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ABSTRACT: A fluorogen-based aggregation-induced emission zinc-
dipicolylamine (AIE-ZnDPA) probe with aggregation-induced emis-
sion characteristics has been designed and synthesized to detect cell
apoptosis. AIE-ZnDPA does not respond to healthy cells but selectively
stains and lights up fluorescence in the membranes of early stage
apoptotic cells as well as the nuclei of late stage apoptotic cells.
Without zinc coordination, the precursor lipophilic AIE dipicolylamine
(AIE-DPA) probe stains healthy cells and shows high affinity for lipid

droplets (LDs).
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1. INTRODUCTION

Improving the evaluation of cancer cell response to therapeutic
drugs is a long-term goal of modern medicine." Apoptosis can
provide valuable diagnosis information on therapeutic
efficacy.”* Many efforts have been made to develop intracellular
methods to elucidate the apoptotic process, such as monitoring
of caspase activation,”® laddering of DNA f1'agmentation,6’7 and
so forth.® An attractive extracellular method is to monitor the
appearance of phosphatidylserine (PS) on the surface of early
apoptotic cells, which occurs prior to DNA fragmentation and
plasma membrane permeabilization.”

One common approach to target negatively charged PS is to
use fluorescent dye-labeled annexin V through in vitro
assays.'”'" Although it has been used extensively, the annexin
V probe does not have a very long shelf life. In addition,
extracellular Ca*" is needed for complete membrane binding."*
More recently, fluorescent dyes conjugated with zinc-dipicolyl-
amine (ZnDPA) complexes have been reported as a
replacement for annexin V probes to sense PS-rich
membranes.">'® Most of these dyes with small Stokes shifts
show aggregation-caused fluorescence quenching (ACQ)
properties. In addition, these probes have intrinsic fluorescence,
which makes them unsuitable for continuous monitoring of cell
apoptosis. Furthermore, none of these probes have ever been
reported to be able to differentiate early and late stages of cell
apoptosis.

Recently, several groups have shown interest in developing
specific light-up probes based on fluorogens with aggregation-
induced emission (AIE) characteristics for sensing and imaging
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applications.'” ¢ AIE fluorogens usually have rotor structures,
which have optical properties that are opposite to those of
ACQ dyes. Their fluorescence is very weak in dilute solutions
but becomes very strong in an aggregated state.”” Moreover, an
excited-state intramolecular proton transfer (ESIPT) mecha-
nism was further introduced to AIE fluorogens, which allowed
for the development of light-up probes with sharp imaging
contrast, high signal-to-noise ratios, and extremely large Stokes
shifts.2%%°

In this contribution, we report the generation of a small
apoptosis probe (AIE-ZnDPA) based on zinc coordination and
a salicylaldazine fluorophore skeleton.**™>* AIE-ZnDPA can
anchor to the negatively charged membranes of early stage
apoptotic cells to light-up the fluorescence (Scheme 1). When
cells undergo late stage apoptosis, AIE-ZnDPA can pass
through the cell membrane, enter into nuclei, and interact
with nucleic acids to emit bright fluorescence. Moreover, AIE-
ZnDPA can also be applied to quantitatively detect real-time
imaging of staurosporine (STS)- and hydrogen peroxide
(H,0,)-induced cell apoptosis. In addition, its precursor,
AIE-DPA, which lacks zinc coordination, is able to effectively
stain lipid droplets (LDs).
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Scheme 1. Chemical Structures of AIE-DPA and AIE-ZnDPA, and a Schematic Illustration of AIE-DPA for Intracellular Lipid
Droplet Staining and AIE-ZnDPA for the Detection of Cell Apoptosis
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Figure 1. Normalized UV (A) and PL (B) spectra of 10 uM AIE-DPA and AIE-ZnDPA in a DMSO/water mixture (v/v 1:99). (C) Plot of relative
PL intensity (I/I,) at 563 nm versus the solvent composition of the THF/water mixture of AIE-ZnDPA. (D) PL spectra of 10 uM AIE-ZnDPA upon
the addition of different concentrations of DNA in water. Ex = 365 nm.

2. RESULTS AND DISCUSSION

The synthetic routes to AIE-DPA and AIE-ZnDPA are shown
in Scheme S1 of the Supporting Information. Briefly, the
reaction of S-(chloromethyl)-2-hydroxybenzaldehyde (com-
pound 1) with di(2-picolyl)amine first afforded compound 2
in 85% yield, which was further reacted with hydrazine
monohydrate to give product AIE-DPA in 95% yield. AIE-
DPA could react with zinc perchlorate hexahydrate to directly
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afford the desired product of AIE-ZnDPA in a nearly
quantitative yield (97%). Their structures were verified by
nuclear magnetic resonance (NMR) imaging, Fourier transform
infrared (FTIR) spectroscopy, and high-resolution mass
spectrometry (Supporting Information, Figures S1—S7).

The UV-—vis absorption and photoluminescence (PL)
spectra of AIE-DPA and AIE-ZnDPA were measured in
aqueous media. As shown in Figure 1A and B, AIE-DPA exists
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Figure 2. Confocal images of early apoptotic HeLa cells induced by 250 uM H,0, for 6 h (A) or 1 uM staurosporine for 2 h (B), which were
followed by incubation with 20 4M AIE-ZnDPA for 30 min at 37 °C and staining with 0.1 g mL™" propidium iodide for § min. (C) HeLa cells were
treated with 1 M staurosporine for 2 h, incubated with Alexa Fluor 488 Annexin V for 30 min at 37 °C, and then stained with 0.1 yg mL™"
propidium iodide for S min. The red fluorescence originates from propidium iodide. All images share the same scale bar of 20 ym.

in an aggregated state in water, which has an absorption
maximum at 365 nm. It has an emission maximum at 555 nm
with a fluorescence quantum yield of 2.0 + 0.2% due to the ATE
and ESIPT effects. Upon zinc coordination, AIE-ZnDPA shows
weak fluorescence at 555 nm with a quantum yield of less than
0.1% because it is molecularly dispersed in water and has free
rotation around the N—N bond, which quenches its
fluorescence. For AIE-DPA and AIE-ZnDPA, large Stokes
shifts (>190 nm) were observed, which are highly beneficial for
bioimaging with minimal self-absorption. The emission of AIE-
ZnDPA at 563 nm in water and THF mixtures with different
THEF fractions is shown in Figure 1C. It shows that low
fluorescence is observed in water and that the fluorescence
intensity increases significantly when the THF fraction is >80%,
showing a typical AIE phenomenon.

To evaluate the potential of AIE-ZnDPA as a fluorescent
light-up probe for cell apoptosis imaging, titration experiments
were carried out using a mixture of the zwitterionic vesicles 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and
the anionic vesicles 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
serine (POPS) to mimic the apoptotic cell membrane. Upon
excitation at 365 nm, the fluorescence intensity of AIE-ZnDPA
in Tris-HCI buffer shows relatively weak fluorescence at ~483
nm. Upon a 1:1 mixture of POPC/POPS being added to the
solution, it exhibited enhanced fluorescence accompanied by a
red-shift in the emission maximum from ~483 to 563 nm due
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to the ESIPT process. This result indicates that AIE-ZnDPA is
able to interact with the negatively charged POPS to light-up its
fluorescence (Supporting Information, Figure S8). Changes in
the fluorescence spectra of AIE-ZnDPA upon the addition of
single-stranded ssDNA (ssDNA: 5'-GGGGGCGGGGGCGG-
GGGCGG-3') were also measured (Figure 1D). As expected,
AIE-ZnDPA shows significant fluorescence enhancement with
the addition of DNA due to binding-induced restriction of
intramolecular motion.

After investigating the optical properties of AIE-ZnDPA in
solution, we further explored the potential of the probe for
imaging of cell apoptosis. The cytotoxicities of AIE-DPA and
AIE-ZnDPA were first evaluated by MTT assays. As shown in
Figure S9 in the Supporting Information, after incubating the
cells with 10, 20, 40, and 60 uM AIE-DPA or AIE-ZnDPA for
24 h, the cell viabilities are still close to 100%, indicating low
cytotoxicity of the probes. Confocal microscopy was then used
to evaluate if AIE-ZnDPA could identify healthy early and late
stage apoptotic cells treated with the widely used anticancer
drug staurosporine (STS) and H,0, as apoptotic inducers.>>**
As shown in Figure S10 in the Supporting Information, the
untreated live HeLa and HepG2 cells are not stained by AIE-
ZnDPA or Alexa Fluor 488 annexin V. After treating the HeLa
cells with 250 uM H, 0, for 6 h or 1 uM STS for 2 h to induce
cell apoptosis, the cells were subsequently stained with AIE-
ZnDPA and propidium iodide (PI). As shown in Figure 2A and
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Figure 3. Confocal images of late stage apoptotic HeLa cells induced by 500 uM H,O, for 6 h (A) or 2 uM staurosporine for 2 h (B), followed by
incubation with 20 #M AIE-ZnDPA for 30 min at 37 °C and stained with 0.1 ug mL™" propidium iodide for 5 min. (C) HeLa cells were treated with
2 uM staurosporine for 2 h, incubated with Alexa Fluor 488 annexin V for 30 min at 37 °C, and then stained with 0.1 ug mL ™" propidium iodide for
S min. The red fluorescence originates from propidium iodide. All images share the same scale bar of 20 ym.

Figure 4. Real time fluorescence imaging of HeLa cells induced by 2 uM STS for 2 h, followed by the addition of 20 yM AIE-ZnDPA (A—F) or

Alexa 488 annexin V (G—H). All images share the same scale bar of 20um.

B, AIE-ZnDPA is able to anchor to the membrane of apoptotic
cells after H,O, or STS treatment. As PI can only stain dead
cells, the absence of PI red fluorescence indicates that the cells
are at the early stage of apoptosis. Parallel experiments were
performed with Alexa Fluor 488 annexin V and PL As shown in
Figure 2C, Alexa Fluor 488 annexin V interacts with the
externalized PS leading to membrane binding,'®"" which is very
similar to that of AIE-ZnDPA. It is worth noting that once the
apoptotic cells were first stained with AIE-ZnDPA, sub-
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sequently staining with Alexa Fluor 488 annexin V would not
yield any fluorescent signal from Alexa Fluor 488 (Supporting
Information, Figure S11). This indicates that AIE-ZnDPA can
block annexin V binding, which provides evidence that these
two compounds compete for the same binding sites on the
apoptotic cell surface.

Subsequently, we used 500 yuM H,0, for 6 h and 2 yuM STS
for 2 h to induce late stage cell apoptosis, and the results are
shown in Figure 3. When the integrity of the cell membrane is

DOI: 10.1021/am508838z
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Figure 5. Confocal images of HeLa cells treated with PBS buffer (A—C) or 25 uM oleic acid for 6 h (D—F), followed by staining with 20 4M AIE-
DPA for 30 min at 37 °C and costaining with 0.5 #M Nile Red for 5 min. AIE-DPA has Ex = 405 nm and a 510—560 nm band-pass filter. Nile Red
has Ex = 543 nm and a 575—625 nm band-pass filter. All images share the same scale bar of 20 ym.

destroyed, the PI signal becomes obvious. The AIE-ZnDPA
probe can enter into the cell nuclei and interact with negatively
charged DNA to emit bright green fluorescence (Figure 3A and
B). This is consistent with a previous report suggesting that
tetraphenylethene-based zinc complexes exhibit high affinity for
DNA.*® However, for Alexa Fluor 488 annexin V, there is no
difference between the staining of early and late stage apoptotic
cells. This indicates the clear advantages of AIE-ZnDPA as a
cell apoptosis probe, as it can differentiate early and late stages
of live apoptotic cells under confocal microscopy. Moreover,
because of the AIE characteristics of AIE-ZnDPA, its very low
background fluorescence and high signal-to-noise ratio allows
for real-time continuous monitoring of cell apoptosis without
washing steps, which distinguishes the AIE probe from other
existing fluorescent probes. As shown in Figure 4A-F,
negligible background of AIE-ZnDPA is observed. As time
elapses, the fluorescence intensity increases gradually to reache
a maximum at 10 min. Commercial Alexa 488 annexin V, on
the other hand, has a high background signal if washing steps
are not performed (Figure 4G—H). These results indicate that
the low background of the probe makes it suitable for real-time
imaging of cell apoptosis.

To quantitatively detect cell apoptosis in a large population,
flow cytometry was used to compare the utility of AIE-ZnDPA
and Alexa Fluor 488 annexin V for identifying the apoptotic
ratios of STS- and oxidant agent (H,0,)-induced HeLa cells.
Cells treated with PBS were used as the control. The
histograms in Figure S12 of the Supporting Information
indicate that the fraction of apoptotic cells increases with the
dose of STS and a nearly identical percentage of apoptotic cells
was identified in each group when Alexa Fluor 488 annexin V
was used. Similar results were also observed in the detection of
H,0,-induced cell apoptosis (Supporting Information, Figure
S13). Collectively, these results provide direct evidence that
AIE-ZnDPA is a useful probe for the detection of cell apoptosis
both qualitatively and quantitatively.

To understand the effect of zinc coordination in AIE-ZnDPA
for apoptotic imaging, the precursor AIE-DPA without zinc
coordination was also used for cell imaging studies.
Interestingly, AIE-DPA enters live HeLa cells and specifically
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lights up the spherical lipid droplets, which overlap well with
the Nile Red costain, a commercial dye used for lipid droplets
imaging (Figure SA—C). Lipid droplets are unique intracellular
organelles surrounded by a monolayer of phospholipids that
store neutral lipids for membrane synthesis and as an energy
supply.®® Abnormal accumulation of lipid droplets may be
associated with several human pathologies.>”*® This initial
success of using AIE-DPA for lipid droplet staining has
encouraged us to further explore its potential in imaging
intracellular lipid droplet accumulation. Oleic acid can stimulate
cells to produce lipid droplets, and upon treating HeLa cells
with 25 uM oleic acid for 6 h, the amount of lipid droplets in
the cells is significantly increased (Figure SD—F). Similar
trends are observed in HepG2 cells (Supporting Information,
Figure S14). As it has already been reported that apoptosis can
lead to the accumulation of cytoplasmic lipid droplets,**° we
further monitored the lipid droplets in apoptotic HeLa and
HepG2 cells induced by STS. As shown in Figure S15 in the
Supporting Information, AIE-DPA was observed to clearly stain
intracellular lipid droplets. These results indicate that zinc
coordination is essential for subcellular localization and the
detection of cell apoptosis. Additionally, the photostability of
AIE-DPA and AIE-ZnDPA was studied upon continuous laser
scanning at 405 nm, and the fluorescent signal loss is less than
10% over ~8 min (Supporting Information, Figure S16),
indicating good photostability of the probes.

3. CONCLUSIONS

In summary, we have developed the AIE- and ESIPT-based
probe AIE-ZnDPA. The probe is weakly emissive in aqueous
media, and it does not interact with healthy cells to yield
fluorescence. However, similar to annexin V, AIE-ZnDPA can
provide a clear green signal on the cell membrane to indicate
early stages of cell apoptosis. More importantly, AIE-ZnDPA
has the additional advantage of being able to differentiate early
and late stage apoptosis by imaging the nuclei of late stage
apoptotic cells. Differing from existing apoptosis probes with
intrinsic fluorescence due to its low background fluorescence,
AIE-ZnDPA offers the additional advantage of real-time
continuous monitoring of cell apoptosis. Without zinc
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coordination, AIE-DPA enters both live and apoptotic cells and
selectively accumulates in lipid droplets to light up its
fluorescence. The AIE probe design strategy thus offers
opportunities for subcellular localization-based biological
monitoring.

4. EXPERIMENTAL SECTION

4.1. Materials. Anhydrous DMF, 2-hydroxybenzaldehyde, di(2-
picolyl) amine, sodium carbonate, hydrazine monohydrate, ethanol,
and methanol were all purchased from Aldrich. 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoserine (POPS) were purchased from Sigma. S-
(Chloromethyl)-2-hydroxybenzaldehyde was synthesized according to
procedures in the literature.*'

Dulbecco’s modified Eagle’s medium (DMEM) was purchased from
Invitrogen. Milli-Q water was supplied by Milli-Q Plus System
(Millipore Corporation, Bedford, United States). Fetal bovine serum
(FBS) and trypsin—EDTA solution were purchased from Gibco (Life
Technologies, AG, Switzerland). Alexa Fluor 488 annexin V and Nile
Red were purchased from Life Technologies. ssDNA was purchased
from Sigma, and the sequence of ssDNA was 5'-GGGGGCGGGG-
GCGGGGGCGG-3'. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT), staurosporin, H,0,, propidium iodide
solution, and other chemicals were all purchased from Sigma-Aldrich
and used as received without further purification.

4.2. Characterization. UV—vis spectra were recorded on a
Shimadzu UV-1700 spectrometer. Photoluminescence (PL) spectra
were measured on a PerkinElmer LS-55 spectrometer. NMR spectra
were collected on a Bruker Avance 400 NMR spectrometer. The high-
resolution molecular mass was acquired using ion trap time-of-flight
mass spectrometry. The chemical structures were also evaluated by
Fourier-transform infrared spectroscopy (FTIR, Varian, Excalibur,
USA). The fluorescence quantum yield was measured using quinine
sulfate as the reference.

4.3. Fluorescence Measurements. Titration experiments were
carried out at room temperature by adding different concentrations of
DNA to 10 uM AIE-ZnDPA dissolved in distilled water. The PL
spectra were then collected immediately. The fluorescence intensity of
AIE-ZnDPA in Tris-HCl buffer, POPC, and POPS were also
measured. Vesicle solutions (100 gM) of POPC and POPS were
mixed at a 1:1 ratio before adding 10 M AIE-ZnDPA. The PL spectra
were measured immediately.

4.4. Cell Culture. HeLa human cervix carcinoma cells and HepG2
human liver hepatocellular carcinoma cells were cultured in DMEM
containing 10% fetal bovine serum and 1% penicillin streptomycin at
37 °C in a humidified environment containing 5% CO,.

4.5. Cell Viability Assay. A routine MTT assay was used for
evaluatig the cytotoxicity of AIE-DPA and AIE-ZnDPA; the detailed
procedure is described in the Supporting Information.

4.6. Cell Apoptosis Imaging. HeLa cells were cultured in
chambers at 37 °C and grown for 18 h. The cells were treated with the
anticancer drug staurosporin (1 and 2 M) for 2 h and with hydrogen
peroxide (250 and 500 uM) for 6 h. Then, the cells were divided into
two groups, one for Alexa Fluor 488 annexin V staining and the other
for AIE-ZnDPA staining. Alexa Fluor 488 annexin was used according
to the manufacturer’s protocol. Briefly, the cells were washed and
resuspended in annexin binding buffer (10 mM HEPES—sodium salt,
2.5 mM CaCl,, 140 mM NaCl, pH 7.4) containing S 4L of Alexa Fluor
488 annexin V per 100 uL of buffer. The cells were incubated at room
temperature for 15 min and further washed twice with PBS twice.
Propidium iodide (0.1 yg mL™") was subsequently used to stain the
nuclei of the cells for S min. For the competition assay, the HeLa cells
were induced by 1 yM staurosporin for 2 h, stained with AIE-ZnDPA
and then with Alexa Fluor 488 annexin V, or first stained with Alexa
Fluor 488 annexin V followed by staining with AIE-ZnDPA. The cells
were imaged immediately using a confocal laser scanning microscope
(CLSM, Zeiss LSM 410, Jena, Germany). For annexin V detection, Ex
=488 nm, and Em = 510—560 nm. For propidium iodide imaging, Ex
= 543 nm, and Em = 575-625 nm. In the case of AIE-ZnDPA
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staining, the cells were induced to undergo apoptotic processes as
described above. Then, 20 yuM AIE-ZnDPA was added to the cells and
incubated for 15 min at room temperature. For AIE-ZnDPA, Ex = 405
nm, and Em = 510—560 nm.

4.7. Real-time Fluorescent Imaging. HeLa cells were cultured in
chambers at 37 °C and grown for 18 h. The cells were treated with 2
UM staurosporine for 2 h followed by staining with 20 uM AIE-
ZnDPA. The confocal images were taken at different times with
excitation at 405 nm using 520/20 nm band-pass filter.

4.8. Flow Cytometry Analysis. HeLa cells at a density of 2 X 10°
cells per well were seeded onto 6-well plates and grown for 18 h to
achieve 80% confluence. Untreated cells were used as the control. The
apoptotic cells were treated with 1 and 2 yM staurosporin for 2 h and
250 and 500 uM hydrogen peroxide for 6 h. The cells were then
digested and collected. For annexin V staining, the collected cells were
resuspended in 100 uL of annexin binding buffer containing S uL of
the Alexa Fluor 488 annexin V. After incubating for 15 min at room
temperature, 400 uL of PBS buffer was added to the cells and analyzed
by flow cytometry (Dako Cytomation) using the Alexa 488 filter sets
(Aex = 488 nm, 520/20 nm band-pass filter). For AIE-ZnDPA staining,
the collected cells were resuspended in 100 uL of PBS with 20 uM
AIE-ZnDPA for 15 min. Then, 400 uL of PBS buffer was added to the
cells and analyzed by flow cytometry with excitation at 405 nm with
520/20 nm band-pass filter.

4.9. Lipid Droplet Imaging. HeLa and HepG2 cells were cultured
in chambers at 37 °C and grown for 18 h. Untreated cells and cells
treated with 25 yM oleic acid for 6 h or 1 yM staurosporine for 2 h
were subsequently stained with 20 yuM AIE-DPA for 30 min. Then, the
cells were stained with 0.5 yuM Nile Red for 5 min. The cells were
imaged using a confocal microscope. For AIE-DPA, the excitation was
405 nm, and the emission filter was 510—560 nm; for Nile Red, the
excitation was 543 nm, and the emission filter was 560 nm long pass.

4.10. Photostability Test. HeLa cells and HepG2 cells were
treated with 2 M STS for 2 h and stained with 20 yuM AIE-ZnDPA at
room temperature for 30 min. The CLSM images were recorded at
different scan times under continuous laser scanning at an excitation
wavelength of 405 nm (1% laser power), and the fluorescence intensity
of each image was analyzed by Image Pro Plus software. The
photostability of AIE-ZnDPA was indicated by the ratio of the
fluorescence intensity after excitation for a designated time interval to
its initial value as a function of the exposure time (n = 3).
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