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Background: In vivo fluorescence imaging in the second near-infrared (NIR-II, 1000–1700

nm) window using organic fluorophores has great advantages, but generally suffers from

a relatively low fluorescence quantum yield (mostly less than 2%). In this study, organic

nanoparticles (L1013 NPs) with a high fluorescence quantum yield (9.9%) were systhesized

for in vivo imaging.

Methods: A molecule (BTPPA) with donor-acceptor-donor structure and aggregation-

induced emission enabling moieties was prepared. BTPPA molecules were then encapsulated

into nanoparticles (L1013 NPs) using a nanoprecipitation method. The L1013 NPs were

intravenously injected into the mice (including normal, stroke and tumor models) for

vascular and tumor imaging.

Results: L1013 NPs excited at 808 nm exhibit NIR-II emission with a peak at 1013 nm and

an emission tail extending to 1400 nm. They have a quantum yield of 9.9% and also show

excellent photo/colloidal stabilities and negligible in vitro and in vivo toxicity. We use L1013

NPs for noninvasive real-time visualization of mouse hindlimb and cerebral vessels (includ-

ing stroke pathology) under a very low power density (4.6–40 mW cm‒2) and short exposure

time (40–100 ms). Moreover, L1013 NPs are able to localize tumor pathology, with a tumor-

to-normal tissue ratio of 11.7±1.3, which is unusually high for NIR-II fluorescent imaging

through passive targeting strategy.

Conclusion: L1013 NPs demonstrate the potential for a range of clinical applications,

especially for tumor surgery.

Keywords: fluorescence NIR-II imaging, aggregation-induced emission, organic

nanoparticle, vascular imaging, tumor imaging

Introduction
Compared to imaging in the visible and traditional near-infrared region (NIR-I,

650–900 nm), in vivo fluorescence imaging in the second near-infrared (NIR-II,

1000–1700 nm) region exhibits lower photon scattering and tissue

autofluorescence.1–3 NIR-II imaging can therefore provide a higher spatial resolution

(micrometer-scale) at sub-centimeter depths and has the potential for tumor

identification,4–6 vascular visualization7,8 andmolecular imaging.9,10 Various inorganic

NIR-II fluorescent agents, including single-walled carbon nanotubes,11,12 semicon-

ducting quantum dots,13–16 and rare-earth doped nanoparticles (NPs),17,18 have been

extensively investigated for NIR-II fluorescence imaging in vivo. However, these

agents have potential long-term toxicity concerns (eg, caused by heavy metal ion
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leaching). Organic NIR-II fluorophores are not associated

with these long-term toxicity concerns, and they are therefore

considered more suitable for clinical use. Existing organic

NIR-II fluorophores include organic dyes,19 conjugated poly-

mer nanoparticles,20 and donor-acceptor-donor (D-A-D)-

structured small molecules.21–27 However, their use for

in vivo imaging is dominantly limited by their low fluores-

cence quantum yield (QY, mostly less than 2%) in aqueous

media.19–23,25,28 The low QY is mainly caused by strong

intramolecular charge transfer effect21,22,28 and aggregation-

caused quenching (ACQ) effect.19,25,29

Opposite to ACQ effect, aggregation-induced emis-

sion (AIE) is a unique phenomenon that AIE fluorophores

have increased fluorescence upon aggregate formation,

because of the restriction of intramolecular rotation aris-

ing from physical constraint.30 AIE nanoparticles (AIE

NPs) are nanostructures that incorporate tightly packed

AIE molecules as active components.31,32 The unique

AIE characteristics enable AIE NPs with a high QY.

AIE NPs could be readily prepared through nanoprecipi-

tation with tunable NP size, fluorescence wavelength, and

surface chemistry. Brightness can be adjusted in propor-

tion to the number of AIE molecules within the NPs. AIE

NPs also possess good stability, high absorption coeffi-

cient, and excellent biocompatibility. These features

make AIE NPs ideal for in vivo fluorescence imaging.

However, to date, most reported AIE NPs are emissive in

the visible and far-red/NIR bands,33–38 which cannot

provide much biological information about deep tissues,

due to severe photon interference. Recently, long wave-

length excitable (~740 nm) NIR-II AIE NPs have been

reported for imaging of brain tumors.39 However, only

a small part of their emission profile was located in the

NIR-II region, and the QY in NIR-II region was esti-

mated to be around 2.7%. Thus, development of NIR-II

AIE NPs with improved properties is still challenging.

Here, we report a novel organic AIE fluorophore,

BTPPA, and its formulation into NPs, named L1013

NPs. Using an in vivo mouse model, we then demonstrate

the utility of L1013 NPs for imaging a variety of biologi-

cal tissues and their sensitivity for detecting stroke and

neoplastic disease.

Material and methods
Materials
1,2-Distearoyl-sn-glycero-3-phosphoetanolamine-

N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000)

was obtained from Laysan Bio, Inc. Milli-Q water

(18.2 MΩ) was supplied by a Milli-Q Plus System

(Millipore Corporation, Bedford, USA) and used for all

the experiments requiring an aqueous medium. All other

Chemicals were purchased from Sigma-Aldrich or Energy

Chemical (China) and used as received unless specified

otherwise.

Characterization
Nuclear magnetic resonance (NMR) spectra were recorded

on a Bruker Avance III 400 MHz NMR spectrometer (400

MHz for 1H, referenced to TMS at δ =0.00 ppm and 100

MHz for 13C, referenced to CDCl3 at 77.0 ppm). The

hydrodynamic diameter and zeta potential of L1013 NPs

were recorded on Micromeritics Nanoplus-3 (US).

Transmission electron microscopy (TEM) images were

obtained on a JEOL JEM-2100 electron microscope with

an accelerating voltage of 200 KV. UV-vis-NIR spectra

were measured on a Shimadzu UV-1750 spectrometer.

Photoluminescence (PL) spectra were recorded on an

Edinburgh instruments FLS980, using Xe lamp as the

excitation source and a liquid nitrogen cooled InGaAs

diode detector for signal detection. Fluorescence quantum

yield was determined using IR26 in 1,2-dichloroethane

(0.5%) as the standard. The absorbance of solutions was

controlled below 0.1 to avoid internal filter effect.

Preparation of nanoaggregates
Stock solution of BTPPA in tetrahydrofuran (THF) was

prepared with a concentration of 1 mg mL‒1. Aliquots of

the stock solution were added to 1 mL tube and diluted

with appreciate amounts of THF, and then water was

added in one portion under vigorous stirring to afford 10

μg mL‒1 solutions with different water fractions (0‒90

vol%). The PL measurements of the resultant mixture

solutions were performed immediately upon excitation

at 750 nm. The fluorescence images of the resultant

solution were also captured by a two-dimensional

InGaAs array (Suzhou Optics, China) upon excitation

at 808 nm (power density: 4.6 mW cm‒2) with a 1000

long-pass (LP) filter for signal collection.

Preparation of L1013 NPs
A mixture of BTPPA molecule (10 mg) and DSPE-

PEG2000 (20 mg) in THF (10 mL) was vigorously stirred

at room temperature for 3 hrs, followed by filtration using

a 0.45 μm syringe driven filter. The filtrate was added to

Milli-Q water (100 mL) under sonication for 4 mins using
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a microtip sonicator at 390 W output. The obtained mix-

ture was stirred vigorously at room temperature in fume-

hood to remove THF solvent, and then filtration was

carried out using a 0.2 μm syringe driven filter to afford

L1013 NPs. The obtained NPs were concentrated to

a concentration of 3.7 mg mL‒1 in 1×PBS for further use.

Ethics statement
All procedures involving animals were performed under

the approval of the Institutional Review Board of the

Southwest Hospital, Third Military Medical University

(Army Medical University), and conformed to the NIH

guidelines on the ethical use of animals.

Pharmacokinetics and excretion of L1013

NPs
After the healthy C57Bl/6 mice (postnatal week 8, n=3)

were anesthetized using a mixture of 10 mg kg‒1 ketamine

(Sigma-Aldrich, St. Louis, MO, USA) and 1 mg kg‒1

xylazine (Sigma-Aldrich), 200 μL of L1013 NPs (3.7 mg

mL‒1) were intravenously injected into the mice. At time

point of 2, 6, 12, 24, 36, 48, and 72 hrs postinjection, we

drew blood (10 μL every time) and collected urine and

feces from the mice. To prevent clotting, the 10 μL of

blood was lysed in the 90 μL of lysis buffer (R1010,

Solarbio, China) before imaging. The L1013 NPs were

diluted into 50, 10, 5, 2, and 1 μg mL‒1 to obtain

a standard curve of florescence intensity vs concentration.

Finally, florescence imaging of the lysed blood, urine, and

feces were achieved to calculate the florescence intensity

and concentration of L1013 NPs.

Ex vivo distribution of L1013 NPs
The C57Bl/6 mice (postnatal week 8, n=3) were sacrificed

with cervical dislocation 72 hrs postintravenous injection

of L1013 NPs (200 μL, 3.7 mg mL‒1). Then the vital

organs including heart, liver, spleen, lung, kidney, sto-

mach, and gut were harvested and imaged in bright field

and NIR-II window (excitation: 4.6 mW cm‒2 808 nm

diode laser; filter: 1250 nm LP; exposure time: 100 ms).

High-magnification microscopic imaging

of cerebral and hindlimb vessels
After the C57Bl/6 mice (postnatal week 8, n=3 for each

group) were anesthetized as described before, we carefully

removed the hair over the scalp and hindlimb skin.

Afterwards, 200 μL of L1013 NPs (3.7 mg mL‒1) were

intravenously injected into the healthy mice or mice mod-

els of stroke. When the mice were mounted on the imaging

stage, 808 nm diode laser (40 mW cm‒2) coupled with

a 1000 nm LP filter was used for NIR-II fluorescence

imaging, which were collected by a two-dimensional

InGaAs array (Suzhou Optics, China). The exposure time

for all the images was 40 ms.

Low-magnification microscopic imaging of

lymphatic drainage and whole body
After nude mice (postnatal week 8, n=3 for each

group) were anesthetized as described before, 10 μL
of L1013 NPs (3.7 mg mL‒1) were intradermally

injected into both footpads for lymphatic imaging.

Then, the mice were mounted on the imaging stage in

the prone position and were excited under 808 nm

diode laser (14 mW cm‒2) coupled with a 1250 nm

LP filter to collect NIR-II fluorescence signals. To

study the biodistribution of L1013 NPs, nude mice

(postnatal week 8, n=3) were anesthetized by a 2

L min‒1 oxygen flow with 2% isoflurane. Then, 200

μL of L1013 NPs (3.7 mg mL‒1) were intravenously

injected into the mice. Under the excitation of 808 nm

diode laser (7.9 mW cm‒2), time-course NIR-II fluor-

escence imaging were achieved through 1250 nm LP

filter. The exposure time for all the images was

100 ms.

Middle cerebral artery occlusion

(MCAO)
Induction of MCAO in C57Bl/6 mice (postnatal week 8,

n=3) was performed as described previously.40,41 Briefly,

mice were induced anesthesia with 3% (vol/vol) isoflurane

in 67:30% (vol/vol) N2O/O2 and maintained anesthesia with

a nose cone blowing 1.5% (vol/vol) isoflurane. A filament

was then introduced from the common carotid artery of the

mice into the internal carotid and advanced into the arterial

circle to occlude the middle cerebral artery. Rectal tempera-

ture was maintained at 37.0±0.5°C during the surgery

through a temperature-controlled heating pad.

Hemorrhagic stroke
Three C57Bl/6 mice (postnatal week 8) were used to

surgically induce hemorrhagic stroke according to the

previous protocol with a few modifications.42 In brief,

the mice were anesthetized as described before and

followed with an intravenous injection of 200 μL of
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L1013 NPs (3.7 mg mL‒1). We carefully removed the

temporal scalp to expose the skull, and made a small

cranial burr hole. Then, 10 μL of autologous blood

collected from tail blood vessels was injected into the

right subcortex (bregma coordinates: 2 mm posterior

and 3 mm lateral to the midline, and 1 mm in depth)

at a rate of 2 μL min‒1 using a microinfusion pump

(Harvard Apparatus, Holliston, MA) under stereotactic

guidance. Afterwards, the mice were subjected to NIR-II

imaging immediately. After the NIR-II imaging, the

mice were sacrificed and the whole brain was removed

from the skull. The brain was post-fixed by formalin and

dehydrated with 30% sucrose solution for 2 days at 4°C.

Then the brain was embedded in optimal cutting tem-

perature compound (O.C.T.; Sakura Finetek USA, Inc.,

Torrance, CA) and cut into 30-µm-thick sections.

Finally, the brain slices were observed under

microscope.

Tumor model
The U87MG cells (1×106 in 100 μL of PBS) were

mixed with 10 μL Matrigel (354277, BD Biosciences,

USA) and then subcutaneously injected into the hin-

dlimb of nude mice (postnatal week 8, n=6). Then, the

mice were kept in specific pathogen-free conditions for

7 days before imaging study.

Tumor imaging
After the U87MG tumor-bearing mice were anesthetized

as described before, 200 μL of L1013 NPs (3.7 mg mL‒1)

were intravenously injected into the mice for tumor ima-

ging. With the aid of tumor imaging, the subcutaneous

U87MG tumor was resected 72 hrs postinjection of con-

trast agents. Afterwards, the resected tumor and postopera-

tive mice were subjected to fluorescence imaging as

before. All the fluorescence images were excited by 4.6

mW cm‒2 808 nm diode laser with a 1250 nm LP for

signal collection. The exposure time was 100 ms. Finally,

the resected tumor was fixed with 4% paraformaldehyde in

PBS for 24 hrs and embedded in paraffin. Sections (5 μm)

were stained with HE.

Results and discussion
Design, synthesis, and characterization of

BTPPA molecules
The chemical structure of the BTPPA molecule is shown in

Figure 1A. Details of the synthesis and characterization of

BTPPA are described in the Supplementary data (Scheme S1,

Figure S1, and S2). Briefly, BTPPA has a D-A-D structure,

with benzo[1,2-c:4,5-c’]bis([1,2,5]thiadiazole) (BBTD,

marked with red color) as an electron acceptor moiety and

a triphenylamine moiety on either side as an electron donor

moiety (marked with green color). This particular combina-

tion narrows the bandgap of the resultant fluorophore and

enables emission in the NIR-II region. Unlike previously

reported D-A-D-structured NIR-II fluorophores, the BTPPA

molecule also incorporates two AIE-enabling (AE) moieties

(marked with blue color) by replacing the phenyl group of

triphenylamine with tetraphenylethene moiety, producing an

AE-D-A-D-AE structure. The octyloxy sidechain on the

triphenylamine moieties not only improve the solubility of

BTPPA in organic solvents, which is essential for easy pur-

ification and subsequent nanoparticle preparation, but also

favor to enhance the QY of BTPPA when aggregation

occurs.43

To confirm the AIE characteristics of BTPPA molecule,

we measured its photoluminescence spectra in a mixture of

tetrahydrofuran (THF) and water (Figure 1B), where the

fraction of water (fw) was varied to fine-tune solvent polarity

and the extent of BTPPA aggregation. Fluorescence inten-

sity decreased with increasing fw (up to 40%) (Figure 1C)

because the increasing polarity of the solvent caused

a transformation to a twisted intramolecular charge transfer

(TICT) state. The presence of TICT was confirmed using

a density functional theory calculation (Figure S3). This

revealed that the lowest unoccupied molecular orbital

(LUMO) was dominated by the BBTD core, while the

electron cloud of the highest occupied molecular orbital

was extended to the triphenylamine units. When we further

increased the fw from 50% to 90%, the fluorescence intensity

increased significantly, exhibiting typical AIE characteristics

(Figure 1C). The corresponding fluorescence images of

BTPPA molecule with varied fw are shown in Figure S4.

Preparation and characterization of

L1013 NPs
BTPPA molecules were encapsulated into NPs using

a nanoprecipitation method, with 1,2-distearoyl-sn-glycero

-3-phosphoetanolamine-N-[methoxy(polyethylene glycol)-

2000] (DSPE-PEG2000) as a matrix, to form L1013 NPs

(Figure 1D). TEM revealed that L1013 NPs had

a spherical shape with an average diameter of 38 nm,

which was consistent with the results of dynamic light

scattering (~57 nm) (Figure 1E). The zeta potential of
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L1013 NPs in PBS (pH =7.4) was −36 mV, suggesting

a high stability under physiological conditions. Consistent

with this, we found that NP size did not change when L1013

NPs were kept at room temperature for 2 weeks (Figure S5).

L1013 NPs had an absorption peak at 761 nm with

a mass extinction coefficient of 9.6 mL cm‒1·mg‒1 and

exhibited an emission peak at 1013 nm with a tail extend-

ing to 1400 nm, allowing the measurement of fluorescence

signals in the NIR-II region upon excitation at NIR-I

region (Figure 1F). The NIR-II fluorescence signals were

still strong even under a 1250 nm long-pass (LP) filter

(inset of Figure 1F). The QY of L1013 NPs in water was

determined to be 9.9% (Figure S6), using IR26 as the

standard (QYIR26=0.5% in 1,2-dichloroethane).44 Most

recently, Sheng et al have reported an AIE NP with

a QY of 6.2% based on an AIE molecule, TB1, which is

similar to our BTPPA molecule, but without the presence

of the octoxy chain.39 The higher QY of L1013 NPs

relative to TB1 NPs can likely be attributed to the presence

of the octoxy group. We have also previously demon-

strated that the presence of alkyloxy chain has a positive

effect on the QY of NIR fluorescent AIE molecules.43

Compared to any previously reported AIE NPs, L1013

NPs possess the longest absorption maximum and the

largest portion (~60%) of emitted photons in the NIR-II

region. The QY in the NIR-II region (>1000 nm) reached

6%, which was better than any previous AIE NPs.43,45

Previous studies have demonstrated that longer wave-

length absorption and emission are preferentially recom-

mended for obtaining higher imaging quality.46 In

addition, L1013 NPs exhibited almost identical fluores-

cence intensity in water, PBS, and FBS (Figure S7) and

also showed excellent photostability under 60 min contin-

uous laser irradiation at 808 nm (Figure S8). Such stability

is particularly important when fluorescent data need to be

quantitatively analyzed over longer periods.

Evaluation of in vitro and in vivo toxicity

of L1013 NPs
We next studied the cytotoxicity of L1013 NPs, using

a water-soluble tetrazolium (WST-8) assay. The metabolic

viability of LO2 cells (normal hepatic cells) remained

higher than 91.5% after incubation for 72 hrs, even at an

ultrahigh concentration of 250 μg mL‒1, revealing neglect-

able cytotoxicity (Figure S9). We then assessed in vivo

toxicity by injecting L1013 NPs (200 μL, 3.7 mg mL‒1)

intravenously into C57Bl/6 mice (n=4). At 7 days and 28

days postinjection, we saw no derangement of serum bio-

chemistry suggestive of toxicity (Figure S10), nor any

Figure 1 Characterization of BTPPA molecule and L1013 NPs. (A) Chemical structure of BTPPA molecule. (B) PL spectral of BTPPA molecule in THF/water mixtures with

different water fractions (fw) at a concentration of 10 μg mL‒1. (C) Plot of PL peak intensity of BTPPA versus fw of THF/water mixture. I0 and I are the PL peak intensity in pure THF

(fw =0) and THF/water mixturewith specific fw. (D) Schematic illustration of L1013 NP. (E) DLS and TEM (inset) measurement results. (F) Normalized UV-vis-NIR spectrum and PL

spectrum of L1013 NPs in water. Inset: Fluorescence imaging of L1013 NPs under different LP filters (excitation at 808 nm with a power density of 4.6 mW cm‒2).
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evidence of damage to vital organs (liver, spleen, gut,

kidney, heart, and lung) by H&E staining (Figure S11),

suggesting no significant in vivo toxicity, at least at the

tested dose.

Pharmacokinetics and biodistribution of

L1013 NPs
We studied the pharmacokinetics of L1013 NPs by per-

forming intravenous injection into nude mice. The blood

vessels and liver were immediately visualized after the

injection of L1013 NPs, and these signals persisted for at

least 1 hr (Figure 2A). Afterward, fluorescence signals

gradually disappeared from the blood vessels and accumu-

lated in the liver (Figure 2A). Ex vivo biodistribution

studies at 72 hrs postinjection showed that L1013 NPs

mainly accumulated in the reticuloendothelial system, pri-

marily in liver, spleen, and gut (Figure 2B and C).

According to the previous studies,47,48 the L1013 NPs

might be gradually degradated by the enzymes in the

endosomes/lysosomes of the Kupffer cells, endothelial

cells, B cells, and macrophages.

To study excretion kinetics, we performed intravenous

injection of 740 µg L1013 NPs into C57Bl/6 mice (n=3)

and collected blood, urine, and feces over the following 72

hrs. We found that the concentration of L1013 NPs in the

blood reached 267.7±6.4 μg mL‒1 at 6 hrs postinjection

and the blood half-life time (t1/2) was determined to be

13.3±1.2 hrs (Figure 2D), which was much longer than

most previously reported NIR-II fluorophores.2,7,21,22,26

Using the NIR-II imaging system, the signals of L1013

NPs could not be detected under the concentration of 1.0

µg mL‒1 (Figure S12). We could not detect the signal from

L1013 NPs in the blood of mice at 48 hrs and 72 hrs

postinjection. We also saw no fluorescence in the urine,

which was expected, because L1013 NPs have a much

larger diameter than the threshold for renal excretion

(~5.5 nm).49 The concentration of L1013 NPs in feces

gradually increased from 2 hrs to 24 hrs postinjection,

followed by a gradual decrease from 24 hrs to 72 hrs

(Figure 2D). These data suggest that L1013 NPs are

mainly excreted through the feces, which is consistent

with the distribution of L1013 NPs into the reticuloen-

dothelial system.

NIR-II imaging for cerebral vessels,

hindlimb vessels, and lymph vessels
To investigate the NIR-II imaging performance of

L1013 NPs, we firstly performed intravenous injection

of L1013 NPs into C57Bl/6 mice and attempted to

visualize the cerebral vasculature. Two minutes postin-

jection of L1013 NPs, under the excitation of an 808 nm

diode laser (40 mW cm‒2, 1000 nm LP), we were able

to clearly and sharply visualize the cerebral vessels,

including the inferior cerebral veins, the superior sagittal

sinus (SSS), and the transverse sinus, through the intact

scalp and skull (Figure 3A). The cross-sectional inten-

sity profiles of the SSS vessel with L1013 NP imaging

exhibited narrow and sharp characteristics. The signal/

Figure 2 Biodistribution and pharmacokinetics of L1013 NPs. (A) Time course of fluorescence images of L1013 NPs administrated nude mice under the excitation of 7.9

mW cm‒2 808 nm diode laser (1000 nm LP). (B–C) Ex biodistribution of L1013 NPs in the spleen, liver, kidney, stomach, heart, lung ,and gut 72 hrs postinjection. (D)

Concentration of L1013 NPs in the blood (black line) and feces (red line) at different time points. Bars show mean ± SD, n=3.
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background (S/B) ratio with L1013 NPs–based imaging

was 6.56 (Figure 3B). We next fitted Gaussian functions

to the intensity curves. The full-width half maximum

(FWHM) of the Gaussian was used to represent the

measured diameter of the vessel,8 and for L1013 NPs

was 368 µm (Figure 3B). Notably, using L1013 NP

imaging, we were able to measure vessels with

diameters as small as 33.5 μm, which is comparable to

the previous report (Figure S13).7

Secondly, we found that the hindlimb vessel was also

clearly identified using L1013 NPs–based imaging

(Figure 3C). L1013 NP imaging provided a diameter

measurement (Gaussian FWHM) of 206 μm and S/B of

4.02 (Figure 3D). Furthermore, L1013 NPs allowed NIR-

Figure 3 Fluorescence images of cerebral vessels, hindlimb vasculature, and lymphatic drainage using L1013 NPs. (A) Transcranial fluorescence images of cerebral vessels 2

mins following intravenous injection of L1013 NPs. Red dotted lines indicate positions where cross-sectional intensity width was measured, across superior sagittal sinus

(SSS). (B) Cross-sectional intensity (red solid line) and Gaussian fit fluorescence intensity profiles (black dotted line) with L1013 NPs imaging. (C–D) Same as (A–B), but for

hindlimb vessels. (E–F) Same as (A–B), but for the groin lymphatic system. All fluorescence images were excited by a diode laser at 808 nm (cerebral and hindlimb imaging:

40 mW cm‒2; lymphatic imaging: 14 mW cm‒2). A filter of 1000 nm LP was used for cerebral and hindlimb imaging and 1250 nm LP was used for lymphatic imaging.

Abbreviation: S/B, signal/background ratio.
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II dynamic imaging with a fast video rate of 11.3 frames

per second (Video S1), which enabled analysis of blood

perfusion within a single cardiac cycle (~118–143 ms).50

Thirdly, lymphatic imaging was assessed by intrader-

mal injection of L1013 NPs into both footpads of nude

mice. Under irradiation with an 808 nm diode laser (14

mW cm‒2), the popliteal and sacral lymph nodes and the

lymphatic ducts between the two lymph nodes were

unequivocally visualized 1 min following injection of

L1013 NPs (Figure 3E). The S/B of the lymphatic duct

was 9.59 while the diameter was 264 μm (Figure 3F).

Taken together, these results suggest that L1013 NPs–

based NIR-II imaging has considerable potential for vas-

cular and lymphatic imaging.

NIR-II imaging for cerebrovascular

disease
Encouraged by the high-quality imaging of cerebral ves-

sels, we tested the use of L1013 NP imaging for diagnosis

of cerebrovascular disease in two mouse models of stroke.

We surgically induced middle cerebral artery occlusion

(MCAO) in the left cerebral hemisphere of C57Bl/6 mice

as a model of cerebral ischemic stroke, while the right

cerebral hemisphere was used as a control. After intrave-

nous injection of L1013 NPs into the MCAO mice (n=3),

noninvasive NIR-II imaging showed a clear reduction in

visible cerebral vasculature in the left cerebral hemisphere,

compared to the right cerebral hemisphere (Figure 4A),

reflecting the reduced perfusion and ischemia in the left

hemisphere. For comparison, healthy mice exhibited

almost identical blood perfusion patterns in both cerebral

hemispheres under L1013 NP imaging (Figure S14).

Quantitative analysis confirmed that blood perfusion of

the left cerebral hemisphere was significantly reduced

compared to the right cerebral hemisphere (Figure 4B).

TTC staining of slices of postmortem brain tissue (a clas-

sic method used in the MCAO model) confirmed that the

left cerebral hemisphere was ischemic (Figure S15).

Additionally, we established a mouse model of hemor-

rhagic stroke, by injecting autologous blood (10 µL of

blood drawn post-L1013 NPs injection) into the subcortical

Figure 4 L1013 NPs-based NIR-II fluorescence imaging in two mouse models of stroke. (A) NIR-II fluorescence imaging of cerebral vessels in C57Bl/6 mice with MCAO.

(B) Normalized fluorescence intensity of areas outlined in red in (A). (C–D) Same as (A–B), but for the hemorrhagic stroke model. Red asterisk indicates the craniotomy

point. Bars show mean ± SD; n=3, *p<0.05.
Abbreviation: MCAO, middle cerebral artery occlusion.
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parenchyma of the right cerebral hemisphere. As expected,

we observed NIR-II hyperfluorescence in the right cerebral

hemisphere (Figure 4C), and the relative fluorescence inten-

sity ratio of right/left cerebral hemisphere was determined

to be 1.9±0.5 (n=3, Figure 4D). Observation of postmortem

brain tissue slices under the microscope also confirmed the

hemorrhagic stroke model (Figure S16). To our knowledge,

this is the first report of NIR-II fluorescence imaging of

hemorrhagic stroke. These results show that L1013 NPs-

based NIR-II imaging is a new method to noninvasively

identify mice models of stroke.

NIR-II imaging for tumor
To further demonstrate the utility of L1013 NPs for in vivo

imaging, we performed noninvasive imaging of tumors in

mice. We injected L1013 NPs into U87MG tumor-bearing

nude mice (n=3), and performed NIR-II fluorescence ima-

ging under excitation by an 808 nm diode laser (4.6

mW cm‒2, 1250 nm LP) over 72 hrs. At 2 hrs postinjec-

tion, U87MG tumors and surrounding vessels were clearly

resolved (Figure 5A). Afterwards, the fluorescence signals

of L1013 NPs gradually reduced in the blood vessels, but

increased in the tumors, due to the accumulation of L1013

NPs, which can be attributed to the enhanced permeability

and retention effect.51 Over the period of 24–72 hrs post-

injection, the fluorescence signals from the tumors became

even more enhanced, indicating accumulation of L1013

NPs in the tumors. The clearly demarcated boundaries

provided by such imaging are vital for successful image-

guided tumor resection surgery.

The tumor/normal tissue (T/NT) ratio of L1013 NPs

imaging gradually increased and finally reached 11.7±1.3,

surpassing the Rose criterion of 5, which is the threshold

at which it is considered possible to allow exact identifica-

tion of a tumor (Figure 5B). It is worth pointing out that

the power density of the excitation diode laser used for

tumor imaging in this study (4.6 mW cm‒2) was more than

an order of magnitude lower than that used in previous

reports (~100 mW cm‒2).4,5,12

With the aid of sharply demarcated tumor imaging at

72 hrs postinjection of L1013 NPs, we were able to

precisely resect subcutaneous U87MG tumors (Figure

5C). Post-resection histology also validated the exact

identification of tumor boundary (Figure S17). These

results suggest that NIR-II imaging based on L1013

NPs holds considerable promise for the localization of

tumors (and perhaps local metastases) in the clinical

environment. NIR-II imaging provides a very clear

demarcation between neoplastic and normal tissue,

allowing precise resection of subcutaneous tumors, with

a safe (but not excessive) resection boundary. For

instance, this may be useful for surgery where the

esthetic result is particularly important to the patient

(eg, facial tumors) – where it is vital to ensure that the

tumor is fully resected, but important that minimal

healthy tissue is removed.

Figure 5 Tumor imaging using L1013 NPs as NIR-II fluorophore. (A) Tumor imaging in U87MG tumor-bearing nude mice using L1013 NPs over 72 hrs. All fluorescence

images were obtained using a 1250 nm LP filter for signal collection (excitation at 808 nm with a power density of 4.6 mW cm‒2). Arrows indicate the subcutaneous U87MG

tumor. (B) Tumor-to-normal tissue (T/NT) imaging ratios in L1013 NPs-based tumor imaging over 72 hrs. Data are plotted as mean ± SD; n=3. (C) Fluorescence image of an

example U87MG tumor-bearing mouse following L1013 NPs (NIR-II) imaging-guided tumorectomy. Inset shows the resected tumor.
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Conclusion
In conclusion, we have presented the preparation of L1013

NPs: organic NPs with NIR-II emission and AIE character-

istics, and we have demonstrated their capabilities for non-

invasive fluorescence imaging in mice. L1013 NPs possess

an absorption maximum at 761 nm, with a NIR-II emission

spectrum extending to 1400 nm. They exhibit a high QY of

9.9% for full spectrum, and a QYof 6% in the NIR-II region

(>1000 nm), which is higher than most reported NIR-II

nanofluorophores so far. L1013 NPs also have excellent

photostability and negligible toxicity in vitro or in vivo.

We have demonstrated the utility of L1013 NPs for several

noninvasive fluorescence imaging roles, including cerebral

vessels, hindlimb vessels, lymphatics, stroke, and tumors.

L1013 NPs–based imaging provides an unusually high T/

NT ratio of 11.7±1.3. Also, as we have shown here, imaging

can be achieved using a very low laser density (4.6‒40

mW cm‒2) and short exposure time (40‒100 ms). Together,

these results demonstrate the potential of L1013 NPs for

clinical application. These tools may be particularly useful

for localization and resection of superficial tumors, since

fluorescence can be visualized “under the scalpel” and in

real time during surgery, providing surgeons with an addi-

tional and rich dimension of information with which to

optimize their resection margins. In the future, we aim to

develop AIE-based NIR-II NPs with even longer wave-

lengths of absorption and emission, in order to obtain higher

penetration depth and higher signal to noise ratio.
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