and 0.1 mmol Nd(OAc); 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 G? 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 2590, 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 x 3) and purification by a molecular weight cutoff filter (30 kDa), PEGylated
RENPs were collected. The morphology and the diameter of PEGylated-
NaYF4:Nd5@NaYFs (named as Nd@PEG) were identified by TEM and DLS. The

photostability of Nd@PEG in phosphate-buffered saline (PBS) or fetal bovine serum



(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 x 10* 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 pg/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 x 10° 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-



Nd@PEG (2.5 uM) 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 x 10° 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 uL 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-
IT small-animal imaging system. The power density of 808 nm laser was kept below
100 mW cm. 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 uLL of CC-Nd@PEG (1 mg/mL,
n=3),Nd@PEG (1 mg/mL, n = 3), or PBS (biological background, n = 2) were injected



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, HCI, and HC1O4 (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 Y** with inductively coupled plasma mass
spectrometry (ICP-MS, Agilent 7900). To study the in-vivo pharmacokinetics of the
two NPs, 20 L of blood was collected for the Y** 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 pL 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 z-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 NaYFs#:Nd5@NaYFs NPs were prepared using the thermal
decomposition method (details in Materials and methods). The core contains a 5%
portion of Nd** in NaYF; crystal. NaYF4:Nd5@NaYF, exhibited multiple absorption
peaks, and the absorbance wavelength of NaYF4:Nd5S@NaYF4 between 790-810 nm is



suitable for in vivo imaging (Figure 1A). NaYF4:Nd5 @NaYbF4 showed sharp emission
peaks corresponding to Nd** 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 pg/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-1I imaging and image guided surgery



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 SA). 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 SB). 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.



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-
IT 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 Nd** at 1060 nm under 808 nm excitation and thus used for NIR-
IT 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@NaYF;s 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@PEQG,
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combining superior NIR-II fluorescence of RENPs and targeting of cancer cell
membrane coating. NaYF4:Nd5@NaYFs 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.
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Figure 1. The synthesis of NaYF4:Nd5@NaYF4, Nd@PEG, and CC-Nd@PEG. The
absorbance (A) and (B) emission spectra of NaYF4:Nd5@NaYbF;. (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 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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Graphical abstract

Cancer cell membrane-coated rare earth doped nanoparticles for tumor surgery
navigation in NIR-II imaging window

Xiao Zhang **!, Shuqing He*!, Bingbing Ding®, Chunrong Qu?, Qing Zhang?, Hao
Chen?, Yu Sun?, Hanyi Fang®, Yu Long®, Ruiping Zhang®, Xiaoli Lan®, Zhen Cheng®*

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.
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