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ggregation-induced emission-
based fluorescent probe based on rupestonic acid†

Zhichao Cui,a Yucai Zhang,a Zhonghui Zhang,b Adila Abudurexiti*a

and Abdulla Yusuf *a

Chinese herbal medicine and Chinese patent medicine have been widely applied for cancer care in China.

Rupestonic acid, an active ingredient of Artemisia rupestris L., has recently been confirmed to have certain

anti-tumor effects in vitro. In this study, we employed the application of a commonly devoted

triphenylamine as a fluorophore and the addition of 2,4-thiazolidinedione as a bridge to integrate

rupestonic acid into the AIE system to create an fluorescent probe with anti-tumor properties. The

spectral, cytotoxic, and cellular imaging properties of the probe were measured. Its promising responses

make possible the application of the probe in antitumor theragnostic systems.
1. Introduction

Fluorescence has been used in biological research for the last
100 years, although developments in uorescence chemistry,
along with technical discoveries, have fueled the development
of many different kinds of uorophores. The use of uorescent
molecules in biological research is the standard in many
applications and their use is continually increasing due to their
versatility, sensitivity and quantitative capabilities. The vast
selection of uorophores today provides greater exibility,
variation and uorophore performance for research applica-
tions than ever before. Researchers have prioritized the devel-
opment of research applications for luminescent materials due
to their visualization properties.1–3 Fluorescent probes among
organic luminescent materials are playing an increasingly
important role in biomedicine, biological chemistry, and life
sciences.4–8 Aggregation-induced emission (AIE) is a new
concept created in 2001 by B. Z. Tang to describe a photo-
physical phenomenon, in which non-emissive molecules in
solutions are induced to emit strongly when their intra-
molecular motion is restricted in the aggregate or solid state.9,10

The concept of AIE describes a phenomenon whereby emission
is observed when the luminogen aggregates with other mole-
cules. Typically, this luminogen is originally non-emissive or
weakly emissive due to molecular motions, which allow the
molecule to decay nonradiatively. Upon aggregation or binding
to molecules, such molecular motions become restricted,
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forcing the molecule to decay via radiative pathways, turning on
emission.11 Aggregation-induced emission (AIE) probes are
a series of signicant luminescent materials.12,13 AIE probes
plays an important role in the early detection and treatment of
cancer due to low toxicity and low susceptibility to drug
resistance.14–18 AIE combines the advantages of high biocom-
patibility, degradability and bioactivity of natural products, and
has important value in designing novel structures, innovating
the research into drug activity mechanisms of natural products,
and promoting the application of AIE materials.

Data from the International Agency for Research on Cancer
show that cancer is one of the leading causes of human
death.19–21 By 2040, worldwide cancer cases will increase by 60%,
while this will be ∼81% in developing countries, according to
the latest report of the World Health Organization (WHO).22

Breast cancer ranks rst in the incidence of malignant tumors
among women in China, making it one of the most common
malignant tumors encountered in clinical practice.23,24 Triple-
negative breast cancer (TNBC), which accounts for 20% of all
new cases of breast cancer, is a subtype of the disease that lacks
the genes for the estrogen receptor (ER), progesterone receptor
(PR), and human epidermal growth factor receptor-2 (Her2/
neu). According to clinical, genomic, and transcriptomic data
in China, TNBCs was classied into four transcriptome-based
subtypes: (1) luminal androgen receptor (LAR), (2) immuno-
modulatory, (3) basal-like immune-suppressed, and (4) mesen-
chymal-like.25 The differential diagnosis of TNBC metastases
and primary cancers from other organs can be difficult due to
lack of a TNBC standard immune prole. There are some
imaging techniques, such as ultrasound, X-ray, computed
tomography (CT), magnetic resonance imaging (MRI), and
positron emission tomography (PET), using for diagnosis and
adjuvant therapy in TNBC and other cancer treatment. The
traditional imaging technique like X-ray, CT, MRI or PET give
RSC Adv., 2023, 13, 25369–25378 | 25369

http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra03521b&domain=pdf&date_stamp=2023-08-23
http://orcid.org/0000-0002-0685-2381
https://doi.org/10.1039/d3ra03521b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03521b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013036


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 7
:3

1:
59

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a powerful assistance to physicians to screen tumor tissue of
patients or to localize lesions more precisely. These imaging
techniques make it possible for surgical planning or interim
assessment. In addition, these techniques also guide surgery
and the delivery of radiotherapy to improve precision and allow
non-invasive monitoring of patients' response to therapy.26

Traditional mammography, ultrasound and magnetic reso-
nance imaging are difficult to diagnose due to lack of charac-
teristics.27 Despite the signicant resources spent on TNBC
research in humans, gaps in the early preventive detection of
the disease currently exist.28–31 Early diagnosis and effective
treatment of TNBC can lower the cost of cancer care while
easing the burden and suffering of patients. Fortunately, uo-
rescence imaging (FLI) has shown great potential for guiding
surgeons during complex interventions.32

In addition to traditional cancer treatment schemes, natural
products are still an important source of treatment due to their
structural diversity and unique biological activities.33,34 The
discovery of new anti-cancer roles of natural products marks an
upsurge in exploring and harnessing nature in human medi-
cine.35 Chinese herbal medicine and Chinese patent medicine
have been used in clinical treatment, e.g., Rabdosia rubescens
(Hemsl.) Hara, Salvia miltiorrhiza, and extracts, which have been
increasingly used in treatment of tumors.36,37 Tumor targeting and
imaging are important endeavors in the area of biomedical
research. In terms of FLI technology, new AIE uorescent probes
play a key role and whose development may revolutionize the cell
imaging and diagnose eld. Specially designed AIE uorescence
probes have been utilized for various biomedical imaging appli-
cations, thanks to their high emission efficiency and superb
photobleaching resistance.38 However, it is difficult for traditional
natural drugs to undertake the important task of detection due to
their weak uorescence, many chiral groups and weak conjuga-
tion effect. The natural product AIE probe that undertakes the
detection of tumor cells is rarely known. Therefore, it is extremely
important to develop a new type of natural product AIE probe with
novel structure and both diagnosis and treatment of cancer.

Triphenylamine (TPA) itself does not emit light, but can form
a helical structure, which is very conducive to the construction
25370 | RSC Adv., 2023, 13, 25369–25378
of AIE compounds. Triphenylamine itself also has a strong
electron donating ability.39–41 By combining triphenylamine
with electron withdrawing groups can regulate intramolecular
function of pushing and pulling electrons achieves the purpose
of regulating light emission. Thiazolidinedione derivatives have
attracted a signicant amount of attention from the medical
community for their excellent physiological effects and mech-
anisms of action.42–44 Rupestonic acid is a monoterpene
monomeric compound isolated from Artemisia rupestris L.,
a characteristic medicinal plant from Xinjiang used for anti-
allergic, anti-tumor, anti-inammatory, and detoxication
purposes.45 In our previous research, we used MDA-MB-231 cell
line representing triple-negative breast cancer to measure anti-
tumor activity of isolated rupestonic acid. Our cell panel
research shows that rupestonic acid has potential anti-tumor
activity to MDA-MB-231 cell with inhibition rate 86.5% (in 20
mM).

The current research on natural products and TNBC has
mainly focused on suppressing the expression of specic genes
in this cell line or increased the expression of genes that control
apoptosis, which has led to the progression of cancer cells
toward apoptosis. In this study, we employed the application of
a commonly devoted triphenylamine as a uorophore and the
addition of 2,4-thiazolidinedione as a bridge to integrate
rupestonic acid into the AIE system. The probe was subjected to
optical testing, in vitro anti-tumor testing, molecular docking
and cellular imaging.
2. Results and discussion
2.1. Design and synthesis of the probe (M5-0)

The isolated rupestonic acid shows anti-tumor activity to MDA-
MB-231 cell with inhibition rate 86.5% (in 20 mM). However, the
compound has no uorescence properties which makes it
difficult to study its drug action mechanism. Triphenylamine
always used as uorophore in AIE system. We designed an AIE
probe based on rupestonic acid used 2,4-thiazolidinedione as
linker and triphenylamine as a uorophore.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.2. Spectroscopic testing of the probe (M5-0)

2.2.1. Ultraviolet absorption spectroscopy. We measured
the ultraviolet absorption spectroscopy of the probe in three
hydrophilic solvents, THF, MeOH and DMSO. The maximum
absorption peak was at 425 nm (Fig. 1). Although the absorption
intensity of the probe in THF was stronger than in MeOH and
DMSO, we chose methanol as the solvent for subsequent
research due to the better solubility of the probe in methanol.

2.2.2. Fluorescence testing of M5-0. Triphenylamine is
a typical AIE-type compound, and the aimed probe molecule in
this paper contains a derivative of triphenylamine, so it is
necessary to investigate the AIE properties of this molecule.
Fluorophore emission can be directly inuenced by interaction
with other uorescent or non-uorescent molecules, which can
“quench” the emitted uorescence from the excited uo-
rophore. When most common chromophores are in the aggre-
gation state with high con-centration, aggregation-caused
quenching (ACQ) will occur, which seriously limits the appli-
cation of probes in sensors and biology. Natural products oen
have picky solubility. The probe we developed based on isolated
Fig. 1 The UV spectroscopy of M5-0 in THF, MeOH, DMSO (c = 10
mM, lmax = 425 nm).

Fig. 2 Fluorescence data of probe M5-0, (A) fluorescence emission of
enlarged view of (A) (vertical coordinate 200× enlarged).

© 2023 The Author(s). Published by the Royal Society of Chemistry
rupestonic acid need to screen the suitable solvent in this
research at rst.

Emission wavelengths are specic characteristics of uo-
rescent probe. It is important to choose a suitable solvent for
the probe, at rst. To investigate the most suitable solvent for
AIE emission, we tested the uorescence emission of M5-
0 under different solvent, ethyl acetate, dichloromethane,
tetrahydrofuran, DMSO, acetonitrile, MeOH, and H2O. The
uorescence data shows that THF and H2O was not the proper
solvent for M5-0. The uorescence emission intensity under
pure solvent conditions in that order: H2O > THF > EA > DCM
> DMSO > ACN > MeOH (Fig. 2A and B). Given the above
reasons, methanol was chosen as the most suitable solvent for
M5-0.

We observed the uorescence of theM5-0 with the naked eye
in MeOH/water mixture solvent with different fraction of water
(fw) at 365 nm (Picture 1). It can easily nd that when fw is 0–
40%, there is no uorescence phenomenon. When the fw
further increases to 60%, a clear uorescence phenomenon can
be observed and the probe demonstrated colorimetric orange
uorescence. As the fw increases to 80%, the uorescence clearly
turns bright yellow, and the fw further increases to 90%, making
the uorescence appear stronger. In the high-volume fraction
aqueous phase, the probe exhibits stronger uorescence. We
have designed more experiments to conrm the experimental
phenomena observed with the naked eye.

As shown in the Fig. 3, M5-0 have gradient changes in uo-
rescence in MeOH/water mixture solvent with different fraction
of water. In a higher volume fraction water, the uorescence
intensity is positively correlated with the fw. When the fw <40%,
there is almost no uorescence emission. When the fw going to
60%, the uorescence emission intensity signicantly
increases. As the volume of water further increases, the uo-
rescence emission coming stronger. M5-0 is AIE emission in
higher polar solvents, that phenomenon is the typical charac-
teristic of AIE uorescent probes. The brightness of a given
uorophore is determined by the quantum yield. The quantum
the probe under different solvents, (10 mM, lmex = 420 nm); (B) partial

RSC Adv., 2023, 13, 25369–25378 | 25371
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Scheme 1 The AIE fluorescence of M5-0 in MeOH/water mixture
solvent, from left to right the fw was 0%, 20%, 40%, 60%, 80%, 90%,
respectively (c = 10 mM, l = 365 nm).

Fig. 3 PL spectra of probe M5-0 in MeOH/water mixture solvent (10
mM, lmex = 420 nm).

Fig. 4 Cell viabilities of MDA-MB-231 cells and HEK293T cells after
incubation with different concentrations of M5-0.
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yield is calculated as the number of photons that are emitted by
the uor divided by the number of photons that are absorbed.
In pure MeOH, the quantum yield (QYs) of the probe is 0.92%,
while in water, the QYs of the probe is 20.34%, which is an
increase of 22 times.
2.3. Inhibition of the probe M5-0 on MDA-MB-231 cells

Cell viabilities of Triple-negative breast cancer cells (MDA-MB-
231) and normal cells were measured, and the results are
shown in Fig. 4. The survival rate of these cells was calculated to
be 100.00% in normal iterative culture without the addition of
probe molecules, i.e., no inhibition at all (variance of 0.0532).
The probe had almost no inhibitory effect on the entire cell
population aer 48 hours of incubation at a probe concentra-
tion no greater than 20 mM, with the survival rate 99.20% (1 mM,
variance: 0.0363), 97.97% (10 mM, variance: 0.0135), and 96.32%
(20 mM, variance: 0.0572). The latent therapeutic effectiveness of
the probe on the cells was conrmed when the concentration of
the probe was raised above 40 mM, since this caused a sharp
decline in cell survival and an increase in the degree of cancer
cell inhibition. At 40 mM, the cell survival rate was 62.42%
(variance: 0.0829), while the probe concentration reached to 80
mM, the survival rate decreased to 28.22% (variance: 0.1195). At
25372 | RSC Adv., 2023, 13, 25369–25378
100 mM, the cell survival rate was the lowest with 23.92%
(variance: 0.0940). In summary, the probe has low cytotoxicity at
low concentrations (concentrations less than 20 mM) and can be
used for live cell imaging; Above this concentration, it can also
inhibit cancer cells, which is the unique feature of this probe.
Encouragingly, although it exhibits toxicity to normal cells at
high concentrations (concentration higher than 40 mM), it is
lower in toxicity to cancer cells.
2.4. Molecular docking

In silico has advantages over in vitro experiments which are oen
time-consuming, require signicant resources, and are vulner-
able to failure. The save of time and resources is remarkable
when in silico predictions are carried out before the compound is
tested in vitro and in vivo.46 Molecular docking studies were
carried out to provide a theoretical viewpoint on potential
molecular interactions between both rupestonic acid and the
probe with target proteins. The Janus kinase 2 protein was
chosen to investigate rupestonic acid and the probe's anticancer
activities on breast cancer considering the protein was targeted
by many anti-cancer drugs to produce their response.47,48

Rupestonic acid and the probe exhibited hydrogen bond with
ASP939 and ARG980 residues, respectively (Fig. 5a and b). It can
be seen that the probe and amino acid residues ARG980 can form
three hydrogen bonds [the oxygen atoms on the carbonyl group
of rupestonic acid and carbonyl group of thiazolidinedione form
three hydrogen bonds respectively, (b)] when rupestonic acid and
residues ASP939 form one hydrogen bond [the oxygen atom on
the carbonyl group of rupestonic acid and the hydrogen on the
amino acid residue form a hydrogen bond, (a)]. However, the
Glide score of the probe (−4.187) is higher than rupestonic acid
(−6.069), this may be caused by the high resistance of probe. We
can nd a convincing answer from the two gures c and d. It is
obviously seen that the probe partially entered in the protein site
(d) while rupestonic acid lled the site smoothly (c).
2.5. Cell imaging

Live-cell imaging applies to a wide range of biological applica-
tions, including basic and medical research. Spectroscopic
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Molecular interactions of rupestonic acid and the ASP939 residues (a); molecular interactions of probe and the ARG980 residues (b);
binding site surface of rupestonic acid and the target protein (c); binding site surface of probe and the target protein (d).
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experiments have demonstrated the probe molecule M5-
0 characteristics, although cellular testing is still essential. We
investigated the probe's effectiveness in cells and revealed that
the uorescent compound M5-0 inhibits the growth of MDA-
MB-231. We also attempted to explore the application of the
probe in MDA-MB-231 cell imaging. First, MDA-MB-231 cells
were photographed using an M5-0 solution containing various
concentrations of the probe molecule (Fig. 6, this gure is
partially zoomed in views of the uorescence image, for original
picture please see ESI† Fig. 10–13).

Without the insertion of the probe, there was no background
interference in the MDA-MB-231 cells, and the cells showed
typical spindle cone structure. The uorescence image showed
a complete cell outline and a modest alteration in the cell shape
at a probe concentration of 10 mM, the cells are evenly stained,
the outline of the nucleus can be clearly seen, and the cells are
in normal physiological state. When the probe concentration
reached 20 mM, the cell is still remaining a normal tubular cell
shape, the probe shows stronger uorescent highlights, the
nucleus outline is also clearly seen. When the probe concen-
tration increased to 40 mM, the cell morphology starts from
a normal spinning cone to an abnormal spherical state, the
outline of the cell membrane begins to blur, the volume of the
nucleus becomes larger and uorescence of the probe in cell is
© 2023 The Author(s). Published by the Royal Society of Chemistry
decreasing obviously. At higher concentrations as 80 mM and
100 mM,most of the cells have been lose viability and oat in the
culture medium, making the cell outline difficult to see clearly.
Secondly, in terms of cell state, it is difficult to quantify the
inhibitory effect of high concentration probe on cells, so we use
CCK-8 method to conduct cell viability experiment with the
probe as the drug itself.

As a naturally occurring active monomer isolated from the
plant Artemisia, research on it has been stalled in the areas of
pharmacological structural modication in chemistry and in
vitro activity testing in biology. Applied research on its detection
and cell imaging is also at a standstill, and aer consulting
a large number of references, only active-site modication can
be resolved. Additionally, it is nearly impossible to locate the
procedure for determining the entire effective monomer and
the uorescent molecule when browsing through other sources.
First, the current standard of care involves using the drug-
carrying portion of a well-studied drug-molecule monomer.
Accessing a uorescent molecule that does not contain many
double bonds or a benzene-ring conjugation system is a very
dangerous but worthwhile process. Second, due to its long cycle
time and high failure rate, pharmaceutical research, particu-
larly natural product research, has not received the attention it
merits. With this in mind, we seek to create a more open
RSC Adv., 2023, 13, 25369–25378 | 25373
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Fig. 6 Fluorescence imaging of live cells (MDA-MB-231) with probe moleculeM5-0 (from left to right probe concentrations are 0 mM, 10 mM, 20
mM, 40 mM in that order).
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interdisciplinary bridge between pharmacological and biolog-
ical research.

Most likely as a result of rupestonic acid's non-conjugated
nature, two large fatty rings comprise the structure of that
compound, and only the carbonyl group above the carboxyl
group and the nearby double bonds are involved in the AIE
group conjugation, while the other fatty rings weaken the initial
conjugation system. However, this structure also serves as
a reminder that, when designing a natural product probe
molecule, one should consider the conjugation of the loaded
drug molecule and give priority to the probe's structure
simplication and ability to be taken orally. To lessen the
weakened uorescence effect of the drug-molecule cluster, the
design of the probe molecule should take into account the
conjugation of the loaded drug molecule. Additionally, when
choosing a structure, it is preferable to simplify the structure
and allow access to the effective portion of the original drug
molecule. This study provides valuable reference for the future
development of uorescent probes based on natural product.
3. Materials and methods
3.1. Materials

All chemicals were purchased from commercial suppliers and
used without further purication. The purity of rupestonic acid
and M5-0 were determined by high performance liquid chro-
matography (Waters Acquity Arc), and purity of other synthe-
sized compounds were conrmed by thin-layer chromatography
(TLC) using several solvent systems of different polarities. 1H
NMR, 13C NMR were measured on a Bruker AVANCE II 500
MHZ. Digital NMR Spectrometer with tetramethyl silane (MS) as
internal standard and DMSO-d6 as diluent. Mass spectra were
measured on a Waters UPLC-MS. UV-vis spectra were recorded
on a UV-2600i (A12595931269) at 25 °C. Melting points of
25374 | RSC Adv., 2023, 13, 25369–25378
compounds were measured by METTLER TOLEDO MP70
Melting Point System. Fluorescence measurements were carried
out using an Edinburgh Instruments FLS1000 uorescence
spectrophotometer. Confocal uorescence images were recor-
ded using a Thermo Fisher Invitrogen™ EVOS™ FL Auto 2.
3.2. Isolation of rupestonic acid

About 1 kg of A. rupestris L. (commercially available, purchased
from Baokang Pharmaceutical Co., Ltd) were extracted three
times with 75% ethanol (reux 1, 2 and 3 h respectively). The
extracts were combined and evaporated to dryness under
reduced pressure, which yield 0.18 kg of extract. The extract was
dissolved in 1 L water, and extract three times with EA. Combine
the organic phase and adjust pH to 8 by adding 5% NaHCO3.
Aer separating the aqueous phase, add dilute hydrochloric
acid and adjust the pH value to 3. Aqueous phase extract three
times with EA and the combined organic phase evaporated
under reduced pressure. Obtain crude products puried by
column chromatography (petroleum ether : ethyl acetate = 5 :
1), and recrystallization with acetone to give 0.8 g pure rupes-
tonic acid (purity >98%, mp: 132.7–134.2 °C). 1H NMR (500
MHz, CDCl3) d 6.35 (s, 1H), 5.71 (s, 1H), 3.24–3.08 (m, 1H), 2.90–
2.88 (m, 1H), 2.86–2.84 (m, 1H), 2.64–2.63 (m, 1H), 2.49–2.41
(m, 1H), 2.15 (s, 2H), 2.13–2.08 (m, 1H), 2.05–2.03 (m, 1H), 1.81
(s, 3H), 1.62–1.58 (m, 3H), 0.63 (d, J= 7.1 Hz, 3H). 13C NMR (125
MHz, CDCl3) d 208.85, 175.20, 171.32, 145.75, 137.77, 125.33,
46.00, 41.30, 38.39, 37.69, 36.55, 35.27, 31.57, 12.11, 8.00.
3.3. The synthesis of M5-0

3.3.1 Synthesis of (E)-5-(4-(di-p-tolyl amino) benzylidene)
thiazolidine-2,4-dione (M5-2). To a stirred solution of M5-1
(500 mg, 1.66 mmol), 2,4-Thiazolidinedione (214 mg, 1.83
mmol), acetic acid (5 mg, 0.083 mmol), 3-picoline (7.7 mg, 0.083
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Synthetic route for probe M5-0: (a) 2,4-thiazolidinedione, acetic acid, 3-picoline, toluene (b) rupestonic acid, DIEA, HATU, DCM.
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mmol) in toluene (15 mL) was reuxed for 16 h. The reaction
was concentrated under a vacuum pump and puried by chro-
matography on silica gel (EtOAc : PE = 1 : 10) to afford M5-2
(576 mg, red solid, mp: 185.4–186.7 °C). 1H NMR (500 MHz,
CDCl3) d 7.78 (s, 1H), 7.30 (d, J = 9.0 Hz, 2H), 7.13 (d, J = 8.0 Hz,
4H), 7.05 (d, J= 8.4 Hz, 4H), 6.97 (d, J= 9.0 Hz, 2H), 2.34 (s, 6H).
13C NMR (125 MHz, CDCl3) d 172.34, 171.77, 167.99, 167.58,
150.51, 143.42, 134.59, 131.84, 130.15, 125.95, 123.99, 119.21,
117.21, 20.81 (Fig. 7).

3.3.2 Synthesis of rupestonic acid uorescent probe (M5-
0). A mixture of M5-2 (268 mg, 0.67 mmol), rupestonic acid
(150 mg, 0.61 mmol), and DIEA (236 mg, 1.83 mmol) in dry
DCM (10 mL) was stirred. Then HATU (346 mg, 0.91 mmol) was
added, and the reaction was carried out for another 72 h. The
reaction mixture was concentrated under a vacuum pump and
puried by Prep-TLC (EtOAc : PE = 1 : 10) to afford the probe
M5-0 (75 mg, purity 99.42%, orange solid, mp: 192.5–194.1 °C).
C39H38N2O4S: calculated: 630.2552, observed: [M + NH4

+] =

649.2810. 1H NMR (500 MHz, CDCl3) d 8.09 (s, 1H), 7.58 (d, J =
5.5 Hz, 1H), 7.44 (d, J= 7.9 Hz, 4H), 7.35 (d, J= 8.0 Hz, 4H), 7.25
(d, J = 8.4 Hz, 2H), 4.65–4.04 (m, 2H), 3.39–3.32 (m, 1H), 3.27–
3.14 (m, 2H), 3.03–2.91 (m, 1H), 2.92–2.83 (m, 1H), 2.82–2.72
(m, 1H), 2.65 (s, 6H), 2.43–2.34 (m, 2H), 2.22–2.08 (m, 1H), 1.24–
1.12 (m, 1H), 0.91 (d, J= 7.0 Hz, 3H). 13C NMR (125MHz, CDCl3)
d 209.01, 175.20, 174.99, 168.75, 168.71, 167.03, 167.00, 151.01,
143.85, 138.39, 138.26, 135.14, 135.01, 132.30, 130.66, 126.45,
124.48, 119.63, 116.02, 116.01, 51.03, 46.13, 41.67,41.28 37.40,
36.77, 35.59, 30.05, 21.30, 12.47, 8.44 (Fig. 7).

3.4 Cytotoxicity study

The MDA-MB-231 cells and HEK293T cells in the Petri dish were
digested and collected, and the number of cells was calculated and
quantied. Each well contained about 5 × 103 cells and was
inoculated into the 96-well plate. Wells with 1% DMSO volume
fraction in cell culture medium (PBS 7.4 (1×), liquid) were used as
negative control. Compound M5-0 was introduced and incubated
for 48 hours at a nal concentration gradient of 100, 80, 40, 20, 10,
and 1 mM. Culture medium was removed and each well received
100 mL of CCK-8 solution that had been diluted 10 times with
serum-free medium. Aer incubation at 37 °C for one hour, OD450

in each well was determined under an enzyme-labeled instrument.

3.5. Molecular docking

First, the energy minimization of both rupestonic acid and the
probe were performed by ChemBio 3D (calculations / MM2 /

minimize energy, keep all of the default settings selected and click
© 2023 The Author(s). Published by the Royal Society of Chemistry
“Run” to perform the minimization. Save the resulting compound
as a SDF le).49 Meanwhile, the published X-ray crystallographic
structure of MDA-MB-231 polymerase (PDB ID: 3KRR) was down-
loaded from the PDB database (https://www.rcsb.org/structure/
3KRR).47,48 Protein was prepared using the Protein Preparation
Wizard tool in maestro molecular modeling soware
(Schrodinger Release 2018).50 Finally, molecular docking was
carried out by running Ligand Docking tool.

3.6 Bioimaging

The MDA-MB-231 cells in the Petri dish were digested and
collected, and the number of cells was calculated and quantied.
Each well contained about 4 × 104 cells and was inoculated into
the 96-well plate. The probe molecules M5-0 were introduced
allowed to work for 2 hours at nal concentrations of 10, 20, and
40 mM. Wells with 1% DMSO volume fraction were used as
negative control. Culture medium was removed aer incubation
for 2 hours and each sample was washed three times with 1 mL
PBS. The results of intracellular uorescence imaging were
observed and photographed under uorescence microscope.

4. Conclusions

In this paper, we have successfully developed an aggregation-
induced emission-based uorescent probe based on rupes-
tonic acid. The concept of pharmacological molecule design
was incorporated into the luminescence system to build
rupestonic acid as probe pharmacophore and triphenylamine
as luminescent center. The natural compound-based probe with
excellent spectral performance (c = 10 mM) and low cytotoxicity
(cell viability with 97.97%, 10 mM, variance: 0.0135) was
synthesized and successfully used on cell imaging. Currently,
though it is hard to demonstrate with specic data which
section or organelle of the cancer cells the probe molecule
penetrated, but we have condence that the above research will
provide a solution to the problem of cell co-localization and
introduced into antitumor theragnostic systems.
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