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ABSTRACT Monitoring and understanding long-term fate and regenerative
therapy of administrated stem cells in vivo is of great importance. Herein we report
organic nanodots with aggregation-induced emission characteristics (AIE dots) for
long-term tracking of adipose-derived stem cells (ADSCs) and their regenerative
capacity in living mice. The AIE dots possess high fluorescence (with a high quantum
yield of 25 £ 1%), excellent biological and photophysical stabilities, low in vivo
toxicity, and superb retention in living ADSCs with negligible interference on their
pluripotency and secretome. These AIE dots also exhibit superior in vitro cell tracking
capability compared to the most popular commercial cell trackers, PKH26 and Qtracker
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655. In vivo quantitative studies with bioluminescence and GFP labeling as the controls reveal that the AIE dots can precisely and quantitatively report the

fate of ADSCs and their regenerative capacity for 42 days in an ischemic hind limb bearing mouse model.
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cal cells that are able to differentiate

into specialized cells."> Among various
stem cell sources, adipose-derived stem
cells (ADSCs) possess rich promise as cell-
based regenerative medicine, as they can
be easily isolated from the stromal vascular
fraction and exhibit extensive differentia-
tion potential with easy expanding ability.>*
With the development of efficient stem cell
therapies, it is of paramount importance to
track the fate and regenerative capability of
the administrated stem cells in both experi-
mental models and clinical trials over a long
period of time. Long-term, continuous, and
precise in vivo stem cell tracing would pro-
vide clinicians and scientists with valuable
information on monitoring of stem cell
therapy, optimization of cell administration

Stem cells are undifferentiated biologi-
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conditions, as well as assessment of treat-
ment efficacy.> ™’

In general, two main strategies have been
explored for stem cell tracking. One is to
mark the cells with reporter genes®® and
the other is to label the cells with exogenous
contrast agents or imaging probes.'® The
reporter gene labeling approach offers vera-
cious and quantitative information on the
distribution and proliferation of stem cells
via positron emission tomography (PET) or
optical imaging.""'? Unfortunately, this ap-
proach is difficult to implement clinically
due to several factors such as the require-
ments for transfection of genetic material
and DNA modification of the cell population
as well as the epigenetic gene silencing
owing to DNA methylation, which may lead
to raised concern of insertional mutagenesis,
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adverse cellular effects, and suppressed reporter
signals.'®’3>7'®> On the other hand, several imaging
techniques along with exogenous contrast agents
have been established for stem cell tracking. For
instance, iron oxide nanoparticles are the most widely
used exogenous agents for tracking of transplanted
stem cells via magnetic resonance imaging (MRI),
although low sensitivity and a time-dependent de-
crease in MRI signal have been reported.®'%16-18

Among different imaging techniques, fluorescence
imaging holds the advantages of high sensitivity, good
temporal resolution, large in vitro and in vivo through-
puts, and manoeuvrable imaging instruments.'%'9~2!
Until now, organic dyes®? and inorganic quantum
dots (QDs)?*~2® have been widely utilized as stem cell
trackers. Organic dyes, however, are limited by low
photobleaching thresholds and facile leakage from
cytoplasm to media.?”?® Compared with organic dyes,
QDs show more intense fluorescence, stronger photo-
bleaching resistance, and longer retention time in
living cells, which are highly regarded as promising
candidates for tracking stem cells.'*?? So far, many
reported QDs suffer from intrinsic cytotoxicity caused
by oxidative degradation of the heavy metal com-
ponents,® inclination to aggregate in biological sys-
tems,®’ as well as irregular blinking phenomena,?
which limit their applications in stem cell tracking. As
a consequence, alternative fluorescent probes with
superb optical properties and excellent cellular reten-
tion that can also overcome the limitations of QDs are
urgently in demand for long-term stem cell tracking in
living systems.

Very recently, fluorogens with aggregation-induced
emission (AIE) characteristics have attracted increasing
attention in biomedical applications.>* AIE fluorogens
are propeller-shaped molecules with rotor units such
as phenyl rings, which are not fluorescent in solution.
However, the fluorogens change to highly emit when
aggregated as a result of restriction of the intramole-
cular motion.3*737 Of particular interest are the AIE
fluorogen-loaded organic dots, which have shown
high cellular retention, robust biocompatibility, and
flexible surface functionalization.3®*° In addition,
different from traditional dye-loaded nanoparticles,
which show aggregation-caused quenching (ACQ)
effect for dye aggregates,*° the unique feature of AIE
fluorogens opens up new opportunities for the fab-
rication of high loading organic dots with strong
fluorescence.

To the best of our knowledge, a number of chal-
lenges still exist for the currently available exogenous
contrast agents in in vivo long-term stem cell tracking.
For example, considerably less effort has been focused
on whether the agents can truly report the fate of stem
cells in vivo after administration for an extremely
long time and how the stem cells contribute to the
regenerative therapy by taking advantage of the cell
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labeling. These may be hampered by either the rela-
tively low resolution of imaging modality or the limited
biological and photophysical stabilities of contrast
agents. Moreover, many fluorescent probes are not
good candidates for noninvasive monitoring of stem
cells in living animals due to their relatively low bright-
ness. Consequently, the unique features of AIE fluoro-
gens motivate us to develop them into stem cell
trackers to specifically address the aforementioned
challenges. In this paper, we report the synthesis of
QD-sized AIE dots with bright far-red/near-infrared
(FR/NIR) fluorescence for noninvasive in vivo long-term
tracking of ADSCs in an animal model of ischemia hind
limb. The intense emission in the FR/NIR region and the
large Stokes shift (~160 nm) render the AIE dots
suitable for in vivo imaging with low disturbed absorp-
tion, minimum background fluorescence, and deep
tissue penetrability.*’ The brightness and photostabil-
ity of AIE dots were assessed through single nanopar-
ticle imaging. After evaluation of their in vivo toxicity,
the AIE dots were utilized as exogenous fluorescent
probes for in vitro and in vivo long-term ADSC tracking,
which showed superior cell tracking performance to
the most popular commercial cell trackers (e.g., PKH 26
and Qtracker 655). Detailed experiments also revealed
that the AIE dots internalization by the ADSCs did not
affect their pluripotency, secretome, and in vivo treat-
ment efficacy. More importantly, the AIE dots were
demonstrated to be able to precisely track the ADSCs
and their regenerative capacity, which provided us
insight into understanding how ADSCs contributed
to the ischemia therapy.

RESULTS AND DISCUSSION

The FR/NIR-emissive AIE fluorogen 2,3-bis(4-(phenyl-
(4-(1,2,2-triphenylvinyl)phenyl)amino)phenyl)fumaro-
nitrile (TPETPAFN) was synthesized** and demon-
strated to hold AIE signature (Figure S1, Supporting
Information). The AIE dots were fabricated through
a modified nanoprecipitation method*® using 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-[(poly-
ethylene glycol)-2000]-maleimide (DSPE-PEG2000-
maleimide) as the encapsulation matrix. The TPETPAFN
loading content in AIE dots was determined to be
39.8%, which ensured high brightness of the dots.
The obtained AIE dots had surface maleimide groups,
which were further modified with cell-penetrating
peptide (derived from HIV-1 transactivator of transcrip-
tion (Tat) protein) through maleimide—thiol coupling
reaction in water in order to improve the cellular up-
take of the dots. On average, there are ~3800 Tat
peptides conjugated on each AIE dot, which is de-
scribed in detail in the Supporting Information. The
chemical structure of TPETPAFN and the schematic
illustration of AIE dot are shown in Figure 1A. Under
transmission electron microscopy (TEM), the AIE dots
show a spherical shape with a mean diameter of
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Figure 1. Structure of the AIE fluorogen and properties of the AIE dots used in this study. (A) Chemical structure of TPETPAFN
and schematic illustration of the AIE dot. (B) TEM image of the AIE dots. The inset shows the enlarged TEM image. (C) AFM
heightimage of the AIE dots. (D) Histogram of the AIE dot heights obtained from AFM (200 individual AIE dots were analyzed).
Histograms of the total number of photons collected during 100 s for each of the (E) 1216 individual AIE dots and (F) 300
individual QD655. (G) Fluorescence time-traces of four individual AIE dots with different brightness levels.

~35 nm (Figure 1B). Figure 1C shows the atomic force
microscopy (AFM) height image of AIE dots. Quanti-
tative analysis based on 200 AIE dots indicates
that the average vertical height distribution of
the dots ranges from 6 to 22 nm with a peak
at 16 nm (Figure 1D). The size of AIE dots hardly
changed upon incubation in PBS buffer within a
3-week study duration, revealing their good stability.
In addition, the AIE dots have absorption and emis-
sion maxima at 510 and 670 nm in water with a high
quantum yield of 25 + 1% measured using rhoda-
mine 6G in ethanol as the reference (Figure S2,
Supporting Information). The large Stokes shift of
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~160 nm is beneficial for bioimaging with minimal
background interference.**

Single nanoparticle fluorescence imaging of the
obtained AIE dots was carried out upon excitation at
488 nm using commercially available QD655 (with a
hydrodynamic size of ~28 nm, including the polymeric
protective shell) as the reference. A total of 1216 AIE
dots were analyzed to obtain the statistical histogram
of the total photons emitted from the dots during
100 s, as shown in Figure 1E. The arithmetic average
number of the total photons emitted by each AIE dot is
approximately 1.18 x 10° counts per 100 s, which is on
average ~4 times larger than that of QD655 (Figure 1F),
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Figure 2. Fluorescence imaging and viability of ADSCs labeled by AIE dots: (A) confocal laser scanning microscopy (CLSM)
images of an AIE dot-labeled ADSC; (B) 3D sectional CLSM image of the cell in (A); (C) metabolic viability of ADSCs after
incubation with AIE dots (5 nM) for various time intervals; (D) 3D CLSM image of AIE dot-labeled ADSCs cocultured with green
fluorescent protein (GFP)-expressed ADSCs for 3 days; (E) flow cytometry data of AIE dot-labeled and GFP-expressed ADSCs
cocultured for 12 and 72 h. The cellular nuclei were stained by 4',6-diamidino-2-phenylindole (DAPI, blue) in (A), (B), and (D).

indicating the higher brightness of each individual AIE
dot. In addition, the intensity time-traces of four re-
presentative individual AIE dots were also obtained
(Figure 1G), which revealed excellent photostability
of the dots with negligible photobleaching during
the observation period. More importantly, the AIE dots
have stable emission without fluorescence intermit-
tency, often referred to as “blinking”,>? which is of high
importance in real-time single dot tracking.

Before stem cell tracking experiments, the in vivo
toxicity of AIE dots was evaluated. A 0.1 mL portion of
100 nM AIE dots (the dot concentration is 100 times as
that used for stem cell tracking) was intravenously
injected into each healthy mouse, which was followed
by monitoring of their distribution and metabolization
in the mice over time. Figure S3A in the Supporting
Information shows the time-dependent in vivo distri-
bution profile in mice and ex vivo tissue imaging.
Strong fluorescence is seen in the liver and spleen
tissues post 3 h injection, indicating that the AIE dots
are chiefly enriched in the reticuloendothelial system
(RES) organs.** No detectable fluorescence was ob-
served in any tissue of mice at day 9 postinjection,
revealing that the AIE dots were able to be excreted
from the body through the biliary pathway,*® which
was evidenced by the clear fluorescent signals in the
collected feces but not urine (Figure S4, Supporting
Information). Moreover, there is no noticeable body
weight loss for the AIE dot-treated mice relative to
that for the untreated control group (Figure S3B,
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Supporting Information). In fact, all the AIE dot-treated
mice presented an active state in terms of movement,
spirit, and skin luster.

Subsequently, a series of blood chemistry tests in
terms of liver function, heme regulation, and red/white
blood cell counts were performed 9 days after treat-
ments. The results shown in Figure S3C (Supporting
Information) reveal that no physiologically significant
difference exists between AIE dot-treated and un-
treated groups. Finally, the histological analyses of
important normal organs including liver, spleen, and
kidney from AIE dot-treated mice were conducted as
well. As shown in Figure S3D (Supporting Information),
hematoxylin and eosin (H&E)-stained slices assessed by
three independent pathologists suggest that the AIE
dots hardly lead to any significative lesions to the
normal organs. These data reveal that the AIE dots
are safe for in vivo application.

The utility of AIE dots in stem cell labeling was in-
vestigated with confocal laser scanning microscopy
(CLSM). After incubation with AIE dots (1 nM) at 37 °C
for 4 h, the ADSCs were imaged by CLSM with 543 nm
laser excitation, and the fluorescent signals were col-
lected above 560 nm. Under the imaging conditions,
no autofluorescence from the unlabeled ADSCs can be
detected (Figure S5, Supporting Information). As
shown in Figure 2A,B, the CLSM images along with
the 3D sectional view show that obvious red fluores-
cence is observed in the ADSC cytoplasm, indicating
that the AIE dots can be internalized into the cells for
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Figure 3. Effect of AIE dots on pluripotency and secretome of ADSCs: (A) chondrogenic, adipogenic, and osteogenic
differentiation capacities as well as (B) secretome analyses of ADSCs with and without AIE dot labeling.

labeling. The in vitro cytotoxicity of AIE dots against
ADSCs was then estimated using MTT cell-viability
assays. Figure 2C depicts the cell viabilities after in-
cubation with AIE dots at a dot concentration of 5 nM
for up to 5 days. The cell viability remains >90% within
5-day study duration, indicating low cytotoxicity and
good biocompatibility of AIE dots to ADSCs.

It is essential for exogenous labeling agents to
possess excellent retention in living cells during cell
proliferation.'®?® To study whether the internalized AIE
dots would leak from the intracellular compartments
to the extracellular media, AIE dot-labeled ADSCs
(without transfection of any reporter genes) were
cocultured with green fluorescent protein (GFP)-
expressed ADSCs. After coincubation for designated
time intervals, the cells were examined by CLSM and
flow cytometry. As shown in Figure 2D, the colocaliza-
tion between red fluorescence from AIE dots and green
fluorescence from GFP is hardly observed in any ADSC
even after being cocultured for 3 days, which is also
quantitatively verified by the corresponding flow cyto-
metry data (Figure 2E). Similar results were also ob-
tained when AIE dot-labeled ADSCs were cocultured
with a GFP-expressed 4T07 breast cancer cell line
(Figure S6, Supporting Information). These results re-
veal that the internalized AIE dots have very good
retention in ADSCs, which are promising for long-term
stem cell tracking.

We next studied whether the AIE dot internalization
would influence the pluripotency of ADSCs. As shown
in Figure 3A, the AIE dot-labeled ADSCs are capable of
transforming into chondrogenic, adipogenic, and os-
teogenic cell lines, as evidenced by mast cells via
toluidine blue staining,*’ the lipid-containing vacuoles
in cells via oil-red O staining,*® and mineralization of
the ADSCs via Alizarin red S staining,* respectively.
Noteworthy is that for each kind of differentiation
no significant difference with respect to intensity
and distribution of stain is found between cells la-
beled with and without AIE dots. These data indicate
that the AIE dot internalization neither impacts the
pluripotency of ADSCs nor causes any unintended
differentiation.

DING ET AL.

The secretome behaviors of AIE dot-labeled ADSCs
and control cells were investigated via quantitative
real-time polymerase chain reaction (qPCR) measure-
ments. As shown in Figure 3B, the levels of para-
crine cytokines, including monocyte chemoattractant
protein-1 (MCP-1), interleukin-6 (IL-6), angiopoietin-1
(Ang-1), basic fibroblast growth factor (bFGF), and
vascular endothelial growth factor a (VEGFa), do not
show a significant difference between AIE dot-labeled
and unlabeled ADSCs. This result verifies that the AIE
dot labeling does not obviously affect the secretome
behavior of ADSCs.

The applications of the AIE dots in in vitro and in vivo
ADSC tracking were subsequently investigated. The
capacity of AIE dots for in vitro ADSC tracing was
demonstrated first, using the most popular commer-
cial cell trackers of PKH26°° and Qtracker 655°" as the
references. The applied concentrations of AIE dots and
Qtracker 655 were fixed at 1 nM. It should be noted that
PKH26 cannot efficiently label the ADSCs at such a low
concentration, and the recommended working con-
centration (2 uM) of PKH26 was used in this study. After
labeling with each cell tracker, the ADSCs were sub-
cultured for 1—5 days, and the cell fluorescence was
subsequently studied by CLSM (Figure 4A) and flow
cytometry (Figures S7 and S8, Supporting Information).
Upon 1 day subculture, obvious fluorescent signals
are observed for all the labeled ADSCs. Quantitative
analyses of the CLSM images on day 1 using Image
Pro Plus software indicate that the mean fluorescence
intensity from AIE dot-labeled ADSCs is ~6.2 and ~4.8-
fold higher than that from Qtracker 655- and PKH26-
labeled ones, respectively. This result is in good agree-
ment with the corresponding flow cytometry data.
Furthermore, the flow cytometry result on day 1 also
reveals that the ADSC labeling rates for AIE dots,
PKH26, and Qtracker 655 are 98.5%, 97.5%, and
80.6%, respectively (Figure S7, Supporting Information).
As shown in Figure 4A, after 5 day subculture, only weak
fluorescence is detectable in Qtracker 655- (labeling rate
of 12.4%) and PKH26-labeled (labeling rate of 43.9%)
ADSCs, while intense and homogeneous fluorescent
signals are still observed for AIE dot-labeled ones with
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Figure 4. Long-term tracking of ADSCs via AIE dots. (A) CLSM images of ADSCs labeled with AIE dots, PKH26 as well as
Qtracker 655 and then subcultured for 1 and 5 days, respectively. (B) Representative time-dependent in vivo fluorescence
images of the ischemic hind limb-bearing mouse that was intramuscularly injected with AIE dot-labeled ADSC-containing
Matrigel (n = 8 for this experiment). (C) Time-dependent fluorescence intensity changes for the region of interest (ROI: the cell
transplanted site, which is indicated by red circle in (B)). (D) Representative time-dependent in vivo bioluminescence images
of the same mouse in (B). (E) Time-dependent bioluminescence intensity changes for the ROI (indicated by red circle in (D)).

The cellular nuclei were stained by DAPI (blue) in (A).

a labeling rate of 92.5% (Figure S8, Supporting
Information). As PKH26 and Qtracker 655 have been
reported as long-term stem cell tracers***°~>3 the
superior performance of AIE dots in in vitro ADSC track-
ing makes them promising for in vivo monitoring of the
stem cells.

The in vivo stem cell tracking ability of the AIE dots
was examined on a hind limb ischemia model, utilizing
the noninvasive live animal fluorescence imaging
technique. It is worth pointing out that the ADSCs used
in this study were isolated from the abdominal and
inguinal adipose tissue of 8—12 week old male FVB-luc-
GFP transgenic mice, which can express both luciferase
and GFP for bioluminescence and fluorescence ima-
ging, respectively. Therefore, the in vivo localization of
the live ADSCs in mice could be noninvasively imaged
through injection of a solution of luciferase substrate

DING ET AL.

(p-luciferin). This will help to confirm whether AIE dots
can precisely trace the fate of ADSCs in the living
system and provide a good reference to further eval-
uate the ability of AIE dots for in vivo ADSC tracking. In
addition, Matrigel was used as matrix to encapsulate
the ADSCs for in vivo transplantation in order to
improve the cell retention and survival at the injected
site in mice.

After the ischemic hind limb was intramuscularly in-
jected with AIE dot-labeled ADSC-containing Matrigel,
the mice were imaged at designated time intervals.
At each time point, the mice were simultaneously
imaged using in vivo fluorescence as well as biolumi-
nescence imaging systems. For fluorescence imaging,
spectral unmixing with the Maestro software was
utilized to get rid of the mouse background fluores-
cence (Figure S9, Supporting Information). Figure 4B

AR
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Figure 5. Tracking of ADSCs in vivo at single-cell resolution: (A) representative CLSM image of ischemic hind limb slices from
mice after administration of AIE dot-labeled ADSC-containing Matrigels for 30 days; (B) enlarged CLSM image in A; (C)
representative 3D sectional CLSM image taken on day 42. The green fluorescence in (A—C) is from GFP in the transplanted

ADSCs. The cellular nuclei were stained by DAPI (blue).

shows the time-dependent distribution profile of the
transplanted AIE dot-labeled ADSCs in living mice.
Rortis fluorescence is seen in the hind limb post 1 h
injection (day 1). As the time elapses, the fluorescent
signals gradually decrease, but are still clearly distin-
guishable at the transplanted site for 42 days. Quanti-
tative analyses of the fluorescent signals for the
transplanted AIE dot-labeled ADSCs reveal a nearly
continuous decrease in fluorescence intensity over
time (Figure 4C). The same mice used for fluorescence
imaging were also performed for bioluminescence
imaging at the same time. As shown in Figure 4D, the
pattern of live ADSC distribution in the hind limb is
similar to that for fluorescence imaging at each time
point. Furthermore, the trend of bioluminescence in-
tensity alteration (Figure 4E) is almost the same as that
for fluorescence imaging (Figure 4CQ). It is also noted
that the transplanted ADSCs with and without AIE dot
labeling exhibit similar bioluminescence signal inten-
sity within 42 days, demonstrating that the AIE dot
internalization has negligible influence on biolumines-
cence imaging of ADSCs (Figure S10, Supporting
Information). As reporter gene labeling strategy is
known for its accuracy and quantification in living cell
tracking applications, these data verify that the AIE
dots can precisely and quantitatively report the fate of
ADSCs in living mice.

Furthermore, on days 30 and 42, the mice
transplanted with AIE dot-labeled ADSC-containing
Matrigels were sacrificed and the ischemic hind limbs
were dissected and sliced for CLSM observation. As the
ADSCs in this study express GFP as well, it is convenient
for us to estimate the accuracy of AIE dots in tracking
ADSCs in vivo at single-cell resolution. As shown in
Figure 5A,B, the CLSM images reveal that post 30-day
ADSC administration, the fluorescent signals from AIE
dots (red) and GFP (green) overlap well in the cyto-
plasma of most transplanted ADSCs. Quantitative anal-
ysis on day 30 based on 10 CLSM images from different
fields of ischemic hind limb for each mouse (n = 4)
indicates that ~86% of GFP-expressed ADSCs are
stained with AIE dots. The good coincidence of AIE
dot and GFP fluorescence in the same ADSCs is also

DING ET AL.

observed (~78% of GFP-expressed ADSCs containing
AIE dots via quantitative analyze) even after transplan-
tation of the stem cells in vivo for 42 days (Figure 5C).
The single-cell costain analysis further confirms the
long-term ADSC tracking ability of AIE dots.

The research on the utility of ADSCs as therapeutic
agents for ischemic diseases has attracted consider-
able attention.>*** As a consequence, it is critical to
understand whether the cell trackers would influence
the regenerative capability and therapeutic efficacy of
ADSCs in vivo. To understand the effect of AIE dots
on ADSC treatment efficacy, AIE dot-labeled and un-
labeled ADSC-containing Matrigels (AIE dot-ADSC-M
and ADSC-M in short) were intramuscularly trans-
planted into ischemic hind limbs of mice, respectively.
The treatment efficacies of bare Matrigel transplanta-
tion and saline injection were also examined as con-
trols. After 30 days postadministration, laser Doppler
imaging analyses were carried out to assess the blood
perfusion at the wound site for all the treatment
groups. As shown in Figure 6A, significant vasculariza-
tion with subcutaneous blood flows can be observed in
the hind limbs of mice treated with AIE dot-ADSC-M
and ADSC-M, whereas the foot and even the limb of the
mice in bare Matrigel and saline groups are lost,
resulting from the severe ischemia. The representative
photographs showing the hind limbs of mice with
different treatments are illustrated in Figure 6B. The
blood flow of hind limb in the ischemic model was
analyzed for all the treatment groups. On day 30, the
perfusion ratios for AIE dot-ADSC-M and ADSC-M
groups are similar, which are higher than those for
the two control groups (Figure 6C).

Additionally, as compared to the control groups of
bare Matrigel and saline injections, both ADSC treat-
ments with and without AIE dot labeling significantly
improved the percentages of limb salvage and re-
duced the percentages of foot necrosis and amputa-
tion post 42 days administration (Figure 6D). The H&E
and immunohistochemical staining were also con-
ducted on day 42. As shown in Figure 6E, typical H&E
image of the ischemic limb in the saline injection group
shows muscle degeneration in the ischemic region.
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cellular nuclei were stained by DAPI (blue) in (E).

Transplantation of bare Matrigel attenuates muscle
degeneration to some extent but fails to retain the
large muscle fibrils as observed in the normal tissue
(Figure S11, Supporting Information). In contrast, the
ischemic limbs from mice treated with ADSC-M and AIE
dot-ADSC-M display substantially reduced muscle de-
generation with maximum fibrosis. In addition, both
the AIE dot-ADSC-M and ADSC-M groups show signifi-
cantly elevated density of CD31-positive blood vessels
and increased number of proliferation active cells
with proliferating cell nuclear antigen (PCNA)-positive
nuclei in ischemic limbs as compared to the two
control groups (Figure 6E and Figure S12, Supporting
Information). These results suggest that ADSCs possess
a great regenerative angiogenic potential and their

DING ET AL.

transplantation is very effective in curing hind limb
ischemia. In addition, AIE dot internalization does not
affect the in vivo treatment efficiency of ADSCs.

We next investigated the utility of AIE dot labeling in
understanding how ADSCs contribute to the ischemia
therapy. The in vivo secretome behavior of AIE dot-
labeled ADSCs was first studied by immunostaining
against VEGF and bFGF. Figure 7A,B show the CLSM
images of ischemic hind limb slices from mice after
transplantation of AIE dot-labeled ADSC-containing
Matrigels for 14 days. A close relativity in terms of
the colocalization of the AIE dot-labeled cells (red
fluorescence) with VEGF and bFGF (green fluorescence
in Figure 7A,B, respectively) is observed from the slices,
demonstrating that AIE dot-labeled ADSCs have in vivo
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VEGF

CD31

Figure 7. Long-term tracking of the regenerative capacity
of ADSCs via AIE dots. Representative CLSM images of
ischemic hind limb slices from mice after administration of
AIE dot-ADSC-M for 14 days. The slices were immunostained
against (A) VEGF and (B) bFGF, respectively. (C) Representa-
tive CD31-staining CLSM image and (D) 3D sectional CLSM
image of ischemic hind limb slices from mice treated with
AIE dot-ADSC-M for 42 days. The white arrows in (C) indicate
the overlay yellow or orange fluorescence. The green
fluorescence indicates the VEGF in (A), bFGF in (B), and
CD31-positive blood vessels in (C and D). The cellular nuclei
were stained by DAPI (blue).

regenerative ability by secreting angiogenic factors in
the ischemic tissue. In comparison, the VEGF and bFGF
fluorescent signals are significantly decreased in the
slices from mice treated with saline or bare Matrigel
(Figure S13, Supporting Information), confirming the
in vivo secretory capability of AIE dot-labeled ADSCs.
Furthermore, upon blood vessel staining against CD31
on day 42, it is found that most AIE dot-labeled ADSCs
(red fluorescence) are distributed near or close to
the CD31-positive blood vessels (green fluorescence,
Figure 7C), indicating the induction of therapeutic
angiogenesis via the cells. More importantly, as shown
in Figure 7C, several AIE dot-labeled cells are located
in the blood vessels, especially in the capillaries, as
evidenced by the overlay yellow or orange fluores-
cence. The enlarged 3D sectional CLSM image de-
picted in Figure 7D verifies that the AIE dot-labeled
ADSCs can also participate in blood vessel formation
through forming vascular structures. Therefore, by
taking advantage of AIE dot labeling, we conclude
that the ADSCs are contributing to the angiogenesis
in ischemic tissue via not only secreting angiogenic
factors, such as VEGF and bFGF, but also differentiat-
ing into necessary cells in vivo to participate in
neovascularisation. These data also illustrate that
the AIE dots are able to track and visualize the
regenerative capacity of ADSCs in a long-term
manner.

DING ET AL.

CONCLUSIONS

In summary, we have developed AIE dots with
ultrahigh stability and brightness, explored their appli-
cations in noninvasive long-term tracking of ADSCs,
and monitored their regenerative capability in an
ischemic hind limb model. The prepared AIE dots show
very low in vivo toxicity and excellent photostability
with negligible photobleaching in single nanoparticle
fluorescence imaging. The AIE dot labeling is found to
have negligible interference on the pluripotency and
secretome of the ADSCs. The in vitro ADSC tracing
experiments reveal that the AIE dots possess superb
retention within the ADSCs and have superior in vitro
cell tracking ability over commercially available cell
trackers, Qtracker 655 and PKH26. The ADSC tracking
studies in mice bearing ischemic hind limbs demon-
strate that the AIE dots can precisely and quantitatively
report the fate of ADSCs and their regenerative capa-
city in vivo for 6 weeks. To the best of our knowledge,
the 6-week observation represents the longest in vivo
cell tracking duration among the currently available
exogenous fluorescent cell trackers, indicating that the
AIE dots are unique fluorescent probes for long-term
cell tracking.

Similar to other exogenous stem cell trackers, AIE
dots have shown advantages such as good biocompat-
ibility, high cellular retention, simple labeling proce-
dure and high throughput. In addition, the AIE dots
also have their own uniqueness: (1) as compared to
traditional organic fluorophores that undergo fluores-
cence quenching upon aggregation, the aggregation-
induced emission characteristics of AIE fluorogens
offer new opportunities to synthesize nanodots with
high loading and bright fluorescence; (2) the AIE dots
can track the stem cells in vivo for 6 weeks, notonly in a
noninvasive manner but also with single-cell resolu-
tion; (3) the AIE dots are capable of precisely and
quantitatively report the fate of ADSCs in vivo, which
is validated by simultaneous reporter gene imaging; (4)
more importantly, the AIE dots are demonstrated to be
able to long-term track the regenerative capability of
ADSCs in ischemic tissues. Noteworthy is that very little
work has focused on tracking the regenerative capacity
of stem cells using cell trackers."*?° An impressive
work by Yu's group has utilized fluorescent nanodia-
monds to label lung stem cells, which was able to
monitor the cells and their regenerative ability in vivo
for 7 days.>°

It is noted that QD-based fluorescent probes have
been reported as an important class of cell trackers
available for advancing the stem cell field."® The super-
ior in vitro and in vivo performance of AIE dots in stem
cell tracking clearly verifies their great potentials in
practice. Moreover, as compared to the reporter gene
labeling strategy (e.g., luciferase-labeling method) that
is difficult to envision clinically and only widely used in
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small animals,”'*~ "> the AIE dot-labeling approach is

simple, inexpensive, safe, and effective, which holds
great promise for potential clinical translation. Con-
sidering the remarkable advantages of AIE dots over
other fluorescent probes in terms of brightness,

EXPERIMENTAL SECTION

Materials. 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-
N-[(polyethylene  glycol)-2000]-maleimide  (DSPE-PEG,q00-
maleimide) was obtained from Laysan Bio, Inc. (Arab, AL).
HIV-1 transactivator of transcription (Tat) protein-derived cell
penetrating peptide (C-terminus with cysteine) was purchased
from GL Biochem Co., Ltd. (Shanghai, China). Qtracker 655 cell
labeling kit was purchased from Life Technologies, Invitrogen
(Singapore). TranZol Reagent was provided by TransGen Bio-
technology Inc. (Beijing, China). Matrigel Matrix was purchased
from BD Biosciences Inc. (Franklin Lakes, NJ). Other chemicals
were bought from Sigma-Aldrich. 2,3-Bis(4-(phenyl(4-(1,2,2-
triphenylvinyl)phenyl)amino)phenyl)fumaronitrile (TPETPAFN)
was synthesized on the basis of our previous report.*?

Characterization. UV—vis and emission spectra were mea-
sured using a Shimadzu UV-1700 spectrometer and PerkinElmer
LS 55 spectrofluorometer, respectively. Transmission electron
microscopy (TEM, JEM-2010F, JEOL, Japan) and atomic force
microscopy (AFM, Veeco Bioscope Il microscope equipped with
a NanoScope llla controller) were employed to investigate the
sample morphology. For AFM measurement, a drop of dilute
solution of the nanodots was added onto a clean glass cover
slide.

Preparation of AIE Dots. TPETPAFN (1 mg) and DSPE-PEG,gq0-
maleimide (1.5 mg) were dissolved in 1T mL of tetrahydrofuran
(THF). Accompanied by sonication by a microtip probe sonica-
tor (12 W output, XL2000, Misonix Incorporated, NY), the above
THF solution was added into 9 mL of water, which was followed
by further sonication for 60 s. The suspension was stirred in the
fume hood at room temperature for 12 h in order to remove the
THF. Afterward, the AIE dot suspension was performed for
ultrafiltration (molecule weight cutoff 100 kDa) at 3000 g for
30 min. A 0.2 um syringe driven filter was then employed to
further purify the dot suspension. The amount of TPETPAFN
aggregates successfully encapsulated into the DSPE-PEG,gq0-
maleimide matrix was estimated by the absorption spectra
utilizing a calibration curve of THF solutions of TPETPAFN as
the reference. The TPETPAFN loading content in AIE dots is
defined as the ratio of fluorogen mass incorporated in the dots
to the total mass of the AIE dots. To conjugate Tat peptides
on the AIE dots, 1 umol of peptide was added into the AIE dot
suspension, which was allowed to react for 12 h. The free Tat
peptide was subsequently removed by ultrafiltration.

Cell Culture. Luciferase+/GFP+ ADSCs were isolated from
the abdominal and inguinal adipose tissue of 8—12 weeks old
male FVB-luc-GFP transgenic mice and subsequently cultured
and expanded in 10 cm? plate in complete growth medium
containing o-Minimum Essential Medium supplemented with
20% fetal bovine serum (FBS) and 100 U/mL of penicillin-
streptomycin at 37 °C in a humidified environment containing
5% CO,. The culture medium was changed twice a week. The
ADSCs of passages 3 were used for all of the experiments in this
work.

In Vitro ADSC Tracking. DSCs (2 x 10°) were seeded in a 6 cm?
plate and cultured at 37 °C. After removal of the medium and
washing with 1x PBS buffer, the ADSCs were exposed to 1 nM
AIE dots for 4 h at 37 °C. After that, the cells were washed twice
with culture medium, detached by 1 x tripsin, and then
subcultured for 1 and 5 days, respectively. The cells subcultured
for different time periods were imaged by CLSM (Leica TSC SP8,
Germany) with excitation at 543 nm and signal collection
>560 nm. The fluorescence intensities of AIE dot-labeled ADSCs
were then assessed by flow cytometry (Becton Dickinson, San
Jose, CA) measurements. Ten thousand events were counted for
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photostability, safety, and ADSC tracking ability,
this successful example of long-term in vivo track-
ing of stem cells and their regenerative capacity will
inspire more exciting research in this emerging
field.

each sample to plot the histogram (4., = 488 nm, 680/20 nm
bandpass filter). The in vitro ADSC tracking studies via PKH26
(2 uM) and Qtracker 655 (1 nM) were also performed following
the same procedures.

Animals and Ischemia Hind Limb Model. All animal studies were
performed under the guidelines set by the Tianjin Commit-
tee of Use and Care of Laboratory Animals, and the overall
project protocols were approved by the Animal Ethics Com-
mittee of Nankai University. Eight weeks old female BALB/c
nude mice (obtained from the Laboratory Animal Center of
the Academy of Military Medical Sciences (Beijing, China))
were used to set up the ischemia hind limb model. Briefly,
after anesthetization of the mice, the left femoral artery and
vein were ligated via a skin incision with 7-0 silk and cut from
justabove the deep femoral artery to the popliteal artery and
vein.

Tracking of ADSCs in Living Mice. The ADSCs were first labeled
with AIE dots (1 nM) as above-mentioned. AIE dot-labeled
ADSCs (1 x10°) were encapsulated in 30 uL of Matrigel, which
were then intramuscularly injected into the ischemic hind limbs
of female BALB/c nude mice. The Maestro EX fluorescence
imaging system (CRi, Inc) was utilized to image the mice
(n = 8) by placing the anesthetized mice on the equipped
platform (Ae, = 523 nm, signal collection: 560 to 900 nm (10 nm
step), exposure time = 200 ms, scans: day 1, 7, 15, 25, and 42
postinjection, respectively). Maestro software was used to
remove the mouse background fluorescence. Furthermore, at
the same time points of fluorescence imaging, bioluminescence
imaging was performed using the Xenogen IVIS Lumina Il
system as well. Briefly, p-luciferin (150 mg/kg) was intraperito-
neally injected into the AIE dot-labeled ADSC-administrated
mice (the same mice used for fluorescence imaging). The mice
were then imaged by receiving 1 s to 5 min scans. The bio-
luminescence signals were quantified in units of maximum
photons per second per square centimeter per steridian. Bio-
luminescence imaging was conducted by a technician who did
not know the project conditions.

In Vivo Regenerative Therapy Efficacy. The ischemic hind limb-
bearing mice were randomly assigned to four groups and
intramuscularly injected with saline (n = 5), bare Matrigels
(n = 5), AIE dot-labeled ADSC-containing Matrigels (AIE dot-
ADSC-M; n = 8), and unlabeled ADSC-containing Matrigels
(ADSC-M; n = 6), respectively. Laser Doppler imaging was
conducted to quantitatively detect the subcutaneous blood
flow of hind limbs using a PeriCam PSupporting Information
System (Perimed AB, Sweden) on day 0 and 30 postinjection.
The average values of perfusion were subsequently deter-
mined. In addition, on day 42 postinjection, the percentages
of limb salvage, toe necrosis, and amputation in each treatment
group were also quantified.

Statistical Analysis. Quantitative data were expressed as
mean =+ standard deviation. ANOVA analysis and Student's t
test were utilized for statistical contrast. P < 0.05 was figured
statistically significant.
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figures depicting optical properties, in vivo toxicity, flow cyto-
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injected with unlabeled ADSCs, as well as quantitative analyses
of ischemic hind limb slices from mice after 42 days post
different treatments. This material is available free of charge
via the Internet at http://pubs.acs.org.
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