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To date, there have been few studies on using fluorescent cell trackers for non-invasively monitoring the
in vivo fate of systemically administered cells. This is because only a relatively small number of cells can
reach the disease site post systemic infusion, and thus achieving ideal in vivo cell tracking requires that
the fluorescent cell trackers should hold combined merits of ultrahigh near-infrared (NIR) fluorescence,
negligible interference on cell behavior and function, excellent retention within cells, as well as accurate
long-term cell tracking ability. To address this challenge, we herein developed a highly NIR fluorescent
nanoprobe (SPN) based on semiconducting m-conjugated polymers (SPs), by synthesis of a NIR SP-
emitter, employment of fluorescence resonance energy transfer (FRET) strategy, and optimization of
different FRET donor SPs. Due to the 53.7-fold intra-particle amplification of NIR fluorescence, the SPN
could track as few as 2000 endothelial cells (ECs) upon intra-arterial injection into critical limb ischemia
(CLI)-bearing mice, showing much higher sensitivity in ECs tracking compared with the most popular
commercial cell trackers. What's more, the SPN could provide precise information on the behaviors of
systemically injected ECs in CLI treatment including the in vivo fate and regenerative contribution of ECs
for at least 21 days.

© 2017 Published by Elsevier Ltd.

1. Introduction

efforts have focused on cell-based therapy strategies (e.g., stem
cells, endothelial progenitor cells, or endothelial cells) for CLI

Ischemia, a restriction in blood supply to tissues, often causes
tissue damage or dysfunction [1]. Among many an ischemic disease
such as myocardial infarction, stroke, critical limb ischemia (CLI),
and so on [2—4], CLI is an advanced stage of peripheral artery dis-
ease that is highly associated with diabetes mellitus. The patients
suffering diabetes are faced with a heavy risk of major amputation
caused by CLI [5,6]. Thereby, a great amount of research and clinical
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treatment, showing the significant outcome in improving limb
perfusion [7—9]. With the flourishing progress of cell therapy,
effective exogenous cell trackers that can report the in vivo fate of
administrated cells in an accurate and long-term manner are in
urgent pursuit. Although a variety of imaging contrast agents have
been developed as cell trackers, rather limited studies can clearly
prove that whether their agents still precisely label the original
cells in vivo over an exceedingly long period of time and how the
cells dedicate to the disease therapy by virtue of the agent labeling
[10].

To achieve ideal long-term cell tracking, a sensitive imaging
modality with high resolution in combination with a biostable and
biocompatible contrast agent are required. Compared with versa-
tile imaging techniques, fluorescence imaging holds the advantages
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of excellent sensitivity, high resolution at cellular level, maneu-
verable instruments, and good safety [11]. In particular, bioimaging
in the near-infrared (NIR) window (650—900 nm) offers the merits
of low interferential autofluorescence and high tissue permeability
[12—14]. In comparison to traditional fluorescent materials, semi-
conducting -conjugated polymers (SPs) have been well accepted
as a class of advanced fluorescent materials with high extinction
coefficient, bright emission, large photobleaching threshold, and
good biocompatibility [15—19]. Recently, SP-based nanoparticles
(SPNs) have received considerable attention as they integrate both
the advantages of SPs and nanotechnology [20—42]. As compared
to inorganic quantum dots (QDs), SPNs have been reported to show
higher fluorescence by tens of times, better biological stability, and
much lower cytotoxicity [43—45], which make them very prom-
ising as next generation of fluorescent nanodots.

In clinical cell therapy, systemic infusion including intravenous
(i.v.) and intra-arterial (i.a.) injections is the most common method
for administration of cells [46]. Therefore, understanding the be-
haviors of systemically administered cells in disease treatment
becomes increasingly important and urgent. Until now, however,
there have been few published studies on using fluorescent cell
trackers for non-invasively monitoring the in vivo fate of systemi-
cally administered cells. This is because only a relatively small
number of cells can reach the disease site post systemic infusion,
and thus achieving ideal in vivo cell tracking requires that the
fluorescent cell trackers should hold combined merits of ultrahigh
NIR fluorescence, superb biological and photophysical stabilities,
negligible interference on cell behavior and function, excellent
retention within cells, as well as precise long-term cell tracking
ability [47—50]. This longstanding challenge motivated us to
explore advanced fluorescent cell trackers to meet all the afore-
mentioned requirements.

In this contribution, we reported the development of a highly
NIR fluorescent SPN for close monitoring of in vivo behaviors of
systemically administered human umbilical vein endothelial cells
(ECs) in the treatment of CLI. A NIR SP-emitter, PFDBD10 (Fig. 1A),
was synthesized and used as the fluorescence resonance energy
transfer (FRET) acceptor. Two visible-light-harvesting SPs, PFBD
and PFBT (Fig. 1A), were utilized as the FRET donor candidates.
Using a facile nanoengineering method, the donor and acceptor SPs
were co-formulated into one nanoparticle to realize FRET,
achieving tremendously amplified NIR fluorescence. Importantly,
we demonstrated that PFBD could serve as a better FRET donor than
PFBT in terms of higher absorptivity at 488 nm, larger enhancement
of acceptor emission, and higher photoluminescence (PL) quantum
yield (QY) of SPNs in water. After surface functionalization using an
EC proteoglycan-binding peptide, the PFBD/PFDBD10-PBP-SPNs
were applied to trace systemically administered ECs in a CLI-
bearing mouse model. By virtue of the ultrahigh NIR brightness,
PFBD/PFDBD10-PBP-SPNs could not only accurately and dynami-
cally track the ECs after i.a. or i.v. injection for as long as 3 weeks,
but also show much higher sensitivity in tracing of ECs in vivo than
the most popular commercial cell trackers, Qtracker® 655 and
PKH26. Besides, the PFBD/PFDBD10-PBP-SPNs labeling was able to
reveal how the systemically administered ECs devote to CLI therapy
in vivo, offering important information on EC therapy of ischemia.

2. Materials and methods
2.1. Synthesis of PFDBD10

A Schlenk tube was charged with compound 1 (192.6 mg,
0.3 mmol), compound 2 (131.5 mg, 0.24 mmol), compound 3

(26.5 mg, 60.0 pmol), as well as Pd(PPhs)4 (4.6 mg, 4.0 umol) in
toluene (8.0 mL) before it was sealed with a rubber septum. The

Schlenk tube was degassed with three freeze-pump-thaw cycles to
remove air. After the mixture was heated to 85 °C, an aqueous
Et4NOH solution (20 wt%, 2.0 mL) was added to initiate the reac-
tion. The mixture was kept at 85 °C and stirred for 20 h, followed by
precipitation from methanol (100 mL). The precipitate was
collected by filtration and dried, and then dissolved in chloroform
(200 mL). The solution was then washed with water for 3 times, and
dried over MgS0O,. After solvent removal, the residue was poured
into methanol (100 mL) to give polymer as fibres. The polymer was
further purified by Soxhlet extraction in acetone for 24 h to remove
the fraction with small molecular weight. The precipitation cycles
in toluene/methanol were then repeated twice to afford the final
polymer (142.6 mg, 63%) as bright red fibres. '"H NMR (600 MHz,
CDCl3, ppm) 6: 8.17 (br), 7.84 (br), 7.78—7.67 (br), 7.52 (br), 7.37 (br),
2.12 (br), 1.25—1.14 (br), 0.82 (br).

2.2. Preparation of SPNs

Predetermined amounts of donor SP (PFBD or PFBT), and/or
PFDBD10 (fixed at 0.3 mg) as well as maleimide-bearing lipid-PEG
(fixed at 3 mg) were dissolved in 1 mL of tetrahydrofuran (THF),
which was dropped into 9 mL of water under sonication using a
microtip probe sonicator at 12 W output. The mixture was then
sonicated for another 60 s. After evaporation of THF, the SPN sus-
pensions were filtered through a 0.45 um syringe driven filter. The
amounts of donor SP/PFDBD10 encapsulated into the lipid-PEG
matrix were determined from the absorption spectra with refer-
ence to a calibration curve of donor SP and PFDBD10 in THF.
Generally, the encapsulation efficiency of SP defined as the ratio of
the amount of SP encapsulated into the SPNs to the total amount of
SP in the feed mixture was >90%. To conjugate proteoglycan-
binding peptides (PBPs) on the SPNs, 0.2 umol peptides were
added into the SPN suspension, which was allowed to react for 12 h.
The free PBPs without conjugation on SPNs were subsequently
removed by ultrafiltration.

2.3. Cell culture

Human umbilical vein endothelial cells (ECs) were maintained
in EGM-2 (endothelial cell growth medium-2) medium (Lonza,
USA) in a 37 °C incubator under a humidified 95% air and 5% CO,
atmosphere. The culture medium was changed twice a week. The
ECs of passage 3 were used for all the experiments in this work.

2.4. In vitro tracking of ECs

ECs (2 x 10%) were seeded in a 6-well plate and cultured at 37 °C.
After removal of the medium and washing with 1 x PBS buffer, the
ECs were exposed to 1 nM PFBD/PFDBD10-PBP-SPNs for 4 h at
37 °C. After that, the ECs were washed twice with 1 x PBS buffer,
digested by tripsin-EDTA, and then subcultured for 1, 5 and 10 days,
respectively. The ECs subcultured for different time points were
imaged by confocal laser scanning microscopy (CLSM; Leica TSC
SP8, Germany) with excitation at 488 nm and signal collection
above 560 nm (pinhole: 65.5 pm). The fluorescence intensities of
SPN-labeled ECs were then assessed by flow cytometry (Becton
Dickinson, San Jose, CA, USA) measurements. Ten thousand events
were counted for each sample to plot the histogram (excitation at
488 nm; 680/20 nm bandpass filter). The in vitro ECs tracking study
using commercial Qtracker® 655 as a control was also performed
following the same procedures.

2.5. Capillary tube formation in vitro
untreated ECs

PFBD/PFDBD10-PBP-SPN-labeled or were
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Fig. 1. (A) The synthetic route toward PFDBD10 and chemical structures of PFBT and PFBD. (B) Schematic illustration of the preparation of PFBD/PFDBD10-PBP-SPNs.

harvested through trypsinization and plated in 24-well culture
plates (5 x 10 cells/well) pre-coated with 200 puL of Matrigel (BD
Biosciences) in endothelial basal media (Lonza) supplemented with
1% fetal bovine serum (FBS). After 24 h, ECs were imaged and
captured with CLSM. The tube numbers in 5 random fields (200x)
from each well were calculated. The results (tube numbers per
well) were based on 3 independent experiments.

2.6. Animals and critical limb ischemia mouse model

All animal studies were performed in compliance with the
guidelines set by Tianjin Committee of Use and Care of Laboratory
Animals, and the overall project protocols were approved by the
Animal Ethics Committee of Nankai University. 8-10 week-old male
BALB/c nude mice that were purchased from the Laboratory Animal
Center of the Academy of Military Medical Sciences (Beijing, China)
were used to establish the critical limb ischemia (CLI) mouse
model. Briefly, after anesthetization of the mice, the left femoral
artery was ligated via a skin incision with 7-0 silk and cut from just
above the deep femoral artery to the popliteal artery.

2.7. In vivo tracking of ECs

The ECs were labeled with PFBD/PFDBD10-PBP-SPNs (1 nM) as
above-mentioned. For non-invasive fluorescence imaging, the CLI-
bearing mice were randomized into two groups and each group
contained 6 mice. 1 x 108 SPN-labeled ECs were injected into each
mouse in Group 1 via femoral artery (i.a.) and each mouse in Group
2 via tail vein (i.v.), respectively. The Maestro EX in vivo fluorescence
imaging system (CRi, Inc.) was utilized to image the EC-treated
mice in two groups at designated time intervals by placing the

anesthetized mice on the equipped platform (excitation filter:
435—480 nm; signal collection from 500 to 900 nm in 10 nm steps;
exposure time: 200 ms). Maestro software was used to remove the
mouse autofluorescence. For ex vivo tissue imaging, the mice i.a.
and i.v. injected with SPN-labeled ECs, respectively, were sacrificed
at each time point (n = 3 mice for each group and each time point),
and then the ischemic and contralateral hind limbs as well as a
variety of normal organs were isolated for ex vivo imaging using the
Maestro system.

2.8. Statistical analysis

Quantitative data were expressed as mean + standard deviation.
Statistical comparisons were made by ANOVA analysis and two-
sample Student's t-test. P value < 0.05 was considered statisti-
cally significant.

3. Results and discussion
3.1. Synthesis and characterization of PFDBD10 and SPNs

Fig. 1A illustrated the synthetic route toward PFDBD10. PFDBD10
was synthesized in 63% yield via palladium-catalyzed Suzuki
polymerization from the monomers: 2,7-bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-y1)-9,9-dioctylfluorene 1, 2,7-dibromo-9,9-
dioctylfluorene 2, and 4,7-bis(5-bromothiophen-2-yl)-2,1,3-
benzoxadiazole 3. The final product was then characterized by 'H
NMR (Supplementary Fig. S1). Gel permeation chromatography
(GPC) result revealed that PFDBD10 possessed a number average
molecular weight (M) of 32,165 with a polydispersity index of 2.1.
PFDBD10 was easily soluble in common organic solvents such as
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tetrahydrofuran (THF). To render PFDBD10 with water solubility
and surface functionalization flexibility, a simple nanoprecipitation
method was employed to prepare PFDBD10-doped SPNs (PFDBD10-
SPNs) utilizing amphiphilic maleimide-bearing lipid-PEG as the
doping matrix. The PFDBD10-SPNs possessed hydrophobic lipid/
PFDBD10 entanglements as the core and hydrophilic PEG-
maleimide chains as the outer layer to stabilize the nanoparticles
(Fig. 1B).

The absorption and PL spectra of PFDBD10-SPNs in water were
displayed in Fig. 2A. PFDBD10-SPNs had two absorption maxima at
383 and 540 nm, respectively, and an emission peak centered at
642 nm with a shoulder at around 700 nm. Achieving effective FRET
required the good overlap of the spectra of donor emission and
acceptor absorption, together with <10 nm closeness between the
donor and acceptor molecules [51]. In this regard, PFBD and PFBT
(Fig. 1A) were selected as the potential FRET donors, as their
emission spectra overlapped commendably with the PFDBD10 ab-
sorption spectrum (Fig. 2A). The donor-acceptor pairs were
concurrently encapsulated into lipid-PEG nanoparticles, affording
PFBD/PFDBD10-SPNs and PFBT/PFDBD10-SPNs, respectively. The
space constraint within the nanoparticle made the donor and
acceptor SPs in close distance, allowing for the occurrence of
effective FRET.

In addition, the formation and self-assembly process of the SPNs
were monitored by dynamic light scattering (DLS). Taking PFBD/
PFDBD10-SPNs for example, PFBD, PFDBD10, as well as lipid-PEG
were dissolved in 1 mL of THF. DLS measurement indicated that
such THF solution had a count rate of 47.0 kcps. Subsequently, 1 mL
of the THF solution was dropped into 9 mL of water under soni-
cation using a microtip probe sonicator. After further sonication of
the mixture for another 60 s followed by evaporation of THF, the
resultant aqueous suspension was also measured by DLS. Note-
worthy, the count rate of the aqueous suspension significantly
increased to 258.1 keps, suggesting the formation of self-assembled
micelles.

3.2. Highly amplified NIR fluorescence within SPNs

To modulate the enhancement of NIR fluorescence, PFBD/
PFDBD10-SPNs and PFBT/PFDBD10-SPNs with different molar ra-
tios between the repeat units (RU) of donor and acceptor ([donor
RU]/[acceptor RU]) that ranged from 0:1 to 2.4:1 (with fixed
PFDBD10 loading content) were fabricated. DLS data indicated that
PFBD/PFDBD10-SPNs and PFBT/PFDBD10-SPNs had similar particle
size at each [donor RU]/[acceptor RU], which increased from ~63 to
~90 nm with [donor RU]/[acceptor RU] varied from 0:1 to 2.4:1
(Supplementary Tables S1 and S2). Transmission electron micro-
scopy (TEM) result suggested that the obtained SPNs had spherical
shape (Fig. 2B). As shown in Fig. 2C and D, dramatic FRET took place
within both PFBD/PFDBD10-SPNs and PFBT/PFDBD10-SPNs, as
evidenced by significant reduction of donor SP fluorescence and
simultaneous enhancement of NIR emission of PFDBD10. The FRET
efficiencies of PFBD/PFDBD10-SPNs and PFBT/PFDBD10-SPNs
([donor RUJ/[acceptor RU] = 2.4:1) were both >95% through
quantifying the quenching of donor emission, revealing the effi-
cient FRET. The amplification of PFDBD10 emission was determined
by comparing the fluorescence of SPNs containing donor-acceptor
pair with that of PFDBD10-SPNs, upon excitation at absorption
maximum of donors, that was, 475 nm for PFBD and 460 nm for
PFBT. Noteworthy, as summarized in Supplementary Tables S1 and
S2, the NIR emission of PFDBD10 was able to be amplified for 53.7
and 35.9 folds within the PFBD/PFDBD10-SPNs and PFBT/PFDBD10-
SPNs, respectively, at [donor RU]/[acceptor RU] = 2.4:1.

The fluorescence life-times of donor SP within SPNs containing
donor-acceptor pair (2.4:1) and only donor (2.4:0) were also
investigated. The results displayed in Fig. 2E and F as well as
Supplementary Tables S3 and S4 indicated that the life-time of the
excited state of donor within donor-acceptor pair co-loaded SPNs
was significantly decreased as compared to that of donor within
SPNs containing only donor SP, which confirmed the occurrence of
FRET in both PFBD/PFDBD10-SPNs and PFBT/PFDBD10-SPNs.
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Fig. 2. (A) Normalized absorption (solid) and PL (dashed) spectra of PFBD-SPNs, PFBT-SPNs and PFDBD10-SPNs in water. (B) TEM image of PFBD/PFDBD10-SPNs with [donor RU]/
[acceptor RU] = 2.4:1. (C, D) The PL spectra of (C) PFBD/PFDBD10-SPNs and (D) PFBT/PFDBD10-SPNs with different [donor RU]/[acceptor RU] in water. (E, F) The time-resolved
fluorescence decay of donor within SPNs containing donor-acceptor pair (2.4:1) and only donor (2.4:0). Donor: PFBD for (E) and PFBT for (F).
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Thanks to the intra-particle energy transfer, the PFBD/PFDBD10-
SPNs and PFBT/PFDBD10-SPNs with [donor RU]/[acceptor
RU] = 2.4:1 exhibited the PL QY of 0.47 and 0.32 in water, respec-
tively, using 4-(dicyanomethylene)-2-methyl-6-(p-dimethylami-
nostyryl)-4H-pyran in methanol (0.43) as the standard. To the best
of our knowledge, the QY of 0.47 for PFBD/PFDBD10-SPNs could be
referred to as ultrahigh compared with the existing NIR fluorescent
SPNs and inorganic QDs.

It was obvious that PFBD was a better FRET donor than PFBT to
fabricate FRET-SPNs, as PFBD could provide larger molar absorp-
tivity at 488 nm (equipped laser excitation of the confocal micro-
scope; Supplementary Fig. S2), greater amplification of acceptor
emission, and higher PL QY of FRET-SPNs in water. Therefore, PFBD/
PFDBD10-SPNs with [donor RU]/[acceptor RU] = 2.4:1 were
employed for the next EC tracking experiments. To improve the
uptake by ECs, PFBD/PFDBD10-SPNs were further functionalized
with an EC proteoglycan-binding peptide (PBP) via the coupling
reaction between the maleimide group of SPN and the thiol group
of PBP, yielding PFBD/PFDBD10-PBP-SPNs (Fig. 1B). The zeta po-
tential investigation revealed that PFBD/PFDBD10-SPNs had a
negative zeta potential of —26.9 mV, which changed to a positive
one (21.8 mV) after reaction with PBPs. As PBP contained a number
of positively charged amino acids, this result indicated the suc-
cessful surface functionalization of PFBD/PFDBD10-SPNs. It was
estimated that ~6000 EC PBPs were conjugated on each SPN on
average. We demonstrated that the EC uptake of SPNs was signif-
icantly improved by the modification with PBPs (Supplementary
Fig. S3), by virtue of the tight binding of PBPs to proteoglycans on
the surface of ECs [52].

3.3. In vitro EC tracking and vasculogenic potential

The cytotoxicity study of PFBD/PFDBD10-PBP-SPNs against ECs
was carried out. As depicted in Supplementary Fig. S4, the EC via-
bilities after incubation with 5 nM (5 folds higher than that used for
in vitro and in vivo EC tracking studies) of PFBD/PFDBD10-PBP-SPNs
were all above 95% throughout 10-day tested duration, suggesting
that PFBD/PFDBD10-PBP-SPNs were almost non-toxic against ECs
and suitable for EC tracking application. Next, the application of
PFBD/PFDBD10-PBP-SPNs in in vitro EC tracking was studied. A
commercial QD-based cell tracker, Qtracker® 655, was used as a
reference. After simple incubation with PFBD/PFDBD10-PBP-SPNs
(1 nM) at 37 °C for 4 h, the ECs were subcultured for 1, 5, and 10
days, respectively. At each time point, the fluorescence of PFBD/
PFDBD10-PBP-SPN-labeled ECs was monitored by confocal laser
scanning microscopy (CLSM) and flow cytometry. As displayed in
Fig. 3A and Supplementary Fig. S5A, the fluorescent SPNs were
mainly distributed in the cytoplasm around the nucleus of ECs.
Although the number and fluorescence intensity of PFBD/PFDBD10-
PBP-SPNs within the ECs were decreased over time, significantly
bright fluorescence signals could still be observed in most of the
cells even post 10-day subculture. The flow cytometry result
revealed that the EC labeling rates of PFBD/PFDBD10-PBP-SPNs
were 97.4%, 91.8%, and 70.5% upon subculture for 1, 5, and 10 days,
respectively (Fig. 3B). As a control, Qtracker® 655 was also used to
label ECs with the same concentration and experimental proced-
ures as that for PFBD/PFDBD10-PBP-SPNs. Noteworthy, the fluo-
rescence intensity from Qtracker® 655-labeled ECs was obviously
lower than that from PFBD/PFDBD10-PBP-SPN-labeled cells at each
time point, indicated by both CLSM and flow cytometry data
(Fig. 3A and B and Supplementary Fig. S5). Quantitatively, on day 1,
the mean fluorescence intensity from PFBD/PFDBD10-PBP-SPN-
labeled ECs was ~12.0-fold higher than that from Qtracker® 655-
labeled ones, analyzed by flow cytometry. Additionally, the EC la-
beling rates for Qtracker® 655 were 84.5%, 62.1%, and 14.8% after 1,

5, and 10 days subculture, respectively. The value was also lower
than that for PFBD/PFDBD10-PBP-SPNs at each time point of sub-
culture. These results verified that PFBD/PFDBD10-PBP-SPNs gave
better performance in in vitro EC tracing compared with Qtracker®
655, which was known as one of the most effective long-term
fluorescent cell trackers [53].

It was known that ECs possessed angiogenic potential, that was,
could form capillary-like tubes in vitro [54]. To investigate whether
PFBD/PFDBD10-PBP-SPNs labeling affects such function of ECs, tube
formation assay was carried out. As shown in Fig. 4A and B, PFBD/
PFDBD10-PBP-SPN-labeled ECs with bright NIR fluorescence were
able to assemble into capillary-like tube structures. This agreed
well with what untreated ECs formed in terms of size, pattern and
density of tubes (Fig. 4C). Quantitative analysis suggested that there
was no significant difference in the number of tubes at 24 h be-
tween the groups of ECs with and without labeling of PFBD/
PFDBD10-PBP-SPNs (Fig. 4D). The result suggested that the SPN
labeling had negligible interference on the vasculogenic potential
of ECs.

3.4. In vivo EC tracking post systemic infusion

Prior to in vivo EC tracking investigation, the in vivo bio-
distribution, metabolization and toxicity of PFBD/PFDBD10-PBP-
SPNs were conducted. After intravenous administration of PFBD/
PFDBD10-PBP-SPNs (50 nM, 0.1 mL), the healthy mice were sacri-
ficed at designated time intervals, followed by excision and ex vivo
fluorescence imaging of various tissues including liver, spleen,
kidney, heart, lung, intestine, and stomach. It was found that the
fluorescent signal was mainly distributed in liver organ after
intravenous injection for 1 day, indicating that most of the PFBD/
PFDBD10-PBP-SPNs were accumulated in the liver. The fluorescent
signal from PFBD/PFDBD10-PBP-SPNs decreased as the time
elapsed, which was almost vanished on day 7 post-injection
(Supplementary Fig. S6A). Furthermore, obvious PFBD/PFDBD10-
PBP-SPN fluorescence was observed in the collected feces within
the initial 3 days, implying that PFBD/PFDBD10-PBP-SPNs were able
to be easily excreted from the body by biliary pathway from liver,
bile duct to feces (Supplementary Fig. S6B). Subsequently, the po-
tential in vivo toxicity of PFBD/PFDBD10-PBP-SPNs was investi-
gated. After intravenous injection of PFBD/PFDBD10-PBP-SPNs
(50 nM, 0.1 mL) into healthy mice for 7 days, the blood chemistry
tests regarding to total bilirubin, alkaline phosphatase, y-globulin
transferase, aspartic acid transaminase, albumin, and alanine
transferase were studied and compared with those from untreated
healthy mice. As displayed in Supplementary Fig. S7A, there was no
difference in any of the parameters between PFBD/PFDBD10-PBP-
SPN-treated and untreated groups, revealing that PFBD/PFDBD10-
PBP-SPNs had negligible harmness to liver function in spite of
their significant accumulation, which might be benefitted from the
relatively rapid clearance of the nanoprobes from the mouse body.
Finally, the histological analyses of liver and kidney tissues indi-
cated that PFBD/PFDBD10-PBP-SPNs did not cause pathological
lesions to the organs (Supplementary Fig. S7B). The results
reasonably demonstrated that PFBD/PFDBD10-PBP-SPNs possessed
low in vivo toxicity.

Next, a CLI-bearing mouse model was established to study the
feasibility of PFBD/PFDBD10-PBP-SPNs in tracking ECs in vivo and
revealing the contribution of ECs to CLI treatment. In this experi-
ment, systemic infusion including intravenous (i.v.) and intra-
arterial (i.a.) injections of ECs was adopted, as i.v. and i.a. admin-
istrations were the most common approaches used in the clinical
cell therapy [46]. After labeling with PFBD/PFDBD10-PBP-SPNs, ECs
(1 x 108) were injected into CLI-bearing mice via the tail vein or
femoral artery. At designated time intervals, the mice were imaged
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B) flow cytometry histograms of PFBD/PFDBD10-PBP-SPN-labeled or Qtracker® 655-labeled ECs that were then subcultured for 1, 5, and 10 days,

respectively. For (A), the ﬂuorescent signal of PFBD/PFDBD10-PBP-SPNs or Qtracker® 655 was collected above 560 nm upon excitation at 488 nm (pinhole: 65.5 um); the blue signal
indicated cell nuclei stained by DAPI. For (B), 10,000 events were counted for each sample to plot the histogram (excitation at 488 nm; 680/20 nm bandpass filter). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. (A—C) Representative CLSM images show capillary-like tube formation by (A, B) SPN-labeled and (C) untreated ECs. (A): fluorescence image; (B): fluorescence/transmission
overlay image of (A); (C): transmission image. The white circles indicated the tube structures. (D) Quantification of tube number formed by SPN-labeled and untreated ECs at 24 h.

with a Maestro in vivo fluorescence imaging system. As shown in
Fig. 5A, negligible fluorescence signal from PFBD/PFDBD10-PBP-
SPN-labeled ECs was detected in the ischemic limb (left hind limb)
on day 1 post i.v. injection, which however progressively elevated
and reached a maximum on day 7. This result revealed that with the
help of SPN labeling, it was visible to monitor the continued

capacity of ECs to home and engraft to the ischemic limb. Although
the signal was reduced over time after 7 days, obvious fluorescence
could still be observed on day 21 post-injection, indicating the
long-term EC tracking capacity of PFBD/PFDBD10-PBP-SPNs. In
comparison, there was few fluorescence signal in the normal leg
(right hind limb) throughout 21-day monitoring period (Fig. 5A),
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Fig. 5. (A, B) Non-invasive in vivo and ex vivo fluorescence imaging of CLI-bearing mice at different time points post (A) i.v. and (B) i.a. injection of PFBD/PFDBD10-PBP-SPN-labeled
ECs, respectively. The white arrows indicate the ischemic hind limbs. (C, D) Time-dependent fluorescence intensity change in the ischemic region. (C) and (D) for i.v. and i.a. injection
group, respectively (n = 6 mice for each group). (E—-G) Non-invasive fluorescence imaging of CLI-bearing mice on day 1 post i.a. injection of (E) different numbers of SPN-labeled
ECs, (F) 2 x 10% Qtracker® 655-labeled ECs and (G) 2 x 10> PKH26-labeled ECs, respectively. The concentrations of SPNs and Qtracker® 655 used to label ECs were both 1 nM. The

recommended working concentration of 2 uM was adopted for PKH26 to label ECs.

verifying the good selectivity of i.v. injected ECs toward ischemic
limb. The biodistribution and metabolization of i.v. injected ECs in
the major normal tissues were also examined by taking advantage
of SPN labeling (Supplementary Fig. S8). On day 1, ECs were actively
trapped in lung rather than other tissues because of the pulmonary
first-pass effect [55]. The fluorescence intensity in lung was
significantly decreased as the time elapses, and only a few fluo-
rescence signals could be detected in lung post 7 days. Additionally,
besides ischemic limb, relatively strong fluorescence signal from
SPN-labeled ECs was observed as well in the mouse intestine on
day 7 after i.v. injection, which was then decreased over time. As a
control, the CLI-bearing mice i.v. injected with saline were also
imaged under the same experiment conditions as those for Fig. 5A.
It was noted that there was no fluorescent signal observed in the
ischemic limb and any of normal organs within 7-day tested
duration (Supplementary Fig. S9), revealing that the fluorescent
signals in Fig. 5A and Supplementary Fig. S8 indeed came from the
SPNs.

On the other hand, when changing the injection method to i.a.,
rather intense fluorescence signal could be seen in the ischemic
limb on day 1, which gradually decreased thereafter (Fig. 5B). This
result indicated that SPN-labeled ECs through i.a. injection could

engraft to the ischemic region more rapidly as compared to those
via i.v. injection. The quantitative analysis displayed in Fig. 5C and D
not only indicated the alterations of fluorescence signal within 21-
day study duration for each injection method, but also revealed that
much more ECs could be enriched in the ischemic leg by i.a. in-
jection when compared the maximal fluorescence intensity in the
ischemic leg between i.a. (day 1) and i.v. (day 7) injections. More-
over, the biodistribution data in Supplementary Fig. S10 suggested
that on day 1 post i.a. injection, SPN-labeled ECs did not accumulate
in the lung tissue, but engrafted to intestine instead. After 7 days,
the fluorescence signal from SPN-labeled ECs in the intestine was
almost completely eliminated, leaving the exclusive signal in the
ischemic limb.

3.5. Sensitivity and accuracy of SPNs in tracking ECs in vivo

To investigate the sensitivity of PFBD/PFDBD10-PBP-SPNs in
reporting the fate of ECs in vivo, CLI-bearing mice were i.a. injected
with different numbers of SPN-labeled ECs, respectively, followed
by non-invasive imaging on day 1 post-injection. As depicted in
Fig. 5E, after i.a. injection of 5 x 10% 1 x 10% and 2 x 10> SPN-
labeled ECs into mice, respectively, outstanding fluorescent signal
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could be observed in the ischemic limb. However, there was only
weak fluorescence detected in the ischemic region when 1 x 103
SPN-labeled ECs were i.a. injected. Hence, PFBD/PFDBD10-PBP-
SPNs showed the limitation of tracking 2 x 10> i.a. injected ECs,
although only a portion of 2 x 10° ECs could reach the target. As
controls, two popularly used commercial fluorescent cell trackers,
PKH26 and Qtracker® 655, were used to label ECs, respectively,
under the same experimental condition as that for PFBD/PFDBD10-
PBP-SPNs. In sharp comparison, no signal was detected in the
ischemic limb after i.a. injection of 2 x 10° PKH26-labeled or
Qtracker® 655-labeled ECs into CLI-bearing mice for 1 day (Fig. 5F
and G). To the best of our knowledge, for non-invasive in vivo
fluorescence imaging, 2 x 10> represented the smallest value of
systemically administered cells that could be visualized by fluo-
rescent cell trackers. These data demonstrated the ultrahigh
sensitivity of PFBD/PFDBD10-PBP-SPN in tracking ECs in vivo, which
highlighted the importance of our probe design.

Furthermore, we evaluated whether PFBD/PFDBD10-PBP-SPNs
could precisely track the injected ECs in vivo over a long period of
time. To this end, the mice received i.a. injection of SPN-labeled ECs
(1 x 10°) were sacrificed on day 21 and the ischemic limbs were
excised and sliced. The slices were subsequently immunostained
with human nuclei antibody and 4’,6-diamidino-2-phenylindole
(DAPI), respectively. As the ECs used in this work originated from
human umbilical vein, the nuclei of the injected ECs could be
selectively visualized by human nuclei antibody [56]. DAPI was
utilized to stain all the cell nuclei in the slices including the injected
ECs and other mouse cells. As shown in Fig. 6A and B, the nuclei of
injected human ECs (green color) were clearly seen in the slices of
mouse ischemic limbs on day 21. Dramatically, almost all the
fluorescence signals (red color) from PFBD/PFDBD10-PBP-SPNs
were located around the green nuclei of injected ECs. Quantita-
tively, ~92% of injected ECs remained labeled with SPNs on day 21,
which were based on 12 images from various areas of ischemic
limbs (n = 4). Moreover, macrophages in the ischemic limb slices
from mice after i.a. injection of SPN-labeled ECs for 21 days were
stained against CD68 with green color. As depicted in Fig. 6C, nearly
no SPNs were co-localized with macrophages, suggesting that there
was negligible SPNs engulfment by resident macrophages [11].
These results together verified that our SPNs could truly report the
fate of injected ECs in vivo for at least 21 days.

3.6. Understanding regenerative contribution of ECs via SPNs

Laser Doppler imaging was conducted to assess the treatment
efficacy of SPN-labeled ECs on CLI disease, which could clearly

visualize the patency status of blood flow in normal and ischemic
limbs (Supplementary Fig. S11). Most of the mice received saline
treatment lost the left foot or limb due to the severe CLI. Never-
theless, on day 21 after i.v. and i.a. injection of SPN-labeled ECs,
respectively, important vascularization in the left hind limbs of
mice was observed (Fig. 7A), suggesting that systemic infusion of
SPN-labeled ECs significantly promoted tissue repair. It was also
found that the perfusion ratio and percentage of limb salvage for i.a.
injection group were higher than that for i.v. injection cohort
(Fig. 7B and C), which should be owing to the larger number of ECs
enriched in the ischemic limb by i.a. administration.

To understand the dedication of ECs in CLI therapy, the blood
vessels in the ischemic limbs of mice in i.a. and i.v. injection groups
were immunostained against CD31 on day 21. Significantly high
density of CD31-positive blood vessels was observed in the slices of
ischemic limbs for two ECs treatment groups. More importantly,
the CLSM images at different vertical depths (Fig. 8A and
Supplementary Figs. S12 and 3D sectional image (Fig. 8B) displayed
that i.a. or i.v. injected SPN-labeled ECs (red color) were located
exactly in the blood vessels (green color), revealing that ECs took
part in neovascularisation via forming vascular structures. There-
fore, by virtue of SPN labeling, it was reasonable to say that
participating in angiogenesis in vivo was an important contribution
of ECs to CLI therapy.

4. Conclusions

In summary, we employed FRET strategy to develop and opti-
mize a highly NIR emissive SPN for long-term tracking of system-
ically administered ECs in CLI-bearing mice. Through comparison of
two different donor SPs, it was found that PFBD gave better per-
formance as the FRET donor due to higher absorptivity at 488 nm,
larger enhancement of acceptor emission, and higher QY of SPNs in
water (as high as 0.47). In vivo studies verified that PFBD/PFDBD10-
PBP-SPNs could serve as a unique nanoprobe to provide precise
information on the in vivo behaviors of systemically injected ECs in
CLI treatment for at least 21 days. Moreover, PFBD/PFDBD10-PBP-
SPNs were capable of effectively tracking as few as 2 x 10% ECs upon
i.a. injection into CLI-bearing mice, showing much higher sensi-
tivity in ECs tracking in vivo compared with commercial Qtracker®
655 and PKH26. By virtue of SPN labeling, it was also found that ECs
contributed to CLI treatment by participating in angiogenesis. Our
PFBD/PFDBD10-PBP-SPNs thus met nearly all the necessary re-
quirements of an advanced fluorescent cell tracker, including ul-
trahigh NIR fluorescence, superb biological and photophysical
stabilities, negligible interference on cell behavior and function,

HuNu DAPI

CD68 DAPI

Fig. 6. (A) Representative CLSM image from human nuclei (HuNu) antibody-stained slices of ischemic limbs. (B) is co-stained by DAPI. (C) Representative CLSM image from CD68-
staining slices of ischemic limbs. For (A—C), the mice were sacrificed on day 21 post i.a. injection of SPN-labeled ECs.
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Fig. 7. (A) Laser Doppler perfusion images of CLI-bearing mice on day 21 after i.a. or i.v. injection of SPN-labeled ECs. The mice received saline treatment were used as the control.
(B) Quantification of perfusion recovery based on Laser Doppler imaging. (C) Determination of limb/foot status of CLI-bearing mice in various treatment groups on day 21.
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Fig. 8. (A) Representative CD31-staining CLSM images at various vertical depths and (B) 3D sectional image from ischemic limbs of mice on day 21 post i.a. injection of SPN-labeled
ECs.
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excellent retention within cells, as well as precise long-term cell
tracking ability. This work will inspire new insights and materials in
the field of cell tracking.
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