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The selective identification and removal of senescent cells including senescent cancer cells are very important to prolong life and
improve the treatment efficacy of cancer therapy. In this study, we integrated the high selectivity of enzyme-instructed self-
assembly (EISA) and efficient reactive oxygen species (ROS) generating property of a novel luminogen with aggregation-
induced emission (AIE) character to selectively identify and remove senescent HeLa (s-HeLa) cells. The s-HeLa cells expressed
high levels of B-galactosidase (B-Gal), which led to the selective accumulation and formation of nanomaterials of Comp. I in the
cells. Upon white light irradiation, the nanomaterials efficiently produced ROS and therefore killed s-HeLa cells. Our study
demonstrated a promising strategy to selectively remove senescent cells and improve the treatment efficacy of cancer therapy.
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1 Introduction

Senescent cells accumulate in tissues and organs because of
DNA damage accumulation during aging and therapy, which
impairs tissue functions, accelerates aging, and promotes
stemness of tumor cells [1-3]. The senescence-associated
stemness of tumor cells is an unexpected, autonomous fea-
ture that exerts their detrimental, highly aggressive growth
potential upon escape from cell-cycle blockade, and is en-
riched in relapse tumors [4]. Pioneering work has indicated
that the clearance of senescent cells can delay the features of
aging, counteract the loss of tissue hemeostasis and improve
the treatment efficacy of chemotherapy [5,6]. However,
strategies to selectively identify and remove senescent can-
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cer cells are rare. Photodynamic therapy (PDT) is an emer-
ging therapeutic modality that is useful for in situ and on
demand treatment of malignant tissue/cells [7,8]. PDT re-
quires a photosensitizer to generate cytotoxic reactive oxy-
gen species (ROS) such as singlet oxygen (102) after
absorbing excitation light [9]. When a photosensitizer was
irradiated by specific light wavelength, it occurs intersystem
crossing (ISC) from its lowest singlet excited state (S,) to the
lowest triplet excited state (T,); and then, energy transfer
from the T, of the photosensitizer to ground-state oxygen
(302) generates ROS [10]. Recently, organic luminogens
with AIE (AlEgen) have been developed as promising
fluorescent materials, which hold the advantages in terms of
opposite aggregation-caused quenching effect, high fluor-
escent brightness and considerable ROS production in ag-
gregated state [11-17]. Besides, the enzyme-instructed self-
assembly (EISA) has been demonstrated as a powerful
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strategy to selectively generate nanomedicines in cancer
cells and tumors, and senescent cells typically show en-
hanced expression of f-Gal [18-21]. The removal of both
normal and senescent cancer cells is important for cancer
therapy. Many strategies and clinically used anticancer drugs
can be applied to remove normal cancer cells, while the
strategies for selective identification and removal of senes-
cent cancer cells are rare. In this study, we combine the
advantages of high stable fluorescence and ROS generating
property of AlEgen and the good selectivity of EISA by B-
Gal to selectively produce nanomaterials in senescent cancer
cells for their detection and removal.

2 Experimental

2.1 Materials

Fmoc-amino acids were obtained from GL Biochem.
(Shanghai, China). Pentafluorophenol and B-D-(+)-Glucose
pentaacetate were brought from Meryer Chemical Technol-
ogy CO. Ltd (Shanghai). 2-Cl-trityl chloride resin was ob-
tained from Nankai Resin Co. Ltd. (Tianjin, China). f-
Galactosidase (12.1 units/mg solid) was obtained from Sig-
ma-Aldrich (Shanghai). All the other starting materials were
obtained from Alfa (Beijing, China). Commercially available
reagents and solvents were used without further purification,
unless noted otherwise. Dulbecco’s Modified Eagle Medium
and fetal bovine serum (FBS) were purchased from GIBCO
(Life Technologies, USA) and Hyclone (Thermal Scientific,
USA), respectively. Trypsinase (0.25%)+ethylene diamine
tetraacetie acid (EDTA) and penicillin/streptomycin were
purchased from Invitrogen (Life Technologies, USA). Ul-
trapure water was used for all experiments.

2.2 Transmission electron microscope

Transmission electron microscope (TEM) sample (20 uM
Comp. 1 and 2) was prepared at 25 °C. A micropipet was
used to load 5 pL of sample solution to a carbon coated
copper grid. The excess solution was removed by a piece of
filter paper. The sample was dried overnight in a desicator
and then conducted on a Tecnai G2 F20 system, operating at
200 kV.

2.3 Fluorescence microscopy to determine fluorescence
intensity in different cells

HeLa cells were grown until 80% confluent (CTRL) and
treated with 1 pg/mL of cisplatin for 24 h. After treatment,
the cells were rinsed twice with phosphate buffer saline
(PBS). Continue to culture for 67 d with fresh complete
medium, and change every 2 d. The senescent HeLa cells
showed abnormal morphology, increased SA-B-Gal staining.
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Fluorescence images were obtained by an inverted fluor-
escence microscope (Leica DMI 3000 B). The DMEM so-
lution containing 20 uM of Comp. 1, 2 and 3 was added to
the senescent HeLa cells and HeLa cells. The images were
recorded after 12 h culture (excitation wavelength=488 nm).

2.4 Determination of ICs, values on different cells

Induction of HeLa cells into senescent cells in 96-well plates
(typically 3000 cells per well) was carried out according to
the above method. The HeLa cells were plated in 96-well
plates (typically 4000 cells per well) for 24 h. The culture
medium was removed and subsequently addition of culture
medium containing Comp. 1, Comp. 2 and Comp. 3. After
48 h, the culture medium was removed and added new
DMEM. Light irradiation for 2 min at the power density of
0.25 W/em” and continue to incubate for 24 h, then added
new medium with 10% 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) (5 mg/mL) to the wells
and incubated at 37 °C for another 4 h. The solution was
removed and then 100 pL of dimethyl sulfoxide (DMSO)
were added. The solution was measured at 490 nm using a
microplate reader (Bio-RAD iMarkTM, USA).

2.5 Western Blotting

Extracting recombinant cathepsin B (CTSB), Cytochrome C
(Cyt C), and Caspase-3 in cytosol: senescent HeLa cells
reach to about 50% confluence in 10 cm culture dish, the
DMEM solution containing 20 pM of Comp. 1 was then
added to the cells. The DMEM solution was removed at 12 h
time point, and cells were washed for three times with PBS.
Adding the fresh culture medium and then the cells are
treated with different light irradiation for 0, 3, and 6 min or
with only illumination of 6 min in the absence of Comp. 1 at
the power density of 0.25 W/em®. After 24 h incubation,
cells were washed for once times with PBS and collected
cells by trypsin and centrifuged at 700 g for 5 min at 4 °C.
Re-suspend cell with 2 mL of PBS then centrifuged at 700 g
for 5 min at 4 °C. Re-suspend cell with 0.2 mL of cytosol
extraction buffer containing dithiothreitol (DTT) and pro-
tease inhibitors (cocktail and PMSF). Vortex it for 10 s and
incubate on ice for 15 min, then centrifuge at 1,000g for
10 min at 4 °C, collect the 170 pL supernatant carefully and
discard the pellet then centrifuge at 10,000 g for 30 min at
4 °C. Collect the 150 pL supernatant carefully.

Extracting Bax and Bcl-2 for whole cell: senescent HeLa
cells reach to about 50% confluence in 10 cm culture dish,
the DMEM solution containing 20 uM of Comp. 1 was then
added to the cells. The DMEM solution was removed at 12 h
time point, and cells were washed for three times with PBS.
Adding the fresh culture medium and then the cells were
treated with different light irradiation for 0, 3, and 6 min or
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with only illumination of 6 min in the absence of Comp. 1 at
the power density of 0.25 W/em®. After 24 h incubation,
cells were washed for once times with PBS and collected
cells by trypsin and centrifuged at 700 g for 5 min at 4 °C.
Re-suspend cell with 2 mL of PBS then centrifuge at 700 g
for 5 min at 4 °C. Re-suspend cell with 0.2 mL of extraction
buffer containing DTT and protease inhibitors (cocktail and
PMSF). Vortex it for 10 s and incubate on ice for 30 min,
then ultrasonic crushing for 1 min. Centrifuge at 10,000 g for
30 min at 4 °C. Collect the 150 pL supernatant carefully. Use
BAC kit to quantify the concentration of protein. Perform
standard Western Blot.

3 Results and discussion

3.1 Peptide design

The B-Gal has been demonstrated as an important biomarker
for cell senescence [22]. We therefore designed the molecule
TPE-ETh-R-GFFY(ga)ERGD (Comp. 1 in Figure 1) as a
possible substrate of B-Gal. A novel AIEgen named TPE-
ETh-R was designed and synthesized with far-red/near-
infrared (FR/NIR) fluorescence, which was weakly emissive
when dissolved. In the aggregated state, TPE-ETh-R could
significantly turn on its fluorescence and effectively generate
cytotoxic ROS upon light irradiation. Short peptides based
on diphenylalanine (FF) were powerful self-assembling
molecules [23-26]. We hypothesized that the conversion
from Comp. I to TPE-ETh-R-GFFYERGD (Comp. 3 in
Figure 1) by B-Gal would lead to the generation of supra-
molecular assembly with strong fluorescence and ROS
generating property. For comparison, we also prepared a
control compound TPE-ETh-R-GFFpYERGD (Comp. 2 in
Figure 1), which was a substrate of alkali phosphatase
(ALP). The enzyme ALP was overexpressed in cancer cells
than normal cells [27,28].

The compound TPE-ETh-R was rationally designed as
follows. The methoxy-substituted tetraphenylethene (TPE)
served as both the AIE skeleton and electron-donating unit

(D). Rhodanine 3-acetic acid (R) was selected as the elec-
tron-acceptor (A), as it was well-known as a strong electron-
withdrawing moiety with improved light absorption, which
also possessed an extra carboxyl group for next peptide
conjugation. Moreover, 3,4-ethylenedioxythiophene (ETh)
acted as both the second donor and z-linker, not only in-
creasing the conjugation length, but more importantly, fa-
voring to narrow the energy gap between the lowest singlet
and triplet excited states so as to obtain effective ROS gen-
eration capacity. We obtained the TPE-ETh-R via McMurry
reaction, Suzuki-Miyaura coupling, and Knoevenagel con-
densation in a moderate yield (Figures S4-S6, Supporting
Information online). TPE-ETh-R had a large absorption band
peaked at about 500 nm and a weak FR/NIR emission cen-
tered at 680 nm in good solvent DMSO (Figures S1 and S2).
The formation of TPE-ETh-R aggregates by adding poor
solvent toluene realized great fluorescent elevation, reveal-
ing its excellent AIE feature. We then prepared glycopeptide
GFFY(gal)ERGD by solid phase peptide synthesis using a
similar process recently reported by our group (Scheme S2,
Supporting Information online) [29]. The carboxyl group
activated TPE-ETh-R was reacted with the glycopeptide to
obtain Comp. 1, which was purified by reversed-phase high
performance liquid chromatography. The controls Comp. 2
and 3 were obtained by similar processes.

3.2 Fluorescence intensity change, conversion rate and
self-assemble ability of the peptides characterized by
TEM

After obtaining Comp. 1, we used TEM to characterize its
morphological change by B-Gal. As shown in Figure 2(c),
Comp. 1 self-assembled into nanoparticles with diameter of
about 10 nm in phosphate buffer saline (PBS, pH=7.4,
20 uM). Upon the treatment with f-Gal (50 U/mL) at 37 °C
for 24 h, the nanoparticles fused with each other and changed
to worm-like nanofibers (Figure 2(d)). The liquid chroma-
tograph mass spectrometer (LC-MS) trace indicated that
about 45% of Comp. 1 had been converted to Comp. 3 within
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Figure 1 Chemical structures and schematic illustrations of conversion from Comp. I to 3 by p-Gal and from Comp. 2 to 3 by ALP (color online).
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Figure 2 (a) Fluorescence intensity of Comp. 1 (20 uM) treated with f3-
Gal (50 U/mL) at different time intervals. (b) The conversion from Comp. 1
to 3 by pB-Gal (mean+SD, N=3, SD: standard deviation). TEM images of
PBS solution of Comp. I (c) before and (d) after treatment with f-Gal (50
U/mL) (color online).

24 h (Figure 2(b)). Similar to Comp. 1, Comp. 2 also self-
assembled into nanoparticles in PBS (20 uM, Figure S10).
Upon the addition of ALP (50 U/mL) at 37 °C for 24 h, the
nanoparticles were also transformed into worm-like nanofi-
bers (Figure S10(b)). Comp. 1 was weakly fluorescent in
PBS owing to its relatively good water solubility that al-
lowed smooth intramolecular motion (e.g., rotation of phenyl
rings) of TPE-ETh-R. Upon adding B-Gal, the FR/NIR
fluorescence of Comp. 1 ranging from 550 to 850 nm greatly
increased over time (Figure 2(a)). Adding ALP to solution of
Comp. 2 also led to significant fluorescence increase (Figure
S11). These observations indicated that both Comp. 1 and 2
could be converted to the same molecule Comp. 3 by -Gal
and ALP, respectively, which possessed better self-assem-
bling property and therefore emitted stronger fluorescence
due to more effective restriction of the intramolecular motion
of TPE-ETh-R.

Chemotherapeutic drugs such as etoposide and cisplatin
can cause senescence of tumour cells, which overexpress
senescence-associated B-Gal [30,31]. We therefore induced
senescence of HeLa cells by 7 days’ treatment of cisplatin
(1 pg/mL), which was identified and stained in blue by -Gal
staining kit (Figure S12). We then treated the senescent and
normal HeLa cells with Comp. 1 (20 uM) for 12 h and used
confocal laser scanning microscopy (CLSM) to obtain
fluorescent images of cells. We clearly observed red fluor-
escent dots in the cytoplasm of senescent HeLa (s-HeLa)
cells (Figure 3(a)) rather than in normal HeLa (n-HeLa) cells
(Figure 3(b)). Conversely, for cells treated with Comp. 2, we
observed very weak fluorescence in s-HeLa cells, whereas
stronger fluorescence in n-HeLa cells. If directly treating
cells with Comp. 3, there were no significant differences in
fluorescence intensity between s- and n-HeLa cells (Figures

Sci China Chem  March (2020) Vol.63 No.3 401

Comp. 1 s-HelLa Comp. 1 n-HelLa

Comp. 2 s-HelLa

Comp. 3 s-HelLa

Figure 3 Merged confocal laser scanning microscopy images (blue
fluorescence from DAPI and red fluorescence from TPE-ETh-R represent
the nucleus and TPE-ETh-R-peptide, respectively) in s- and n-HeLa cells
incubated with Comp. 1 (a, b), 2 (c) or 3 (d) (20 uM) for 12 h (color
online).

S13 and S14). If the s-HeLa cells were firstly treated with the
competitive B-Gal inhibitor, D-galactose and then treated
with Comp. 1, the fluorescence in s-HeLa cells dramatically
decreased (Figure S15) [32]. We also treated the n-HeLa
cells with the levamisole, a well-known uncompetitive in-
hibitor of ALP, and then with Comp. 2, the fluorescence in n-
HeLa cells also dramatically decreased (Figure S16). Sub-
sequently we tested the expression levels of ALP in both s-
and n-HeLa cells by kits. The level of extracellular and in-
tracellular ALP in n-HeLa cells were higher than that in s-
HeLa cells (Figure S17). These results clearly indicated that
Comp. 1 and 2 could selectively self-assemble in s- and n-
HeLa cells by p-Gal and ALP, respectively. ALP-instructed
self-assembly had been used for selective inhibition of can-
cer cells, and our Comp. I might be useful for selective
identification of senescent cancer cells.

3.3 Imaging of Comp. 1, 2 and 3 in different cells

We further studied the cellular uptake of different com-
pounds in s- and n-HeLa cells. We treated cells with 20 pM
of the compound for 4 h. The uptake of Comp. 1 in s-HeLa
cells was 3.5 times higher than that in n-HeLa cells, while
Comp. 2 was mainly enriched in n-HeLa cells (Figure S18).
The cellular uptake of Comp. 3 was similar in both s- and n-
HeLa cells. For the normal liver cell line L02 cells, there
were little uptakes of all compounds. We then studied the
ROS generating property of different compounds in both s-
and n-HelLa cells. The s-HeLa cells were incubated with
Comp. 1 or 2 for 12 h, and then DCF-DA was added to detect
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ROS activation under light conditions. As shown in Figure 4
(b), The Comp. 1 showed increased 102 production effi-
ciency with the extent of Comp. 1 aggregation and irradia-
tion time. However, when n-HeLa cells were incubated with
Comp. 1, no obvious green fluorescence could be seen
(Figure S19(a)). We also incubated s-HeLa cells with the
control Comp. 2 for 12 h and found that the cells were filled
with weak green fluorescence (Figure 4(d)). While, Comp. 2
exhibited strong fluorescence in n-HeLa cells after light ir-
radiation (Figure S19(e)). The Comp. 3 exhibited strong
fluorescence in both n- and s-HeLa cells after light irradia-
tion (Figures S19(c) and S20(c)). No obvious green fluor-
escence was observed in either Comp. I or 2 treated cells
under dark conditions. These results indicated that the Comp.
1 could generate ROS upon light irradiation selectively in s-
HeLa cells.

3.4 1ICsj, ROS detection and Western Blotting

Subsequently, we performed a cytotoxicity experiment by
MTT assay. As shown in Figure 4(a), the ICs, of Comp. 1 to
s-HeLa cells under the dark condition was 349 uM, in-
dicating a weak dark toxicity [33]. Under white light irra-
diation, the wvalue significantly decreased to 3.2 uM.
However, it showed relatively small difference in 1Cs, to n-
HeLa cells without and with light irradiation compared with
the difference in ICs, to s-HeLa without and with light ir-
radiation. Since the Comp. 2 could selectively accumulate in
n-HeLa cells, it selectively killed n-HeLa but not s-HeLa
cells upon light irradiation. The Comp. 3 showed no se-
lectivity to kill both n-HeLa and s-HeLa cells upon light
irradiation. These results indicated that the dual activation of
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Figure 4 (a) ICs, values of Comp. 1, 2 and 3 to s- and n-HeLa cells in
dark or with white light irradiation for 4 min., and (b—e) s-HeLa cells were
pre-incubated with Comp. 1 or 2 (20 uM), then DCF-DA was added to
detect ROS in dark or with white light irradiation for 2 min (scale bars:
20 um). Western Blot detection of ROS induced apoptosis from (f) the
cytosolic fraction or (g) the whole-cell fraction of s-HeLa cells treated with
Comp. 1 (50 uM) (color online).
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fluorescence and ROS of Comp. I could be achieved by
EISA strategy to selectively inhibit s-HeLa cells.

We then investigated the mechanism of senescent cell
death induced by Comp. 1. Since the B-Gal was a lysosomal
hydrolase, the red fluorescence from Comp. 1 overlapped
well with the green fluorescence from LysoTracker at 12 h
time point (Figure S21). We also used the lysosomal fluor-
escent probe-AO, a metachromatic fluorophore, to monitor
lysosomal membrane permeability (LMP) of Comp. 1-
treated s-HeLa cells. The results showed that, as the illumi-
nation time increased, the red fluorescence decreased and the
green fluorescence increased (Figure S22), which clearly
indicated that the ROS produced by Comp. I could increase
the LMP. The increase of LMP would lead to the release of
lysosomal acid hydrolases including cathepsin B (CTSB) to
the cytoplasm [34], which was able to cleave various protein
substrates such as the anti-apoptotic Bcl-2 family molecule
Bcl-2 [35,36]. The results obtained by time-dependent
Western Blotting indicated that as the illumination time in-
creased, the level of CTSB in cytoplasmic fraction of s-HeLa
cells treated with Comp. I was indeed up-regulated (Figure 4
(f)). The Bax/Bcl-2 ratio is a “molecular switch” that initiates
apoptosis [37]. The results in Figure 4(g) showed that, after
illumination, the expression of Bax protein was up-regulated
and the expression of Bcl-2 protein was down-regulated.
Bcl-2 family proteins regulate mitochondrial membrane
potential, and when the ratio of Bax/Bcl-2 increases, the
mitochondrial membrane potential reduces [38,39], which
will lead to the release of Cytochrome C (Cyt C) to the
cytosol (Figure S23) [40]. The results in Figure 4(g) de-
monstrated that ROS produced by Comp. 1 did cause Cyt C
release, thus activating Caspase-3. Overall, ROS increased
the LMP, leading to the release of CTSB to the cytosol,
which degraded the anti-apoptotic protein Bcl-2. The mi-
tochondrial membrane then potentially collapsed, following
by the release of Cyt C, eventually leading to the activation
of Caspase-3 to induce cell apoptosis.

4 Conclusions

In summary, taking the advantage of over-expressed B-Gal in
senescent cells, we selectively generated supramolecular
nanomaterials with switched-on fluorescence and ROS pro-
duction capability in senescent cancer cells by the EISA
strategy. Upon light irradiation, the nanomaterials could emit
strong red fluorescence and produce ROS that was toxic to s-
HeLa cells, and therefore our strategy could be applied for
the selective identification and removal of s-HeLa cells. Cell
senescence is a widely phenomenon during aging and ther-
apy, and the selective identification and removal strategy is
promising to prolong human life and improve the treatment
efficacy. We envision that the combination of EISA and self-



Gao et al.

assembling peptides may lead to the generation of biofunc-
tional nanomaterials to counteract aging and improve the
treatment efficacy of chemotherapy.
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