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Conceptual Insight:

Measuring cell viability and determining the status of cell death are a routine but critical step in
biological, medical and pharmaceutical research. This process is usually achieved by carefully
selection of two different fluorescent probes with distinct emission spectrum and cellular uptake
abilities. In this contribution, we develop two biochromic silole dyes and demonstrate a new
approach for differentiating live and dead cells as well as quantitative analysis of cell viability by
simply using one single probe. We anticipate that this concept based on the cell-permeable
biochromic AlEgens will provoke other scientists to design new responsive materials to study
important biological events.
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Differentiating between live and dead cells is a critical step for biological researchers, clinical doctors and pharmaceutical

engineers when evaluating cell viability, for determining compound cytotoxicity and in the development of effective

treatment for many diseases. Usually, careful selection and combination of two different dyes are required to differentiate

and image both live and dead cells. In this work, we present a new method that can differentiate, quantify and image both

live and dead cells at the same time through the use of a single, cell-permeable, biochromic fluorescent dye. Two silole-

based hemicyanine dyes, Silo-Cy and Silo-2Cy are designed and synthesized. These dyes exhibit green fluorescence in both

live and dead cells but much stronger green and red fluorescence from dead cells only. By collecting signals from the two

distinct channels, we are able to image and discriminate between live and dead cells through fluorescence microscopy and

quantify the cell viability via flow cytometry.

Introduction

Cell death, together with cell origin, development and
proliferation, is an essential biological process for maintaining
the normal functions of the human body.! Billions of cells die
every single day in our bodies, regulating the homeostasis. Cells
may suicide during fetal development, be terminated during
aging, be sacrificed when injured or be killed when poisoned.
Undesired cell death may cause inflammation or
neurodegeneration, or even people’s
Alzheimer’s disease, vascular diseases, rheumatoid arthritis,
and psoriasis are just a few examples of possible
consequences.>® On the other hand, without death,
immortalized cells would also result in such other severe health
problems as cancer.?® To cure and prevent these diseases,

threaten lives.24
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scientists are continuously engaged in designing and screening
different drugs as well as developing treatment methods to
prevent undesired cell death, and promote the desired one.10-14
In their efforts, methods have been developed to possibily
distinguish live and dead cells. However, it is still challenging to
capture both scenes at the same time.1>

According to the Nomenclature Committee on Cell Death, an
organization comprising reputed researchers in the field of cell
death worldwide, cells can be considered dead when they fulfil
at least one of three criteria.1® The first criterion is that the
plasma membrane has lost its integrity. Secondly, the cell has
fragmented into apoptotic bodies and thirdly, the corpse or its
fragments have been taken up by neighbouring cells.
Additionally, as dying cells stop functioning, a decrease in
metabolism can be observed at the cell population level.l”
Supplementing this definition, there are currently a number of
techniques available to assess cell death. They can be broadly
grouped into either assays that measure bona fide cell death, or
tests that quantify biochemical processes that are viewed as
surrogate viability markers. Among preferred methods is the
use of metabolic dyes which are fluorescent or colorimetric
molecules, to assess the enzyme activity of cells, which indicates
their  viability.1?  (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay, based on the change of
absorption to reveal the activity of reductase inside the cells, is
one of the most widely used viability assays.18 1% Unfortunately,
the MTT assay process is tedious and laborious, and the results
are not always reliable due to its susceptibility to factors such as
over-confluency of the cells and the glucose concentration in
the medium.20 Another popular method for determining cell
viability is to use fluorescent probes.?l Compared with MTT,
fluorescent reporters have many advantages. They enjoy high
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Fig. 1 Synthetic route to Silo-Cy and Silo-2Cy.

signal to noise ratio, excellent sensitivity and capacity of visual
observation. Usually two dyes are needed: one dye to stain the
live cells and the other to stain the dead cells.22 Fluorophores
caged with acetomethoxy moieties can turn on their
fluorescence by the activation of intracellular esterase, and
hence respond to live cells only.2> For dead cell staining, cell-
impermeable dyes are chosen as these can only enter the
compromised cell membrane of dead cells.24 Cell viability is thus
obtained by using a combination of these two types of dyes. It
should be noted though, that careful selection of the
combination is necessary so that no spectral overlapping of the
dyes occurs.2®

Aggregation-induced emission (AIE) molecules have been
shown to have great potential as biosensors and probes.26-30 We
have previously reported a pH sensitive AIE dye,
tetraphenylethene-cyanine adduct (TPE-Cy).31. 32 TPE-Cy
undergoes red to blue emission transition in alkaline conditions
with pH >10. Interestingly, in the presence of lipids, the dye
shifts its colour transition point to the physiological range to
exhibit blue emission in a neutral buffer solution. This
biochromic effect prompted us to further improve the system
for multifunctional imaging. In this work, we have built on the
previous results to design and synthesize two silole derivatives
with cyanine moieties, Silo-Cy and Silo-2Cy. Similar to TPE, silole
is an archetype of the AIE luminogens: it is non-emissive when
molecularly dissolved but becomes highly luminescent in the
aggregate state or when intramolecular motions are
restricted.33 With extended m-conjugation systems, these two
dyes emit strong red and near infrared colours in the aggregate
state.3437 They are also pH sensitive and shift the emission
colour from red to green at high pH. Both of them are cell-
permeable, staining most of the cytoplasmic region with green
fluorescence and the acidic compartments with weak red
fluorescence. Intriguingly, their fluorescence intensity differs by
orders of magnitude in live and dead cells, along with distinct
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intracellular distribution pattern, allowing the use of only one
dye to achieve the differentiation and quantitation of both live
and dead cells through fluorescence microscopy and flow
cytometry.

Results and discussion
Dye synthesis and photophysical characterisation

We prepared Silo-Cy and Silo-2Cy by the synthetic route shown in Fig.
1 and obtained a reasonable yield. The reaction intermediates and
final products were well characterized by H and 13C NMR and high-
resolution mass spectrometry (HRMS).

Both Silo-Cy and Silo-2Cy are sensitive to pH changes. With the
increase of pH from 1 to 9, the absorption of Silo-Cy at 450 nm
remained almost unchanged (Fig. S1A). When the pH value was
above 10, the absorption dropped dramatically and the peak at 450
nm disappeared when the pH reached 13 (Fig. S1B). Similarly, Silo-
2Cy showed an absorption peak at 470 nm in acidic aqueous buffer
(Fig. S1C). Alkalization at a pH of 9 to 13 led to the vanishing of this
absorption peak with a shoulder peak remaining at about 400 nm (Fig.
S1D). These results indicated that the hydroxyl ions at high pH act as
nucleophiles, which would break down the conjugation between
hemicyanine and the silole moieties and result in the disappearance
of the absorption at the longer wavelength.31. 32

The response to pH was also reflected in the emission spectra. When
excited at 470 nm, Silo-Cy and Silo-2Cy emitted at the red region with
an emission maximum at 640 nm and 670 nm at neutral pH,
respectively (Fig. S2). With the decrease of pH, the red emission was
intensified (Fig. S2B, D), implying that both dyes are less soluble and
thus aggregate at low pH. Under alkaline conditions, the red emission
was suppressed and a new shoulder peak emerged in the green
region. The ratio of the two emission peaks showed a linear
relationship with the pH value in the range of pH 3 to 8, implying its
potential use for pH sensing in the physiological region.

Previously we have found that TPE-Cy can shift its transition point of
the red-to-blue emission from extracellular pH 10 to intracellular
physiological pH range, possibly due to the involvement of
intracellular lipid components. To verify whether Silo-Cy and Silo-2Cy
would exhibit the same behaviour, we examined the emission
change of the dye molecules at the physiological pH range in the
presence and absence of phospholipid. 1,2-Dioleoyl-glycero-3-
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Fig. 2 Emission spectra of (A) Silo-Cy and (B) Silo-2Cy in buffer
solution in the presence and absence of DOPC. PL intensity is

normalized. [Silo-Cy] = 5 x 10¢ M; [DOPC] = 1 mg/mL; Aex: 370 nm.
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Fig. 3 Comparison of confocal images of (A, B and C) live and (D, E and F) dead Hela cells incubated with Silo-Cy for 2 h and (G, H and I)
live and (J, K and L) dead Hela cells incubated with Silo-2Cy for 2 h. The green channel was under excitation of 405 nm and red channel
488 nm. Images from two channels were then merged [dye] = 4x10-6 M. Scale bars: 50 pm.

phosphocholine (DOPC) was chosen as a model lipid of cell
membrane. When excited at 370 nm, which corresponds to the green
form of the dyes, both Silo-Cy and Silo-2Cy emitted predominantly in
the red region with emission maximum at approx. 630 nm (Fig. 2).
The peak at around 420 nm was most likely from the Raman
scattering owing to the aggregate formation of hydrophobic Silo-Cy
in aqueous media (Fig. 2A). In the presence of DOPC, we observed
that the fluorescence intensity at around 630 nm attenuated, while
another peak at ~510 nm emerged at the same pH condition. This
result suggested that both dyes are potentially biochromic: they tend
to change their emission colours in the presence of biological
molecules, e.g. lipid.

Imaging live/dead cells by a single dye

The biochromic property of Silo-Cy and Silo-2Cy prompted us to
examine their behaviours in cells. Prior to applying the dyes for cell
staining, we evaluated the cytotoxicity of the compounds using MTT
assay. The results showed that the viability of the Hela cells was not
obviously affected upon incubation with up to 5 uM of Silo-Cy and
Silo-2Cy for 24 hours (Fig. S3).

After verification of the biocompatibility of Silo-Cy and Silo-2Cy, we
employed the dyes for live cell imaging. These dyes are cell
permeable. When excited at 488 nm, weak, punctate patterns of the
red fluorescent signals were observed in the cytoplasmic region.
When excited at 405 nm, the obtained green fluorescent signals
distributed mainly in the membrane bounded organelles, including
tubular mitochondria, which is different from the signals from the
red emission window (Fig. S4). Since Silo-Cy and Silo-2Cy shifted their
emission peak to the green region in the neutral or alkalized pH in
the lipid-containing environment, once they entered the cells, the

This journal is © The Royal Society of Chemistry 20xx

red-to-green colour transition occurred. This suggests a reason for
the majority of the stained region emitting a green light in live cells.

During the imaging of live Hela cells, we noticed a few cells glowing
intensely with red emission in the observation window. We
speculated that this group may be cells which were dying during the
culture process. To verify our hypothesis, dead Hela cells killed by 70%
ethanol fixation were stained with Silo-Cy and Silo-2Cy, followed by
the same protocol used for staining live cells. By comparing the
signals from the green and red channels, the live cells were stained
in the cytoplasmic region only (Fig. 3A, G). The nucleus was excluded,
revealing a clear boundary of the nuclear envelope. Weak emission
observed in the red channel was most likely from the acidic
compartments like lysosomes (Fig. 3B, H). Conversely, for dead cells,
the entire cell including the nucleus was stained with strong signals
from both green (Fig. 3D, J) and red channels (Fig. 3E, K). These dyes
are cell permeable but the strict selectivity of the nuclear membrane
restricts the free diffusion of the dye molecules into the nucleus.3®
For dead cells, the selectivity of the nucleus membrane was
compromised, exposing the nucleus to be stained.

Differentiation of cell necrosis and apoptosis by imaging

Hydrogen peroxide (H,0;) is a major and the most important source
of cellular reactive oxygen species (ROS).3® Many studies have
reported that low concentration of H,0O; leads to cell apoptosis while
high concentration treatment changes the death mode to necrosis.*°
In order to investigate the performance of the two dyes in
discrimination of apoptosis and necrosis, we induced cell death with
0.2 mM and 2 mM of H,0; for 6 hours respectively.

J. Name., 2013, 00, 1-3 | 3
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Fig. 4 Comparison of confocal images of Hela cells incubated with
[Silo-Cy] =4X10°%M (A—I) and [Silo-2Cy] =4 X 10 M (J-R). For low
and high H,0, treatment respectively, 0.2 mM and 2 mM of H,0,

for 6 hours was used. Subsquently, the cells were incubated with
either Silo-Cy or Silo-2Cy for 2 hours and imaged with excitation of
405 nm for the green channel and 488 nm for the red channel. Scale
bar: 50 um.

As is shown in Fig. 4, upon staining the cells after H,0O, treatment,
fluorescence from both green and red channels was dramatically
enhanced for necrotic cells compared with the control group. The
apoptotic cells, however, did not show a significant increase in
fluorescence in spite of the change in cell morphology (Fig. 4D-F and
4M-0). Cell death through a high level of H,0; induced necrosis led
to high red and green signals after staining with Silo-2Cy, which is
consistent with those of the stained fixed cells (Fig. 4G-I and 4P-R).
Distinct vacuolization in the cytoplasmic region could be visualized.
On the other hand, for cells that underwent apoptosis, the
morphology changes of certain organelles could be captured. In
particular, the tubular networks of mitochondria (control cells) were
interrupted and fragmented into punctiform (low H,0;) which is one
of the features of apoptotic cells.*!

4| J. Name., 2012, 00, 1-3
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Fig. 5 (A) The proposed working mechanism of using a
biochromic dye (e.g. Silo-Cy or Silo-2Cy) for live/dead cell
staining. (B) PL spectra of different amount of Silo-Cy in the
presence 0.1 mM DOPC. Ae: 370 nm.

The different staining patterns of apoptotic and necrotic cells can be
attributed to the change of membrane integrity. Necrotic cells
resulting from acute insults lose membrane integrity,*2 which allows
large quantities of dye molecules to flood in, and thus resulting in a
strong fluorescence from all intracellular compartments. However,
apoptosis is a programmed cell death, during which the membrane
integrity is always preserved for the purpose of inhibiting the
inflammation response of the living body.*3 With only a limited
number of dye molecules in the cell, the fluorescence from apoptotic
cells was much lower than that from necrotic cells. Since both Silo-
Cy and Silo-2Cy are lipophilic and cell permeable, they were able to
light up the membrane-bound organelles in cells, facilitating the
monitoring of the morphological changes of these intracellular
membranes and organelles during the biological events.

In addition to the difference in intracellular distribution between live
and dead cells, the intensity was also dramatically changed. We
suspect that the distinct membrane integration of the live/dead cells

Silo-Cy

Silo-2Cy

Fig. 6 Live and dead cells mixture co-stained with Silo-Cy/Silo-
2Cy and TO-PRO-3. A and G are the green channel. B and H are
the red channel. C and | are nuclei of dead cells stained by TO-
PRO-3. D and J are bright field images. E and K are merged
images from the red and green channels. F and L are merged
images from TO-PRO-3 and the red and green channels of the
cells stained with Silo-Cy and Silo-2Cy respectively. Scale bar: 30

pm.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 Quantitative analysis of live and dead cells by flow cytometry. (A,B,D,E) Scatter plots and histogram of live or dead Hela cells stained
with (A,B) Silo-Cy and (D,E) Silo-2Cy by flow cytometry. Green channel: Aex = 405 nm; Aem = 510 + 50 nm and red channel: Aex = 488 nm;
Aem = 670 + 14 nm. Unstained live cells are shown as a blank (black). Stained live cells, set as the control, and stained dead cells, killed by
70% ethanol treatment for 10 minutes, are shown as dots with different colours. 6000 cells are shown for each cell population in the

scatter plots. For histogram, cell counts are normalised to the same height to clearly compare the fluorescence intensity distribution of

each cell population in red or green channel. (C,F) Fold of fluorescence increase of Hela cells under different stress conditions stained by
(C) Silo-Cy or (F) Silo-2Cy, n = 3 biological replicates; mean * s.e.m. Fluorescence change fold is calculated by the ratio of median stress

fluorescence to average of median negative control fluorescence.

may play a role here (Fig. 5A). The membrane of the live cells possibly
serves as a barrier, limiting the number of dye molecules that enter
the cell. With a relatively small number of dye molecules, the total
lipids in the cell were adequate to convert them into green form,
giving green fluorescence in the membrane-bound organelles and
weak red fluorescence in the acidic lysosome region. On the other
hand, the dead cells with compromised cell membrane allowed
excess dye molecules to flow into the cell, distributing all over the
cell including the nuclear region. With the increase of dye quantity,
green signals were enhanced. Meanwhile, due to the excess amount
of dyes, the lipid to dye ratio became uneven. As a result, a quantity
of dye molecules did not interact with the lipids and emitted the
original red colour identical to the extracellular scenario. Therefore,
by collecting signals from these two distinct channels, we were able
to differentiate live and dead cells easily.

To validate our hypothesis, we added different amounts of Silo-Cy
(Fig. 5B) or Silo-2Cy (Fig. S5) into the same amount of lipid in a neutral
pH buffer. Originally, in the presence of an excess amount of DOPC
(e.g. dye/lipid 1:40), the green emission was stronger than the red
emission. As more dye molecules were added, the red fluorescence
emerged and became comparable to the green emission. Further
increasing the ratio led to a stronger red emission and a diminished

This journal is © The Royal Society of Chemistry 20xx

green emission. When the dye/lipid ratio reached 1:2 or 1:1, the red
signals were amplified to a much higher level. These results were
concordant with our explanation of the dye’s ability to differentiate
live and dead cells.

To further illustrate capability in live/dead cell discrimination, we
mixed a fraction of dead cells with live cells before incubation with
the dyes, so that both dead and live cells could be imaged in the same
imaging field under identical conditions. In our experiment, the cells
were co-stained with TO-PRO-3 (Fig. 6C, 1), which selectively light up
the nuclei of dead cells.** Note that TO-PRO-3 signal does not bleed-
though to either the green or the red channel of Si-Cy and Silo-2Cy
(Fig. S6). As shown in Fig. 6, all the stained cells exhibited green
fluorescence, whereas only dead cells emitting an intense red colour
could be visualized in the red channel. From the overlay image,
live/dead cells can be clearly differentiated: the live cells showed
green emission and the dead cells were yellow by virtue of similar
intensity of both strong green and red fluorescence. Silo-2Cy
exhibited a similar property as depicted below. Using this method,
staining and differentiation of live/dead cells was successfully
achieved with a single dye.

J. Name., 2013, 00,1-3 | 5
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High-throughput quantitation of cell viability

The results of live/dead cell imaging obtained from a confocal
investigate their
application for high-throughput and quantitative analysis. Flow

microscope encouraged us to continue to

cytometry is a commonly used tool for this purpose. Its light source
is laser-based and it is suitable for simultaneous detection of
multichannel fluorescent signals.> We thus performed flow
cytometry assay to obtain fluorescence changes in both green and
red channels of cells under different stimulant treatments (Fig. 7).
Live Hela cells without staining as a blank was shown as black dots
exhibiting very low signals from both green and red channels in the
scatter plots (Fig. 7A, D). Live cells and dead cells killed by 70%
ethanol were shown for comparison. The live cells stained by Silo-Cy
exhibited significantly increased signal in the green channel and
medium increased signal in the red channel (Fig. 7B). The stained
dead cells displayed a fluorescence change of more than one order
of magnitude in both green and red channels, when compared to the
negative control. Silo-2Cy behaved similarly but with much lower
background signals in live cells under the same acquisition conditions
(Fig. 7D, E). These results were consistent with our observation under
confocal microscope (Fig. 3).

In the abovementioned scenario, the dead cell populations can be
well separated from the live cells with Silo-Cy or Silo-2Cy staining by
flow cytometry. We thus applied the two dyes on assessing the
viability of cells treated with other chemical, physical, and biological
stressors, and compared the fold of fluorescence change in each
channel individually of cells stained either by Silo-Cy or Silo-2Cy
under stress treatment, normalised to the negative control signals
(Table S1). We assumed that the signals from stained live cells
remained the same across different experiments (Table S2).

We tested the dyes in the following conditions which induce the
apoptotic process and eventually cell death. UV irradiation would
trigger a complicated cellular response termed as the UV response,
which involves the post-translational activation of pre-existing
transcriptional factors, such as NF-kB and AP-1, and proinflammatory
gene products.*¢ Prolonged UV exposure eventually causes apoptosis
by inhibition of DNA synthesis and cell death pathway. The cells were
exposed to UV light (200 J/m2) and then cultured in dark for another
24 hours before the dye staining. Heat stress increases ROS
generation and activates the apoptotic process through
mitochondrial signalling pathway.*” We exposed another batch of
cells to 55 °C for 2 hours and followed by normal culture condition
(37 °C) for 12 hours prior to dye staining. Nocodazole is an
antineoplastic agent that arrests the cell cycle through
synchronization.* It reduces the microtubule dynamic turnover and
inhibits mitotic spindle functions. Eventually it activates the
JNK/SAPK signalling pathway and induces apoptosis. 4°

As shown in Fig. 7C and 7F, both red and green fluorescence
increased concomitantly with each other when cells experienced
stress conditions. More specific, the red fluorescence change
reached up to 33 and 15 folds for Silo-Cy and Silo-2Cy, respectively,
and a nearly 10 folds maximal increase in the green channel of both
dyes. The patterns of fluorescence change fold upon other stressors
for both dyes were similar to those of ethanol treatment but to a
smaller extend. UV-induced cell apoptosis caused about 3 and 2 folds

6 | J. Name., 2012, 00, 1-3
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fluorescence increase in the red channels for Silo-Cy and Silo-2Cy,
respectively. Upon nocodazole treatment, which arrests the cells in
prometaphase, about 8- and 5-fold increase could be observed in the
red channel of the dyes. More severe treatment, such as
hypothermic conditions at 55°C led to about 25- and 11-fold increase
of the red fluorescence signals.

Interestingly, the green fluorescence increased more linearly with
the strength of the stress, whereas the red fluorescence exhibited
small increase with weak stressors but a drastic enhancement when
cells were overstressed. In the early apoptosis event such as under
UV radiation or nocodazole treatment, the cell membrane was only
partially compromised and therefore only a small number of dye
molecules entered the cells and exhibited green fluorescence. At this
stage, red-to-green emission shift was predominant, giving more
fluorescence increase in the green channel rather than the red
channel. During the late apoptosis, such as after high-temperature
treatment, the cell membrane is more compromised and excessive
dyes can get into the cells, resulting in strong red fluorescence. These
results demonstrated the feasibility of using Silo-Cy or Silo-2Cy as
tools for detecting not only the cell viability but also differentiating
the early and late apoptotic states.

Conclusions

This work has put forward a novel, simple and convenient
live/dead imaging, discrimination and
quantitation, using a single cell permeable biochromic dye. In

method for cell
the experiments described, we designed and synthesized two
red emitting silole based hemicyanine dyes, Silo-Cy and Silo-
2Cy. These two dyes possess biochromic characteristic: in the
presence of biomolecules such as phospholipid, the emission
colour would change from red to green. Silo-Cy and Silo-2Cy are
cell-permeable with negligible cytotoxicity. When entering cells,
the dyes were observed to stain most membrane-bound
organelles with green fluorescence and acidic lysosomes with
red emission. The dead cells with compromised membranes
allowed large numbers of dye molecules to irrupt, the dyes
spreading over the entire cytoplasmic region, including the
nuclear region, and displaying strong emission from both green
and red channels. The significant difference in imaging patterns
and intensity between the two dyes on the live and dead cells
offers a new approach to differentiating live and dead cells. By
using flow cytometry with just one dye, we were able to
simultaneously and easily quantify not only cell viability but also
identifying cells in the early and late apoptosis.

Experimental section

Materials and instruments

Hexane and tetrahydrofuran (THF) were distilled from sodium
benzophenone ketyl immediately prior to use.
Dichloromethane (DCM) was distilled over calcium hydride.
Dichlorobis(triphenylphosphine)palladium(ll), ZnCl; TMEDA,
aniline, 4-bromobenzaldehyde, 2,3,3-trimethylindolenine, 1,4-
butanesultone, Ac;0, and other chemicals were all purchased
from Aldrich and used as received without further purification.
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Compound 8 was synthesized according to the published
literature.>0

Minimum essential medium (MEM), Dulbecco's Modified Eagle
Medium (DMEM), fetal bovine serum (FBS), penicillin and
streptomycin, 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyltetrazolium bromide (MTT), sodium dodecyl sulfate
(SDS), TO-PRO-3 were purchased from Life technologies. 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) was
purchased from Acros. 1,2-Dioleoyl-glycero-3-phosphocholine
(DOPC) was purchased from Avanti Polar Lipids, Inc. All other
reagents used in this study were purchased from Sigma-Aldrich.
Nocodazole was gift from the laboratory of Patrick Humbert (La
Trobe University). pH buffer was prepared using citric acid and
Na;HPO,4,%! with the pH value confirmed with a pH meter
(Beckman ®340 pH/Temp meter).

For PL measurements and cell staining, unless otherwise
specified, the aqueous solutions of siloles were prepared by
adding an aliquot of stock solution of 1 mM dye in DMSO into
the aqueous buffers. For reaction with DOPC, the incubation
was at room temperature for overnight to reach the equilibrium
of the reaction.

1H and 13C NMR spectra were measured on a Bruker ARX 400
NMR spectrometer using chloroform-d or methanol-d; as
solvent and tetramethylsilane (TMS) as an internal reference.
UV absorption spectra were taken on a Milton Ray Spectronic
3000 array spectrophotometer. PL spectra were recorded on a
Perkin-Elmer LS 55 spectrofluorometer. High-resolution mass
spectra (HRMS) were measured on a GCT Premier CAB 048 mass
spectrometer operating in MALDI-TOF model. For confocal
imaging, the data was acquired with a Zeiss laser scanning
confocal microscope (model: LSM7 DUQO). Flow cytometery
analyses were performed using FACS Canto Il flow cytometry
(Becton Dickinson).

Dye synthesis and characterization

Preparation of 1. To a THF solution of phenylacetylene (4.0 mL,
36.4 mmol) was added n-Buli (25.0 mL, 40.1 mmol, 1.6 M
solution in hexane) at -78 °C. After stirring at -78 °C for 4 h,
dichlorodimethylsilane (2.2 mL, 18.2 mmol) was added. The
mixture was warmed to room temperature and stirred
overnight. The solvent was removed under reduced pressure.
The mixture was dissolved in DCM and washed with brine and
water. The organic layer was dried over magnesium sulfate. The
crude product was purified by a silica-gel column using hexane
as eluent. A colourless solid was obtained in 86.1% yield. H
NMR (400 MHz, CDCl3), & (ppm): 7.57 (m, 4H), 7.36 (m, 6H), 0.55
(s, 6H). 13C NMR (100 MHz, CDCl3), 6 (ppm): 132.1, 128.9, 128.2,
122.6, 105.9, 90.6, 0.45. HRMS (MALDI-TOF), m/z 260.1013 (M*,
calcd 260.1021).

Preparation of 5. A mixture of lithium (0.056 g, 8 mmol) and
naphthalene (1.04 g, 8 mmol) in 8 mL of THF was stirred at room
temperature under nitrogen for 3 h to form a deep dark green
solution of LiNaph. The viscous solution was then added
dropwise to a solution of 1 (0.52 g, 2 mmol) in 5 mL of THF over
4 min at room temperature. After stirring for 1 h, the mixture
was cooled to 0 °C and then diluted with 25 mL THF. A black
suspension was formed upon addition of ZnCl,-TMEDA (2 g, 8
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mmol). After stirring for an additional hour at
temperature, a solution of 4-bromobenzaldehyde (0.78 g, 4.2
mmol) and PdCly(PPhs); (0.08 g, 0.1 mmol) in 25 mL of THF was
added. The mixture was refluxed overnight. After being cooled
to room temperature, 100 mL of H,O was added and the
mixture was extracted with DCM. The combined organic layer
was then washed with brine and water and then dried over
magnesium sulfate. Following solvent evaporation under
reduced pressure, the residue was purified by a silica-gel
column using gradient DCM/hexane (50:50 to 100:0 v/v) as
eluent. The product was obtained as a yellow solid in 65.4%
yield (0.62 g, 1.3 mmol). IH NMR (400 MHz, CDCl3), & (TMS,
ppm): 9.89 (s, 2H), 7.65 (d, 4H), 7.1086.98 (m, 10H), 6.78 (d, 4H),
0.51 (s, 6H). 13C NMR (100 MHz, CDCls), & (TMS, ppm): 191.7,
155.8, 146.6, 142.2, 137.6, 133.7, 129.7, 129.6, 129.1, 127.6,
126.9, -4.1. HRMS (MALDI-TOF): m/z 470.1750 (M*, calcd
470.1702).

Preparation of 7. Compound 5 (0.23 g, 0.48 mmol) was
dissolved and refluxed in 25 mL of anhydrous ethanol under
nitrogen. After 5 was completely dissolved, 0.53 mL (5.8 mmol)
of aniline was added and further refluxed overnight. After
cooled by ice water, precipitates were formed and filtered out.
The residue was washed twice by cold ethanol and vacuum-
dried without further purification. The product was obtained as
a yellow solid in 80.5% yield (0.24 g, 0.39 mmol). *H NMR (400
MHz, CDCls), & (TMS, ppm): 8.36 (s, 2H), 7.67 (d, 4H), 7.37 (t,
4H), 7.21 (t, 2H), 7.17 (d, 4H), 7.08 and 6.99 (m, 10H), 6.83 (d,
4H), 0.51 (s, 6H). 13C NMR (100 MHz, CDCls), & (TMS, ppm):
160.1, 155.1, 152.2, 143.4, 142.0, 138.3, 133.6, 129.9, 129.2,
129.1, 128.6, 127.6, 126.6, 125.8, 120.8, -3.9. HRMS (MALDI-
TOF): m/z 621.2725 ([M + H]J*, calcd 621.2726).

Preparation of Silo-Cy and Silo-2Cy. Compounds 7 (0.16 g, 0.25
mmol) and 8 (0.18g, 0.6 mmol) were vacuum-dried and refilled
with nitrogen three times. Afterwards, 25 mL of freshly distilled
THF and 5 mL of Ac;O were injected into the mixture and
refluxed overnight. After cooling to room temperature, the
solvents were evaporated under reduced pressure and the
residues extracted with chloroform and water. The organic layer
was further washed with brine and water and dried over
magnesium sulfate. After the solvent evaporation, the crude
product was purified by a silica-gel column using gradient
chloroform/methanol (v/v from 90:10 to 0:100) mixture as
eluent. Red solids Silo-Cy and Silo-2Cy were obtained in 57.9%
and 34.5% yields, respectively.

Characterization data of Silo-Cy. 'H NMR (400 MHz, CDCls), &
(TMS, ppm): 9.89 (s, 1H), 8.04 (dd, 2H), 7.92 (d, 2H), 7.72 (s, 1H),
7.65 (d, 2H), 7.62-7.48 (m, 4H), 7.11 (d, 2H), 7.08-6.98 (m, 8H),
7.79 (t, 4H), 4.88 (t, 2H), 3.08 (t, 2H), 2.25-2.10 (m, 4H), 1.76 (s,
6H), 0.51 (s, 6H). 13C NMR (100 MHz, CDCls), & (TMS, ppm):
191.8, 181.1, 156.2, 155.8, 155.4, 147.1, 146.6, 143.0, 142.8,
142.6, 140.6, 137.7, 137.6, 133.7, 131.5, 131.4, 130.0, 129.9,
129.8, 129.7, 129.6, 129.5, 129.1, 127.7, 127.6, 126.9, 126.8,
122.4, 115.0, 111.8, 52.0, 49.6, 47.4, 27.1, 26.9, 22.4, P4.1.
HRMS (MALDI-TOF): m/z 748.2709 ([M + H]*, calcd 748.2917);
770.2534 ([M + Na]*, 770.2736).

Characterization data of Silo-2Cy. 'H NMR (400 MHz, CDs0D),
& (TMS, ppm): 8.38 + 8.35 (s + d, 2H), 7.90 (d, 4H), 7.87 (m, 2H),

room
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7.75 (m, 2H), 7.68-7.58 (m, 6H), 7.16 (d, 4H), 7.10-7.00 (m, 6H),
6.85 (dd, 4H), 4.68 (t, 4H), 2.91 (t, 4H), 2.15 (p, 4H), 1.98 (p, 4H),
1.83 (s, 12H), 0.55 (s, 6H). 3C NMR (100 MHz, CDs;OD), & (TMS,
ppm): 183.6, 158.0, 156.2, 147.5, 145.2, 144.0, 142.2, 139.5,
133.5, 131.8, 131.0, 130.9, 130.6, 128.9, 128.1, 124.1, 116.2,
112.5, 53.9, 51.2, 47.8, 28.2, 26.7, 23.3, -4.0. HRMS (MALDI-
TOF): m/z 1026.4275 ([M+2H]*, calcd 1026.4132); 1048.4103
([M+H+Na]*, 1048.3951).

Cell culture

Hela cells were cultured in MEM or DMEM in a humidity
incubator at 37 °C with 5% CO,. The medium contained 10%
FBS, 100 units/mL penicillin and 100 pug/mL streptomycin.

Cell viability test

Cells were seeded in 96-well plates at density of 5000 cells/well.
After overnight culture, the medium in each well was replaced
by a fresh phenol-red-free-medium containing different
concentrations of Silo-Cy or Silo-2Cy. DMSO contents in the
medium had the final concentration of 0.5%. After 24 hours
treatment, 10 uL MTT solution (5 mg/mL in phosphate buffer
solution) was added into each well. After 4 hours incubation at
37 °C, 100 pL SDS-HCI solution (10% SDS and 0.01 M HCIl) was
added to each well and the absorbance of each well at 570 nm
was recorded by the plate reader (Perkin-Elmer Victor3™),

Cell staining and imaging

Hela cells were seeded in a 35 mm glass-bottom tissue culture
plate. After overnight culture, the cells were stained with dye
for 2 h in a humidity incubator at 37 °C with 5% CO,. Before
imaging, the cells were washed with a phosphate buffered
saline (PBS) (pH 7.4) solution three times. The cells were then
placed in a phenol red-free MEM medium containing 10 mM
HEPES (pH 7.4) for confocal imaging. Confocal imaging was
performed with a Zeiss LSM710 laser scanning confocal
microscope and a 63x objective: for green channel, Aex: 405 nm,
Aem: 465-544 nm; for red channel, Aex: 488 Nm, Aem: 592-679 nm;
for TO-PRO-3, Aex: 633 nm, Aem: 639-756 nm.

For dead/fixed cell staining, Hela cells were seeded in a 35 mm
glass-bottom tissue culture plate. After overnight culture, the
cells were fixed with 70% ethanol, washed with PBS and stained
with dye as per the previous protocol.

To create a live/dead cell pattern, HelLa cells were seeded in a
35 mm glass-bottom tissue culture plate. After attaching well on
the bottom, the cells were fixed with 70% ethanol and washed
three times with PBS. Live Hela cells suspension was then
seeded on the same dish. After overnight culture, the cells were
stained using the same protocol as before.

Flow cytometry

Hela cells were seeded and cultured overnight till ~80%
confluency. Different stressors were then introduced. For dead
cells, medium was removed and cells were re-suspended in 70%
ethanol and kept for 10 minutes. For UV irradiation, cells were
exposed to 200 Joules/meter? UV radiation and then cultured
for another 24 hours. For heat-induced apoptosis, cells were
kept in the incubator pre-heated to 55 °C for 2 hours, followed
by normal culture for 12 hours. For chemotherapy drug, cells
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were treated with 1 pug/mL Nocodazole for 48 hours. After
stress treatment, stressors were then removed and cells were
washed for three times with PBS, followed by incubation with
medium containing 4 uM Silo-Cy or Silo-2Cy for 2 hours.
Subsequently, cells were washed for three times with PBS and
re-suspended in PBS for flow cytometric assay in three
biological replicates. Signals were collected from green channel
(Aex: 405 nm, Aem: 510 * 50 nm) and red channel (Ae: 488 nm,
Aem: 670 £ 14 nm) for Silo-Cy or Silo-2Cy by BD FACS Canto II.
Flow cytometry data were analysed with FlowJo (Tree Star Inc.)
and graphs were analysed in Prism 5.
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