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� A well-performance NIR-II
fluorescence nanoprobe (Er-RENPs),
which emission at 1550 nm with
808 nm laser excitation, is fabricated
by simple one-pot reaction.

� NIR-II imaging can clearly visualize
the structure of fallopian tubes, as
well as accurately diagnose common
fallopian tubal diseases with the aid
of Er-RENPs nanoprobe.

� The Er-RENPs can be excreted into
abdominal cavity in 120 min after
adminstration, and exhibit good
biocompatibility.

� NIR-II imaging has the potential to be
an alternative to HSG for tubal
patency diagnosis, with the aid of Er-
RENPs nanoprobe.
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Fallopian tube blockage-related diseases are the main cause of female infertility. Diagnosis of tubal
patency and accurate determination of tubal obstruction lesions is of great value for infertility treatment.
Conventionally, the common used hysterosalpingogram (HSG) has the disadvantages of radioactive haz-
ard and high false positive rate. Thus, the development of a safe and accurate method which can replace
traditional HSG for tubal patency diagnosis is urgently needed. Recently, fluorescence imaging in the sec-
ond near-infrared region (NIR-II) was widely used in in-vivo imaging research due to its excellent tissue
penetration and signal-to noise ratio. With the aid of fluorescence agents, NIR-II imaging has the potential
to diagnose tubal patency, which, unfortunately, has not been explored. Herein, a kind of rare-earth
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NIR-II fluorescence
Fallopian tube imaging
Fallopian tube diseases diagnosis
Erbium-based nanoprobe (Er-RENPs) with outstanding NIR-II fluorescence property was synthesized.
Based on the Er-RENPs, the potential of NIR-II fluorescence imaging was explored. Results show that
the outline of fallopian tubes can be clearly visualized with the help of Er-RENPs. And the stenotic, occlu-
sive fallopian tubes and hydrosalpinx can be diagnosed. Additionally, the Er-RENPs exhibit good biocom-
patibility. In this study, we reported that NIR-II rare-earth fluorescent nanoprobe can serve as a promising
fluorescent agent, and exhibits considerable potential application for tubal diagnosis.
� 2023 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The fallopian tube is an elongated and curved tube connecting
the uterus and ovary. It is an important part of the female repro-
ductive system where fertilization takes place as well as embryos
are nourished at the early stage [1]. Tubal diseases caused by pelvic
infection, pelvic adhesion, ovarian surgery, endometriosis and con-
genital anomaly may lead to partial blockage and even complete
occlusion of fallopian tube i.e. poor tubal patency, which hinders
fertilization between sperm and oocyte, further resulting in infer-
tility [2]. Statistically, poor tubal patency accounts for appropri-
ately one-third of female infertility [3]. Almost all female
infertility patients should be checked for tubal patency. Hence,
accurate diagnosis of tubal patency is significant for recanalization,
and the other infertility treatments.

Clinically, hydrotubation, hysterosalpingogram (HSG) are usu-
ally performed to investigate the tubal patency [4–6]. Hydrotuba-
tion refers injecting sterilized isotonic saline solution or the
other dye solution into fallopian tube, and the injection resistance
and reflux fluid volume are analyzed to evaluate the patency [7].
The diagnosis has the advantage of being simple and inexpensive.
However, it also has obvious shortcomings, such as the inability to
visualize the fallopian tubes and determine the location of block-
age [8]. In contrast, HSG which by means of X-ray imaging and iod-
inated media as contrast agents, is specialized in visualizing the
internal architecture of the fallopian tubes, and pinpointing the
blockage lesions. Thus, it is considered to be the gold standard to
diagnose tubal patency, and more commonly used clinically [9].
Unfortunately, HSG not only causes great uncomfortable to the
patients, but also puts patients at risk of radiation [10]. Even worse
is that the iodinated contrast agents utilized in HSG may lead to
tubal spasm in the corneal region, which may be misdiagnosed
as proximal tubal obstruction. Previous study has shown that as
much as 62% of patients who diagnosed with tubal occlusion by
HSG actually have open fallopian tubes [11]. Therefore, it is of great
importance to develop a novel accurate diagnosis strategy for fal-
lopian tubal diseases.

Fluorescence imaging is a common imaging modality, which is
widely used in medical and molecular biology imaging [12,13], due
to its high sensitivity and biosafety. Limited by the shortcomings of
penetration and signal-to-noise ratio (SNR), however, tradition flu-
orescence imaging is rarely applied to in vivo imaging. With the
rapid development of fluorescence imaging technology in recent
years, fluorescence imaging in the second near-infrared region
(NIR-II, 1000–1700 nm) has attracted extensive attention on
account of its excellent penetration and ultra-high SNR [14–17].
On that account, NIR-II fluorescence imaging is extensively utilized
in in vivo tumor imaging [18,19], blood vessel imaging [20,21],
lymphatic system imaging [22–24], inflammatory lesion imaging
[25–27]. Of note, NIR-II fluorescence imaging was reported suc-
cessfully used in human liver tumor surgery for providing fluores-
cent navigation, which illustrates the great potential of NIR-II
imaging in clinical diagnosis [28]. Based on above, NIR-II imaging
has great potential for replacing HSG to achieve accurate,
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radiation-free diagnosis of tubal patency, which, unfortunately,
have not been and reported so far.

To evaluate the application value of NIR-II imaging in the tubal
diagnosis, the selection of well-performance NIR-II probe is essen-
tial. The well-studied NIR-II probes include carbon nanotubes
(CNTs) [29], quantum dots (QDs, such as AgS QDs [30], AgSe QDs
[31]), organic NIR-II probes (such as modified ICG [28],
aggregation-induced emission luminogen dots [32]), and rare-
earth nanoparticles [33]. Thanks to their excellent fluorescent
properties and good biocompatibility, rare-earth nanoparticles
have attracted extensive attention, and have been widely investi-
gated. Based on the obvious advantages, rare-earth nanoparticles
may be ideal NIR-II fluorescent agents for precise tubal patency
diagnosis. Herein, the rare-earth Erbium-based NaErF4:0.5%Ho,2%
Ce@NaLuF4 nanoparticles (Er-RENPs) whose emitting peak located
at 1550 nm were synthesized. Further, the NIR-II nanoprobe exhib-
ited high-performance diagnostic of rabbit tubal diseases such as
complete tubal occlusion, mild tubal obstruction, and tubal break-
age. Additionally, almost all of the NIR-II nanoprobe can flow into
abdominal cavity from fallopian tubes in 120 min, and exhibits
excellent in vivo biocompatibility. Our study confirmed the poten-
tial of NIR-II imaging as an alternative to HSG for tubal patency
diagnostics, as well as the prospect of Er-RENPs for tubal diagnosis.
2. Experimental section

2.1. Materials and reagents

Erbium (III) chloride hexahydrate (ErCl3�6H2O, 99.9%), lutetium
(III) chloride hexahydrate (LuCl3�6H2O, 99.99%), holmium (III) chlo-
ride hexahydrate (HoCl3�6H2O, 99.9%), cerium (III) chloride hex-
ahydrate (CeCl3�6H2O, 99.9%), sodium fluoride (NaF, 99.99%),
Sodium hydroxide (NaOH, 96%), 1-octadecene (ODE, 90%) and oleic
acid (OA, 85%) were obtained from Aladdin Co. Ltd. (Shanghai,
China). Analytical grade tetrahydrofuran (THF) was purchased
from Shanghai Titan Scientific Co. Ltd. (Shanghai, China). PEG-
2000 modified with diphosphate group and methoxy group on
the two ends (CH3O-PEG-DP, Mw: 2000) respectively were cus-
tomized products provided by Beijing Oneder Hightech Co. Ltd.
(Beijing, China). CCK-8 reagent was purchased from Dojindo Labo-
ratories (Kumamoto, Japan). Fetal bovine serum (FBS) and
Penicilium-Streptomycin (Penicilium 100 U/mL and Streptomycin
100 lg/mL) were purchased from Gibco Life Technologies Co. Ltd.
(Grand Island, USA). Dulbecco’s Modified Eagle Medium (DMEM)
was obtained from BasalMedia Technologies Co. Ltd.
2.2. Synthesis and characterization of Er-RENPs

The Er-RENPs were synthesized according to the simple one-pot
reaction we have reported [34]. Firstly, the ultra-small lanthanide
fluoride nanocluster precursors were prepared referring to
liquid–solid-solution (LSS) strategy [35]. As for the shell precursor
synthesis, 1 mL of Lutetium (III) chloride hexahydrate aqueousso-
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lution (0.5 mol/L) together with 4 mL of sodium fluoride solution
(0.5 mol/L) were added drop by drop to a mixture including
sodium hydroxide (1.2 g), ethanol (8 mL), deionized water
(4 mL), and oleic acid (20 mL). The prepared mixture solution
was stirred at room temperature for 1 h, and then precipitated
with ethanol to collect NaLuF4 nanoclusters. After being washed
with ethanol for several times, the NaLuF4 nanoclusters were dis-
persed in cyclohexane (2 mL) for further use. Following the similar
process, the core Er/Ho/Ce (97.5% Er, 0.5% Ho, 2% Ce)) precursor
was fabricated. Subsequently, 2 mL of NaErF4:0.5%Ho, 2%Ce nan-
oclusters solution (0.5 mmol) was mixed with OA (6 mL) and
ODE (10 mL). The mixture was purged with nitrogen (N2) at 70
℃ for 30 min to fully remove the cyclohexane, and then heated
up to 280 ℃ at a rate of �10 ℃/min in a flask. After reaction for
30 min at 280 ℃, and cooling to 70 ℃, the reaction mixture was
added with 2 mL of NaLuF4 nanoclusters solution (0.5 mmol),
6 mL of OA, and 10 mL of ODE. The resultant solution was main-
tained at 70 ℃ for 30 min, and heated up to 280 ℃ to maintain
the reaction for 60 min to fabricate NaErF4:0.5%Ho,2%Ce@NaLuF4
nanoparticles. The core–shell nanoparticles were collected by cen-
trifugation, purified by washing with ethanol, and dispersed in
cyclohexane for further experiments. As for PEG modification, after
100 mg of PEG-diphosphate ligand (DP-PEG2000), 10 mg OA-coated
NaErF4:0.5%Ho,2%Ce@NaLuF4 core–shell nanoparticles added into
5 mL of THF, the ligand exchange was performed under the condi-
tion of stirring for 24 h at 40 �C. Following precipitated with cyclo-
hexane, and dried in a vacuum at room temperature, the
nanoparticles were dispersed in Milli-Q water, and purified by
ultrafiltration three times to remove free-polymer.

Appropriate volumes of water-soluble PEGylated Er-RENPs
were taken and dropped on the copper mesh. Following drying,
the morphology of the Er-RENPs was detected and recorded
through TEM (FEI Tecnai G20, USA) with the parameter of acceler-
ation voltage of 200 kV. Subsequently, Nano Measurer 1.2 software
was utilized to analyze the distribution of the nanoparticles.
Hydrodynamic diameter of PEGylated Er-RENPs was measured by
Zetasizer Nano ZS90 dynamic light scattering (DLS, Malvern, UK)
at 1, 24 and 48 h respectively. The fluorescence spectrum of OA-
modified Er-RENPs was recorded by FLS980 spectra (Edinburgh
Instruments, UK) operating with the parameters of 1 W 808 nm
laser excitation, and slit width 3 nm.

2.3. Cytotoxicity evaluation of PEGylated Er-RENPs

The classical CCK-8 assay was performed here to investigate the
cytotoxicity induced by Er-RENPs. Rapidly proliferating Hela and
NIH 3T3 cells cultured in complete DMEM medium (containing
10% FBS and 1% Penicilium-Streptomycin) were collected after
digestion, and plated into 96-well plates in the concentration of
5000 cells/well. Following incubation in incubator (37℃, 5% CO2)
for 24 h, cells were dosed with 0, 25, 50, 100, 200, 400, and
600 lg mL�1 Er-RENPs (quantified with concentration of Er), and
incubated for another 24 h in incubator. Then, media containing
Er-RENPs were abandoned, and fresh media containing 10% CCK-
8 reagent were added into 96-well plates. After incubation for
2 h, absorbance at 450 nm was measured by EnSpire� Multimode
Plate Reader (PerkinElmer, USA). Cell viability was calculated
according to the following equation:

Cell viability = (Asample - Ablank) / (Acontrol - Ablank) � 100%.

2.4. Photostability and fidelity of Er-RENPs

Er-RENPs (0.2 mg/mL) and ICG (0.02 mg/mL) solutions were
exposed to 808 nm laser at the power density of 1 W/cm2. Images
of Er-RENPs and ICG tubes were taken every 5 min after laser
3

irradiation by NIR-II Imaging System (Yingrui optics, China).
Finally, photostability was analyzed by measure mean fluorescent
pixel intensity. For fidelity analysis, firstly, Er-RENPs (1 mg/mL)
and ICG (0.1 mg/mL) solutions were injected into capillaries. Then,
capillary fluorescence images of Er-RENPs and ICG were recorded
by NIR-II Imaging System with using LP1250 and LP880 filters,
respectively. Phantom width of Er-RENPs and ICG capillary images
was analyzed by ImageJ software.
2.5. Animal experiments

The female New Zealand rabbits used in the research were
obtained from Laboratory Animal Center of Soochow University.
All of the animal experiments were performed according to proto-
cols approved by the Institutional Animal Care and Use Committee
of Soochow University.
2.6. NIR-II fluorescence imaging of normal and slender fallopian tubes
using Er-RENPs

Firstly, healthy female New Zealand rabbits weighting about
3 kg were anesthetized with 10% chloral hydrate at the dose of
2 mL kg�1. After the processes of fixing, shaving, and sterilizing car-
ried out, the rabbits were operated with laparotomy, and shown
both sides of the uterus. A catheter was placed into fallopian tube
at the utero-tubal junction. Then, 400 lL of PEGylated Er-RENPs
(1 mg mL�1) were injected into fallopian tube. Immediately after
Er-RENPs injection, Real-time NIR-II imaging was implemented
by the NIR-II Imaging System (Serious II 900–1700) equipping
the long-pass filter of 1250 nm, and operating with the parameter
of 5 W 808 nm laser excitation, exposure time 200 ms. The New
Zealand rabbits weighting about 1.5 kg were selected to detect
slender fallopian tubes by using NIR-II imaging.
2.7. NIR-II fluorescence imaging of tubal occlusion and stenosis using
Er-RENPs

3 kg female New Zealand rabbits were selected to construct
tubal stenosis and occlusion models. After anesthesia, disinfection,
and laparotomy, fallopian tube was ligated tightly with sterile sur-
gical suture at the place 2 cm from the utero-tubal junction. As for
the tubal stenosis model, a stent 2 cm in length, and 3 mm in diam-
eter was placed parallel to the fallopian. Thereafter, fallopian tube
and stent were ligated together with sterile surgical suture at the
place 2 cm from the utero-tubal junction. Finally, the stent was
pulled out gently to establish the tubal stenosis model. After mod-
eling, 400 lL of PEGylated Er-RENPs (1 mg mL�1) were injected in
to fallopian tubes, and modeling fallopian tubes were imaging by
NIR-II Imaging System.
2.8. NIR-II fluorescence imaging of fallopian tube with hydrosalpinx
using Er-RENPs

The female New Zealand rabbits weighting 3 kg were selected,
and subjected to anesthesia, disinfection, and laparotomy as
described above. Appropriate volume of isotonic saline solution
was injected into fimbriae tubae uterinae to construct hydros-
alpinx model. Thereafter, 400 lL of PEGylated Er-RENPs
(1 mg mL�1) were injected into fallopian tube at utero-tubal junc-
tion. And fallopian tube with hydrosalpinx was imaged using NIR-II
Imaging System. Hydrosalpinx was treated by placing a stent
(Bard) into the fallopian tube to the tubal fimbria. After treatment,
the Er-RENPs were injected again to determine the patency of fal-
lopian tubes by NIR-II imaging.
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2.9. NIR-II fluorescence imaging the process of Er-RENPs excretion
from fallopian tube

The process of Er-RENPs excretion from fallopian tubes was
monitored in normal and stenotic fallopian tubes. The stenotic fal-
lopian tube model was constructed as described above. Immedi-
ately after 400 lL of PEGylated Er-RENPs (1 mg mL�1) injection
into normal or stenotic fallopian tubes, NIR-II imaging was
recorded by NIR-II Imaging System.

2.10. Histological analysis

To investigate the in vivo biocompatibility, normal female New
Zealand rabbits weighting 3 kg were injected with 400 lL of ster-
ilized isotonic saline solution (control group) and 400 lL of PEGy-
lated Er-RENPs (1 mg mL�1) to fallopian tubes, respectively. After
Fig. 1. (a) TEM image of Er-RENPs, and the particle size distribution histogram (insert), (
energy-level diagrams depict the1550 nm emission of Er-RENPs after excited by a 808 nm
with different concentrations of Er-RENPs for 24 h, (e) photostability of Er-RENPs and ICG
with (f) the phantom width of Er-RENPs and ICG capillary images taken with LP1250 an
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imaging for 2 h, rabbits were sacrificed and dissected. Fallopian
tubes, uterus, ovaries were removed, and fixed in 4% paraformalde-
hyde solution overnight at room temperature. Thereafter, fixed
samples were embedded with paraffin, sectioned into thin slices,
and staining with hematoxylin and eosin (H&E). Finally, histologi-
cal sections were observed by Leica optical microscope (DMI8), and
photographed through Las X software.
3. Results and discussion

We synthesized Er-RENPs according to the strategy reported by
our group previously [34]. The morphology and size of the Er-
RENPs were observed by transmission electron microscopy
(TEM). As shown in Fig. 1a, the well-prepared Er-RENPs displayed
the uniform spherical shape with an average size of 13.4 ± 1.1 nm,
b) photoluminescence spectrum of Er-RENPs under 808 nm excitation laser, (c) the
laser, (d) cell viability of Hela cell line obtained through CCK-8 assay after incubated
after exposed to 808 nm laser for 25 min at the power intensity of 1W/cm2, together
d LP880 filters, respectively.
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which is furtherly supported by the results of (DLS), showing only a
sharp peak located at 18.2 nm (Fig. S1). In addition, the DLS peaks
maintain the same in 72 h, indicating the excellent structural sta-
bility of the Er-RENPs. The result of fluorescence spectrum given in
Fig. 1b reveals that the emission peak distributed at 1550 nm after
808 nm laser excitation, reflecting the Er-RENPs are appropriate for
in vivo NIR-II fluorescence imaging. The quantum yield (QY) in NIR-
II region of the Er-RENP modified with polyethylene glycol (PEG)
was 0.73% by taking IR-26 dye as a standard (Fig. S2), which is sig-
nificantly higher than CNT (0.4%) [36], IR-26 (0.5%) [37], and com-
parable to the other RENPs reported previously [34]. The high QY is
resulted from the rational design of the Er-RENPs (Fig. 1c). 808 nm
laser excitation populated the 4I9/2 energy level of Er3+. Subse-
quently, the Er3+ 4I9/2 ? 4I11/2, 4I11/2 ? 4I13/2 nonradiative transition
occurred, populating the 4I13/2 state of Er3+. Meanwhile, the Er3+
4I11/2 level transferred to Ho3+ and Ce3+. Then the energy trans-
ferred to Er3+ 4I13/2 by nonradioactive transition and nonradiative
cross-relaxation, leading to a higher population of the Er3+ 4I13/2
state, which enhanced the 1550 nm downconversion NIR-II lumi-
nescence generation due to increasing radiative transition of Er3+
4I13/2 returning to the ground state Er3+ 4I15/2. In addition, the
core–shell structure and Er and Lu elements locating in core and
shell can be determined by the EDX mapping displayed in
Fig. S3. NaLuF4 coating possesses good luminescence protection
effect, because of its suppression on the non-radiative energy tran-
sition of luminescence center, which is in consistent with previous
results [34,38,39]. Therefore, rational design endows the Er-RENPs
good fluorescence property in NIR-II region, and further study con-
firms the deep tissue penetration of Er-RENPs (Fig. S4). Subse-
quently, the cytotoxicity evaluated by cell counting kit-8 (CCK-8)
assay shows that the cell viabilities of both Hela and NIH 3T3 cell
lines are remained higher than 80% (Figs. 1d and S5), even with
Er3+ concentration as high as 600 lg/mL, demonstrating excellent
biocompatibility of the Er-RENPs. To further explore the potential
of Er-RENPs for in vivo bioimaging, the photobleaching experiment
was performed, with clinically used fluorescence dye ICG (NIR-I,
835 nm) as a reference. As shown in Fig. 1e, distinct from the
remarkable fluorescence quenching of ICG, Er-RENPs has almost
no fluorescence attenuation after 25 min irradiation with 808 nm
laser (1 W/cm2), indicating the photostability of the Er-RENPs.
Fig. 2. (a) Schematic illustration of fallopian tube NIR-II imaging together with the Er-REN
imaging (fallopian tube, and uterus are marked with red, and blue arrows respectiv
administration, (c) photographs of slender fallopian tube obtained by NIR-II imaging sy
legend, the reader is referred to the web version of this article.)
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Moreover, the phantom width of Er-RENPs capillary image (about
1.0 mm) is significantly narrower than that of ICG (about
1.8 mm) (Fig. 1f), elucidating the superior fidelity of NIR-II emitted
Er-RENPs over NIR-I emitted ICG. Therefore, the Er-RENPs may dis-
play lesions more accurately, and present more pathological details
when it is utilized for in vivo bioimaging, outperforming clinically
used ICG.

To explore the potential application of the Er-RENPs for tubal
imaging, in vivo experiments were employed. Figs. 2b and S6 show
the NIR-II imaging of normal fallopian tubes. The partial fallopian
tube was lighted up just after 1 s injection of Er-RENPs. The lighted
area of fallopian tube becomes larger, and sinuous outline of the
fallopian tube becomes clearer with the lapse of time. At 45 s after
the nanoprobe administration, the fluorescent signal filled the
entire fallopian tube, which delineates the structures of fallopian
tube (Fig. 2b), facilitating the diagnosis of tubal lesions. Addition-
ally, we also tested the NIR-II imaging in slender fallopian tube
with Er-RENPs serving as the fluorescence probe. As shown in
Figs. 2c and S7, the lighten area in fallopian tube becomes larger
over time, and the outline of the whole tubal can be observed until
180 s after Er-RENPs administration, taking much longer time than
in the normal ones, which is attributed to the larger resistance the
nanoprobe encountered when passes through the slender fallopian
tube. These results indicate that NIR-II imaging has good perfor-
mance in of normal and slender fallopian tubes, with the Er-
RENPs serve as the fluorescence agent.

The excellent NIR-II imaging ability of the Er-RENPs in fallopian
tube encouraged us to investigate their potential application for
the diagnosis of the tubal diseases. As depicted in Fig. 3a, we pre-
pared occlusive and stenotic tubal models by ligating fallopian
tubes with surgical sutures. After the nanoprobe injected into
occlusive or stenotic fallopian tubes, NIR-II imaging was recorded
immediately. It can be observed that fluorescent signal diffused
in the occlusive fallopian tube, and is blocked at the ligated site,
making it easy to accurately identify the occluded lesion (Figs. 3b
and S8). As for the stenotic fallopian tube, the fluorescent signal
stalls at the ligated site for a short while, then breaks through
the ligated site, and lights up the entire fallopian tube (Figs. 3c
and S9). It is noteworthy that the signal at the ligated site is defi-
cient, and about 2.8-fold weaker than that in front of the ligated
Ps administration, (b) photographs of normal fallopian tube obtained by bright field
ely), and NIR-II fluorescence imaging following 400 lL Er-RENPs (1 mg mL�1)
stem (scare bar, 1 cm). (For interpretation of the references to colour in this figure



Fig. 3. (a) Schematic illustration of occlusive and stenotic fallopian tube models construction together with stenotic and occlusive tubal NIR-II imaging, together with (b)
photographs of stenotic fallopian tube, (c) and occlusive fallopian tube obtained through NIR-II imaging system after Er-RENPs administration, (d) and the fluorescence
intensity analysis based on the cross-sectional intensity profiles in (c), (e) as well as the time-dependent fluorescence intensity spectra of the selected points behind (point A
in figure c) and in front of (point B in figure c) the ligated site (scare bar, 1 cm).

Fig. 4. (a) Schematic diagram of modeling and NIR-II imaging of hydrosalpinx, (b) photographs of hydrosalpinx tubal NIR-II imaging with Er-RENPs serving as florescence
agent (fallopian tube marked with red arrows), (c) Schematic illustrating hydrosalpinx unclogging, and NIR-II imaging, (d) photographs of unclogged hydrosalpinx tubal NIR-
II imaging obtained by NIR-II imaging system, red arrows denote tubal fimbria (scare bar, 1 cm). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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site (Fig. 3d). Additionally, the fluorescence intensity behind the
ligated site is much weaker than the counterpart in front of the
ligated site, originating from less flux of fluorescence agent passing
the ligated site (Fig. 3e), which makes it easy for doctors to diag-
nose the patency of the fallopian, and identify the stenotic site pre-
cisely, reflecting the considerable potential of the NIR-II imaging in
the diagnosis of tubal diseases, especially the lesions identification,
with the aid of the Er-RENPs nanoprobe.

We further explored the NIR-II imaging of fallopian tube with
hydrosalpinx, a common infertility-causing tubal disease [40], with
the help of the Er-RENPs. As shown in Fig. 4a, hydrosalpinx model
was prepared, and then the Er-RENPs were administrated. Fallop-
ian tube with hydrosalpinx can be faintly visualized with the
NIR-II imaging system, which is attributed to the enormous pres-
sure of fimbria (Figs. 4b and S10). In stark contrast, fallopian tube
was rapidly lighted up, after the Er-RENPs injection and the swol-
len tubal fimbria can be clearly observed (marked with red arrows
in Figs. 4d and S11) once the hydrosalpinx was unclogged via a
stent (Fig. 4c). It was demonstrated that NIR-II imaging based on
the Er-RENPs can not only utilized for the hydrosalpinx diagnosis,
but also evaluating of the unclogging effect.
Fig. 5. The Er-RENPs excretion process from (a) normal, and (b) stenotic fallopian tubes i
red arrows epitomize ligation site (scare bar, 1 cm). (For interpretation of the references t

Fig. 6. Images of histologic section staining with H&E reflecting biocompatibility of th
ovaries) after the Er-RENPs injection for 2 h (scare bar, 100 lm).
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In addition, the process of the Er-RENPs excretion from fallopian
tube, which may be associated with potential toxicity, is moni-
tored. As shown in Figs. 5a and S12, diffuse fluorescence signal
can be observed at the ovarian side, after the entire fallopian tube
is lighted up. The area of diffuse signal becomes larger, accompa-
nied by the dimming of the fluorescence signal in the fallopian
tube with the lapse of time. The signal changes indicate that the
injected Er-RENPs are mainly excreted into abdominal cavity
through the opening of the ovary. The fallopian tube can be barely
observed after 120 min demonstrating the successful expel of Er-
RENPs. Furthermore, to figure out whether stenotic fallopian tube
affects the excretion of the nanoprobe, we also explored the excre-
tion process of the Er-RENPs in stenotic fallopian tube. Similarly,
the Er-RENPs at the back of the ligated site can slowly be excreted
into abdominal cavity through ovary, whereas the nanoprobe in
front of the ligated site is expelled through uterus-vagina
(Figs. 5b and S13). Most of the nanoprobe can be expelled from ste-
notic fallopian tube in 120 min.

Meanwhile, histological analysis of fallopian tubes, ovaries,
uterus and the other major organs (liver, kidney, heart, spleen,
and lung) was performed to evaluate in vivo biocompatibility of
nvestigated using NIR-II imaging after 400 lL Er-RENPs (1 mg mL�1) administration,
o colour in this figure legend, the reader is referred to the web version of this article.)

e Er-RENPs to female rabbit’s reproductive system (fallopian tubes, uteruses, and
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the Er-RENPs. From the photographs recording hematoxylin and
eosin (H&E) staining displayed in Figs. 6 and S14, it can be
observed that there is no significant difference between Er-RENPs
administration group and control group (treated with isotonic sal-
ine), illustrating the outstanding biocompatibility, and the safety of
the Er-RENPs for biomedical application. In addition, it is reported
that rare earth nanoparticles (RENPs) are often retained in the liver
and spleen for 1–2 weeks after administration [41], which may
lead to potential long-term toxicity to liver and spleen. Thus, the
histological analysis was employed at Day 10 after Er-RENPs
administration. As shown in Fig. S15, no clear histological injury
(such as edema and inflammation) of liver, spleen as well as the
other major organs can be observed in both control and Er-
RENPs groups, which may alleviate the concerns of long-term tox-
icity to liver and spleen.

4. Conclusions

In summary, a kind of the core–shell rare-earth Er-RENPs pro-
cessing excellent NIR-II fluorescent capability and biocompatibility
was synthesized by a simple one-pot reaction. The normal and
slender fallopian tubes can be clearly visualized by NIR-II imaging
systemwith the Er-RENPs serving as fluorescence probe. Moreover,
the blockage lesions can be easily determined in stenotic and
occlusive fallopian tubes. Furthermore, the Er-RENPs enable the
successful diagnose of hydrosalpinx, and the efficacy can be
assessed after the hydrosalpinx unclogged. Last but not least, most
of the Er-RENPs can be expelled into abdominal cavity from fallop-
ian tubes through the opening of ovary after 120 min of adminis-
tration, exhibiting good biosafety for the reproductive system of
female rabbits. Thus, NIR-II imaging has the potential to be devel-
oped as an alternative to HSG for tubal patency diagnosis, with the
aid of Er-RENPs nanoprobe.
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