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Despite the rapid development of fluorescence detection modalities for disease diagnosis, novel fluores-
cent molecules and probes still face with tremendous pressure to transform before employing such flu-
orescent tools in the clinic. Impressively, the fluorescent probes based on the traditional fluorescent dye
are expected to accelerate the transformation process. Herein, methylene blue is requisitioned to design
the GSH responsive probe MB-SS-CPT elaborately. The as-synthesized MB-SS-CPT provides a dramatic
optical advantage for GSH detection in vitro, cell fluorescence imaging, in vivo imaging, and antitumor

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the increasing aging of the population, the incidence rate
of cancer has increased year by year, and it has greatly threatened
human health [1]. Therefore, effective diagnosis and treatment of
cancer is a major task facing the world scientists. In recent years,
cancer-related fluorescent diagnostic probes have sprung up in the
fields of surgical navigation, in vitro diagnosis and prognostic anal-
ysis [2-4]. It is well known that fluorescence diagnosis has fast,
noninvasive and high temporal and spatial resolution [5,6]. Com-
pared with inorganic fluorescent diagnostic probe, organic fluores-
cent diagnostic probe has numerous characteristics including small
molecular weight, degradability and the performance to be quickly
removed by organism metabolism [7-9]. In light of these, a large
number of novel organic fluorescent dye groups have been in-
vented, such as high quantum yield, near-infrared emission wave-
length, and ultra-high photothermal conversion efficiency, which
provide the basis for new fluorescent diagnosis and treatment
probes [10-14]. Nevertheless, the clinical transformation of fluo-
rescent probes is still slow, and the types of fluorescent dyes ap-
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proved by FDA still change little. Therefore, many scientists design
fluorescent diagnostic probes for cancer diagnosis and treatment
based on the traditional clinical use of fluorescent dyes [15-17].

Methylene blue (MB) has previously been widely used in clinic,
such as injecting methylene blue during surgery to help find lym-
phnodes, diagnosis and photodynamic therapy of breast cancer and
head and neck cancer [18-22]. Recently, some researchers also
found that MB has a new function of enhancing immunotherapy in
antitumor therapy [23]. Its longer wavelength excitation and emis-
sion fluorescence (Aex: 660nm, Aem: 690nm) and photodynamic
properties have attracted attention [24]. We envisage to further
improve its application scope through reasonable design, develop-
ments of responsive fluorescent probes, and realizing the integra-
tion of diagnosis and treatment.

Endogenous thioalcohol glutathione (GSH) is usually overex-
pressed in cancer cells. Many special groups that can react with
GSH have been reported [14,25-31]. Among these responsive
groups, disulfide bond is a classical chemical bond in response to
GSH, the design strategy of using disulfide bond is much higher
than others. The main application field is the design of prodrug
probe, which can reduce the side effects of chemotherapy drugs
through the targeted release of drugs with high GSH specific re-
sponse [32,33]. In the study of prodrug strategy, there are many
prodrugs fluorescent probes taking Camptothecin (CPT) as an ex-
ample [34-37]. Among those probes, the fluorophores usually play
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Fig. 1. (a) The mechanism scheme of MB-SS-CPT responds to GSH. (b) UV-vis absorption spectra of probe (10 umol/L) before/after incubation with 500 pmol/L GSH. (c)

Fluorescence spectra of 10 umol/L probe upon the addition of GSH (0-10 mmol/L).

a fluorescent signal to monitor drug release, but lack significant
therapeutic functions. Therefore, we selected disulfide bond and
connected MB to prepare the probe MB-SS-CPT, which integrates
the functions of high GSH response, chemotherapy and photo-
dynamic therapy. In addition, it is characterized of low-cost raw
material and wide clinical application of fluorophore (MB) and
chemotherapeutic drug (CPT).

It is found that the modification at the 10-N position of MB
can change from blue to colorless, and carbamoyl linkage can
make MB have switching performance [16]. At this special site,
the probe MB-SS-CPT is obtained by connecting chemotherapeu-
tic drugs with triphosgene through disulfide bond. The fluorescent
diagnosis and treatment function of MB-SS-CPT are realized by re-
leasing CPT and MB through GSH breaking the disulfide bond in-
side the molecule shown in Fig. 1a. The synthesis of MB-SS-CPT
required two steps, and the detailed synthesis route was shown
in Scheme S1 (Supporting information). After MB-SS-CPT was syn-
thesized, its structure was confirmed by 'H NMR, 13C NMR, high-
resolution mass spectrometry (Figs. S1-S3 in Supporting informa-
tion). In Fig. 1b, the probe solution of 10 pmol/L is colorless and
transparent, and there is no characteristic peak in UV absorption.
After incubation with 50 equiv. GSH solution for 4h at this con-
centration, the solution can be observed to turn blue. And as well
UV absorption spectrum shows the same characteristic peak as MB
at 666 nm.

In order to confirm the occurrence of chemical reaction, MB,
CPT and their derivatives in the mixture after reaction were de-
tected by high-resolution mass spectrometry (Fig. S5 in Support-
ing information). These experimental results show that the disul-
fide bond of MB-SS-CPT could be cleaved by GSH, thus realizing
the release of colored MB. In order to obtain the optimum incuba-
tion time with GSH in vitro, 25 and 50 equiv. GSH concentrations
were selected to test the response time curve (Fig. S6 in Support-
ing information). The co-incubation time to reach the fluorescence
intensity plateau is about 60 min when the GSH concentration is

50 equiv., while it takes a longer time (about 120 min) once the
GSH concentration reduces to 25 equiv. (optimum incubation tem-
perature at 37°C in Fig. S7 in Supporting information). Therefore,
in the fluorescence spectrum test for detecting different concen-
trations of GSH, the incubation time was set to 4h to ensure that
the reaction time of all concentrations with 10 pmol/L probe is
sufficient. The fluorescence spectrum of the solution after reacting
with 0-10mmol/L of GSH shown in Fig. 1c. Overall, the fluores-
cence intensity increases with the increase of GSH concentration
(0-10 mmol/L), and there is a linear relationship in the range of 0-
10 equiv. concentration of GSH (Fig. S4 in Supporting information),
based on the formula LOD =3 §/K, the lowest detection concentra-
tion of MB-SS-CPT for GSH is calculated as 820 nmol/L.

Before MB-SS-CPT was applied to cells, we first tested the se-
lectivity of MB-SS-CPT and incubated the probe with candidate in-
terfering substances such as amino acids and metal ions in solu-
tion. In Fig. S8 (Supporting information), the fluorescence shows
that the fluorescence intensity of cysteine (Cys) and GSH is al-
most the same after the reaction. This is a reasonable result be-
cause they have similar structure and function of breaking disul-
fide bonds. FBS (Fetal Bovine Serum) is composed of many sub-
stances like proteases, so MB-SS-CPT has less response, which is
also expected. The other amino acids, glucose, ascorbic acid, Mg+,
Ca%* and other substances did not increase the fluorescence inten-
sity and UV absorption of MB-SS-CPT, and the color of the solution
was still colorless. This shows that MB-SS-CPT has strong selectiv-
ity for GSH and Cys. The concentration of GSH in tumor cells and
their microenvironment is much higher than that of Cys, so will
not be disturbed in the application of in vivo imaging.

The function of cancer cell fluorescence imaging is one of the
important applications of MB-SS-CPT. Breast cancer cell line 4T1
and esophageal cancer cell line KYSE 30 were used as model cells
to test the fluorescence imaging ability of MB-SS-CPT. Fig. 2a is
the confocal fluorescence imaging picture of 4T1 cells which intu-
itively shows that 10 umol/L probe incubated with cells for 2 h will



J. Xing, Q. Gong, R. Zou et al.

MB-SS-CPT MB-SS-CPT+ MB

10 equiv. GSH
. (a)
T

Control

w»
=
]
&
100 100 100 (b)
b= | | Mean 0 Mean 80 Mean | 4 Mean
~ w0 48.4 60 404 60 718 60 1775
40 40 40 40
20 20 20 20
{ 1A [} P e e
LR (G TR T 010° 10" 10° 10° o10* 10’ 10° 10° 010* 10 10 10
(c)
17}
=
]
Q
<
= 1001 1 100 100 100 (d)
vy % Mean 80 Mean 80 Mean 80
= s0f 1137 o 453 o 534 6
o 40 40 40
20 20 20 20
0 o 0 - 0 bt
010° 10° 10° 10° o' 10' 10 1f 010* 10 10 10f 010 10° 10° 10°

Fig. 2. The fluorescence response of MB-SS-CPT to GSH concentration at the cell
level. (a, b) Fluorescence imaging and flow cytometry of probe MB-SS-CPT (10
pmol/L) in 4T1 cell line. (c, d) Fluorescence imaging and flow cytometry of probe
MB-SS-CPT (10 pmol/L) in KYSE 30 cell line.
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Fig. 3. (a, b) Dark toxicity of three substances and photodynamic therapy on 4T1
cells. (c, d) Dark toxicity of three substances and photodynamic therapy of MB-SS-
CPT in KYSE 30 cells.

have a certain fluorescence intensity. After the addition of exoge-
nous GSH, the cell fluorescence intensity significantly enhanced.
There are two control groups at both ends: negative (MB-SS-CPT
0 pmol/L) and positive (MB 10 pmol/L). The statistical results of
flow cytometry fluorescence intensity in Fig. 2b correspond to the
fluorescence imaging picture. Figs. 2c and d also show that MB-SS-
CPT can be used as a fluorescence detection tool in fluorescence
imaging and flow cytometry of esophageal cancer cells.

Since MB-SS-CPT is a theranostic probe integrating fluorescence
imaging and antitumor therapy, next, we looked at its therapy
function. The two cell lines previously imaged were still selected.
Figs. 3a and c tested the dark toxicity of three substances CPT, MB
and MB-SS-CPT. After the tested materials were incubated with
cells for 24h, MB-SS-CPT displayed better cell viability than MB
and CPT, which indicated that MB-SS-CPT was less toxic and safer
under no light conditions. The survival rate of cells showed that
the toxicity of free MB increased with the increase of concentra-
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Fig. 4. (a, b) MB-SS-CPT in vivo imaging and intensity curve of mouse breast cancer
4T1 xenograft model. (c¢) Tumors separated from the experiment mice. (d) Tumor
volume change curve.

tion. As a chemotherapeutic drug, CPT does not show strong killing
effect in here, which is reasonable, because our incubation time is
less than 48h [38,39]. Fig. 3b shows the cell survival after MB-
SS-CPT to 4T1 cells for 4h and irradiated with 660 nm laser with
constant concentration and power (10 pmol/L, 100 mW) for differ-
ent times. The mortality of 4T1 cells after irradiation for more than
10 min exceeded 80%. Under the same conditions, the mortality of
esophageal cancer cell KYSE 30 was only 40% in Fig. 3d. In view of
the more significant killing effect of MB-SS-CPT on 4T1 cells, the
tumor model established by 4T1 cells was selected for subsequent
in vivo tumor model imaging and therapeutic application research.

We evaluated the in vivo safety of CPT, MB and MB-SS-CPT be-
fore in vivo imaging and treatment. In Fig. S9 (Supporting infor-
mation), H&E staining results of important organs were not signif-
icantly different from those of control group injected PBS, indicat-
ing that our MB-SS-CPT is safe for mice under these doses.

The high level of GSH concentration at the tumor site can make
the probe turn-on [40,41]. When MB-SS-CPT was injected into near
the tumor, Figs. 4a and b show that the change of fluorescence in-
tensity of tumor with time. The platform period begins to appear
in 60 min after MB-SS-CPT was injected, the signal-to-noise ratio
is doubled and maintained for more than 3 h. This imaging time
result provides a reference for the next photodynamic therapy pol-
icy. After MB-SS-CPT was injected locally for 4h, the tumor site
was irradiated with 660 nm for photodynamic therapy. In Figs. 4c
and d, after three times of irradiated treatment, the in vitro tumor
size and monitoring volume curve show that the tumor inhibition
rate of MB-SS-CPT reached 60% compared to control group, which
was equivalent to the effect of free MB group. There was no signif-
icant change in the body weight of mice in the five groups during
the treatment (Fig. S10c in Supporting information). Animal experi-
ments show that MB-SS-CPT not only had the photodynamic treat-
ment function close to MB, but also had the fluorescence imaging
performance of GSH tumor site response.

In conclusion, we designed MB-SS-CPT, a fluorescent molecu-
lar probe based on traditional drugs, which has outstanding flu-
orescence response and selectivity in the detection of GSH solu-
tion in vitro, and the detection limit LOD =820 nmol/L. MB-SS-CPT
has a certain fluorescence imaging potential in breast cancer cells
and esophageal cancer cell lines in response to GSH. As for in
vivo imaging and photodynamic antitumor therapy, it also exhib-
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ited satisfying performance comparing favourably with MB. Most
importantly, both MB and CPT in MB-SS-CPT structure come from
clinical drugs and have strong competitiveness in clinical transfor-
mation.
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