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Abstract BODIPY derivatives have attracted much attention in the field of biological probes, but

probes with a single imaging function are no longer innovative. In this paper, two multifunctional

sulfonamide-BODIPY derivatives were designed and synthesized. Photophysical properties, cyto-

toxicity, in vitro and in vivo imaging, apoptosis, cell cycle, and molecular docking simulation were

studied. The results showed that the compound had low cytotoxicity to normal cells, but had strong

inhibitory effect on tumor cells. The IC50 value of compound 3 on HCT-116 cells was 58.61 ± 4.

91 lmol/L, and 4 on HeLa cells was 52.29 ± 10.93 lmol/L. Cell imaging and mice experiments

demonstrated that the probe had excellent biocompatibility and potential tumor targeting; and

in vivo imaging of mice at different time periods showed that the fluorescence intensity of probes

in subcutaneous lung tumor gradually increased with the extension of time. In addition, the flow

cytometry analysis of 3 showed that the G1 phase of HCT-116 cells was inhibited and apoptosis

of tumor cells was promoted. In molecular docking simulation, sulfonamide-BODIPY derivatives

had high affinity scores with CDK2: �8.0 and �8.4 kcal�mol�1, and the multiple interactions with

receptors provided conditions for the probes to recognize tumor cells.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the past few decades, fluorescent probes have been a hot
topic of chemists and biologists (Zhang et al., 2020; Qin
et al., 2021; Long et al., 2019; Yang et al., 2019; Li et al.,

2020). 4, 4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)
fluorescent dyes have attracted the attention of scholars for
light stability, thermal stability and high molar absorption

coefficient (Zhang et al., 2021; Li et al., 2021; Wang et al.,
2021). To date, it has been developed as imaging probes, fluo-
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rescent dyes, chemical sensors and photosensitizers (Qi et al.,
2020; Dolati et al., 2020; Dagnaw et al., 2021; VanDenburgh
et al., 2020; Khuong Mai et al., 2020; Tümay et al., 2016;

Tang et al., 2020; Çetindere et al., 2016). However, as a bio-
probe, BODIPY core has only a single labeling function, and
has low hydrophilicity and no targeting (Kand et al., 2020;

Kesavan et al., 2019). At present, only the single labeled probe
has no longer novelty, and the multi-functional responsive tar-
get fluorescent probe can lead the future probe field.

The conventional method to improve the characteristics of
compounds is to modify and optimize their structures directly
(Thapaliya et al., 2020; Jin et al., 2020; Khan et al., 2021). In
2020, Rongkun modified BODIPY with formyl to detect bio-

logical biothiols in mitochondria and endoplasmic reticulum
to improve the targeting of the probe (He et al., 2020). But this
does not improve its hydrophilicity. Although many methods

of modifying BODIPY with ionizable groups or combining
with oxygen-rich groups have been reported, (Franke et al.,
2019; Chen et al., 2020; Sui et al., 2016; Çetindere et al.,

2019) these modifications still cannot comprehensively solve
the problems of hydrophilicity, targeting and single functional-
ity of BODIPY. After reviewing a large number of literatures,

we turned our attention to the derivatives of sulfonamide.
Sulfonamide is a kind of inorganic small molecule, which is

the raw material of many biomedicines, and has a wide range
of applications in biology and pharmaceutical chemistry

(Zimmermann et al., 2019; Bagul et al., 2017; Shao et al.,
2018; Liu et al., 2019; Liu et al., 2019). Its derivatives have
been reported to be antibacterial, anti-inflammatory, anti-

tumor and anti-allergic effects (Apaydın and Török, 2019;
Matsuura et al., 2021; Procopiou et al., 2017; Ali et al.,
2019). In 2019, it was designed into different cyclobenzosulfon-

amide scaffolds, which can target tubulin as a new mitotic inhi-
bitor (Zimmermann et al., 2019). Subsequently; 1,2,4-triazine
sulfonamides were designed and synthesized, showing high

antiproliferative activity against human breast cancer cell lines
(Branowska et al., 2020). Sulfonamide-substituted BODIPYs
have also been synthesized in the long-term research (Takeda
et al., 2016; Waghorn et al., 2012). The introduction of sulfon-

amide group can enhance the following characteristics of
probes: 1) water solubility; 2) biocompatibility; 3) drug activ-
ity; 4) targeting to tumor cells (Liu et al., 2019; Chan et al.,

2019). BODIPY itself does not have any drug activity and tar-
geting, but only has strong fluorescence effect. Therefore, the
combination of BODIPY and sulfonamide can be designed

into novel fluorescent drug-probes with both fluorescence
effect, drug activity and a series of cytocompatibility and tar-
geting effects.

Herein, we designed two kinds of multifunctional

sulfonamide-BODIPY fluorescent probes, and analyzed their
photophysical properties in different solvents; detected the
cytotoxicity of the compounds; conducted in vitro and in vivo

imaging; apoptosis; cell cycle experiment and molecular dock-
ing simulation. In order to better explore the ability of tumor
targeting and imaging, we added in vivo imaging of subcuta-

neous lung tumor in mice at different time periods. In addition,
a series of inhibitor activities were evaluated to explore the
inhibitory effect of sulfonamide-BODIPY derivatives more

comprehensively on tumor cells in targeted imaging. These
investigations will be beneficial to the design and research of
fluorescent probes for multifunctional targeting drugs in the
future, which will be a significant breakthrough in BODIPY
research field.

2. Experimental section

2.1. Reagents and instrumentation

All reagents were purchased commercially and further purified

when used. All the reactions involved were monitored by thin-
layer chromatography (TLC) and analyzed with ultraviolet
lamps at 254 and 365 nm. Products were separated and puri-

fied by column chromatography (200–300 mesh silica gel).
NMR were recorded by Bruker avance II instrument in deu-
terium chloroform (400 MHz for 1H and 100 MHz for 13C).

Chemical shifts are reported in ppm, versus internal tetram-
ethylsilane (TMS) as a standard. The mass spectrum were
obtained on a Thermo LXQ by liquid chromatgraphy-ion trap
mass spectrometry. Absorption spectra were recorded with a

UV-2550 spectrophotometer. The fluorescence emission spec-
tra were measured by Shimazu RF-5301PCS fluorescence spec-
trophotometer with excitation wavelength of 500 nm.

2.2. Synthesis

N1-(8-ethyl-5,5-difluoro-7,9-dimethyl-10-phenyl-5H-5k4,6k4-dip
yrrolo[1,2-c:20,10-f][1,3,2] diaza -borinin-3-yl)ethane-1,2-diamine

(2). 7-chloro-2-ethyl-5,5-difluoro-1,3-dimethyl-10-phenyl-5H-
4k4,

5k4-dipyrrolo[1,2-c:20,10-f] (Zhang et al., 2020; Long et al.,
2019; Qin et al., 2021) diazaborinine (BODIPY-Cl; 0.5 g,
1.4 mmol) was dissolved in acetonitrile (15 mL), ethylenedi-
amine (300 lL, 4.5 mmol) and triethylamine (600 lL,
4.3 mmol) were added. The reaction was stopped after mag-
netic stirring at room temperature for 6 h. Red compound 2

(0.45 g, 85%) was isolated by column chromatography (petro-

leum ether: EtOAc = 1:1; dichloromethane: MeOH = 25:1).
1H NMR (400 MHz, CDCl3): d (ppm) = 8.01 (s, 1H), 7.42–
7.39 (m, 3H), 7.31–7.29 (m, 2H), 6.46 (d, J = 4.4 Hz, 1H),

5.92 (d, J = 4.8 Hz, 1H), 3.41 (s, 2H), 3.00 (t, J = 6.0 Hz,
2H), 2.47 (s, 3H), 2.35–2.29 (dd, J = 7.6, 14.8 Hz, 2H), 1.37
(s, 3H), 1.26 (s, 2H), 0.99 (t, J = 7.6 Hz, 3H). 13C NMR
(100 MHz, CDCl3): d (ppm) = 159.8, 144.9, 135.2, 133.3,

133.1, 132.4, 132.3, 130.0, 129.6, 128.3, 128.0, 106.0, 46.8,
41.4, 29.7, 17.1, 15.0, 11.9, 11.6. ITMS (ESI) calcd for C21H25-
BF2N4 [M + H]+ m/z 383.2218; found 383.2345.

1-(2-((8-ethyl-5,5-difluoro-7,9-dimethyl-10-phenyl-5H-5k4,
6k4-dipyrrolo[1,2-c:20,10-f][1,3,2]diazaborinin-3-yl)amino)ethyl)

sulfonamide (4). 2 (0.1 g, 0.3 mmol) and sulfonamide (0.1 g,

1.0 mmol) were dissolved in 4 mL pyridine, heated to 80 �C
under magnetic stirring for 2 h. After TLC confirmed that
the reaction was complete, the reaction was stopped and

cooled to room temperature. The pyridine solvent was dried
under reduced pressure and column chromatography (petro-
leum ether: ethyl acetate = 2:1) was used to obtain brownish
red compound 3 (42 mg, 35%). 1H NMR (400 MHz, CDCl3):

d (ppm) = 7.45–7.30 (m, 5H), 6.47 (d, J = 4.8 Hz, 1H), 6.34
(s, 1H), 6.94 (s, 1H), 5.29 (s, 1H), 5.07 (s, 2H), 3.53 (s, 2H),
3.40 (d, J = 4.4 Hz, 2H), 2.45 (s, 3H), 2.35–2.30 (dd,



Scheme 1 Synthetic route of sulfonamide-BODIPY.
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J = 14.8 Hz, 7.2 Hz, 2H), 1.39 (s, 3H), 1.00 (t, J = 7.6 Hz,
3H). 13C NMR (100 MHz, CDCl3): d (ppm) = 159.5,
135.0, 133.8, 133.4, 133.0, 132.2, 130.4, 129.5, 128.5, 128.1,
118.5, 111.7, 105.8, 43.9, 43.2, 17.1, 14.9, 12.0, 11.6. ITMS

(ESI) calcd for C21H26BF2N5O2S [M + H]+ m/z 462.1948;
found 462.2019.

1,3-bis(2-((8-ethyl-5,5-difluoro-7,9-dimethyl-10-phenyl-5H-

5k4,6k4-dipyrrolo[1,2-c:20,10-f][1,3,2]diazaborinin-3-yl)amino)

ethyl) sulfonamide (4). 2 (0.1 g, 0.3 mmol) and sulfonamide
(0.03 g, 0.3 mmol) were dissolved in 4 mL pyridine and
Fig. 1 (a) The absorption spectra of compounds 3 and 4 (c = 15 l
emission spectra of 3 and 4 in different solvents (ex = 500 nm).
heated to 80 �C under magnetic stirring for 4 h. After TLC
confirmed that the reaction was complete, the reaction was
stopped and cooled to room temperature. The orange-red
Compound 4 (20 mg, 10%) was isolated by column chro-

matography (petroleum ether: ethyl acetate = 5:1) after
removing the pyridine solvent. 1H NMR (400 MHz, CDCl3):
d (ppm) = 7.45–7.31 (m, 8H), 8.44 (d, J = 4.4 Hz, 2H), 6.18

(s, 2H), 5.92 (d, J = 4.8 Hz, 2H), 5.01 (s, 2H), 3.49 (t,
J = 5.6 Hz, 3H), 3.37 (t, J = 6.0 Hz, 3H), 2.48 (s, 4H),
2.36–2.30 (dd, J = 15.2 Hz, 7.6 Hz, 4H), 1.37 (d,
mol/L) in different solvents are shown from left to right. (b) The



Table 1 Photophysical properties of compounds 3 and 4.

Samples Uf
a Wavelength DCM EtOAc THF EtOH MeOH MeCN DMSO

3 0.33 Absmax (nm) 536 531 533 531 530 530 531

Emmax (nm) 555 551 552 551 550 551 555

stokes shift (nm) 19 20 20 20 20 21 24

stokes shift (cm�1) 639 683 646 684 686 719 850

4 0.25 Absmax (nm) 536 533 534 533 531 531 533

Emmax (nm) 555 551 552 550 550 550 555

stokes shift (nm) 19 18 18 17 19 19 22

stokes shift (cm�1) 639 613 545 580 650 650 744

a Fluorescence quantum yield of the compounds in DMSO estimated relative to rhodamine B as the standard (Uf = 0.7 in ethanol).

Fig. 3 Fluorescence stability of 3 and 4 (15 lmol/L) in DMSO

solution (Ex = 430 nm, Em = 555 nm).
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J = 10.4 Hz, 6H), 1.29 (d, J = 11.6 Hz, 6H), 1.00 (t,
J = 7.6 Hz, 6H). 13C NMR (100 MHz, CDCl3): d
(ppm) = 159.6, 147.8, 147.7, 147.1, 145.5, 145.4, 135.0,
133.0, 130.4, 129.6, 128.5, 128.1, 124.5, 124.0, 119.1, 105.8,
43.9, 43.1, 34.9, 34.5, 31.4, 30.2, 29.7, 22.7, 17.1, 14.9, 12.0,

11.6. ITMS (ESI) calcd for C42H48B2F4N8O2S [M + H]+

m/z 827.3823; found 827.1713.

2.3. Cytotoxicity determination

HCT-116, HeLa and normal liver L-02 cells from American
type culture collection were used for cytotoxicity screening
in vitro. HCT-116 and HeLa cells were routinely cultured in

RPMI-1640 medium, while L-02 cells were cultured in DMEM
medium routinely. 10% fetal bovine serum (FBS) was added to
the medium, and the cells were incubated in a 5% CO2 cell

incubator at 37 �C. Monitor these cells daily and keep the cell
density at 80%.

MTT cancer cells (HeLa and HCT-116) and normal human

lung L-02 were used to determine the cytotoxicity of each cell
line during logarithmic growth phase, respectively. All cells
were inoculated on 96-well plate at the rate of 106 cells / well.

Then the samples were treated with 1, 2, 6, 8 or 10 mmol/mL
berberine and detected for 24 h. The supernatant was dissolved
in 100 mL DMSO and shaken for 15 min. The optical density
Fig. 2 (a) Normalized UV–Vis and Fluorescence spectra of compoun

a comparison of 3 and 4 in DMSO solution under sunlight and ultra

powders at 365 nm excitation wavelength.
of the sample was measured at 490 nm by microplate photome-
ter. Cell viability was expressed as a percentage change in

absorbance relative to the control value.
ds 3 and 4 (C = 15 lmol/L) in DMSO solution. The illustration is

violet light. (b) Sunlight and fluorescence images of 3 and 4 solid



Fig. 4 (a) The absorption spectra of 3 and 4 (C = 15 lmol/L) at different pH values are shown from left to right. (b) Emissivity spectra

of 3 and 4 at different pH (ex = 500 nm).
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2.4. Cell imaging

HeLa cells in logarithmic growth phase were digested with
trypsin and inoculated into 9-well-plate with round cap. They
were cultured in 5% CO2 and 37 �C incubator for 24 h before
adhering. Drug treatment: Compounds 3 and 4 were weighed

and added into DMSO (C = 0.10 mmol/L), respectively,
and diluted to 10 lmol/L. Drug adding process: the original
medium was discarded and replaced with the medium contain-

ing 10 lmol/L different drugs. Cell treatment: discard the med-
ium after 24 h, wash it with PBS for 3 times, add
paraformaldehyde fixed solution for 15 min, and carefully suc-

tion out. Wash with PBS for 3 times and incubate it with 40,6-
diamidino-2-phenylindole dye (DAPI) in dark for 10 min. Dis-
card the staining solution and wash it with PBS for 3 times.

After sealing with anti-fluorescence quenching sealant, the
changes of the sample and nucleus were observed under fluo-
rescence microscope.

2.5. In vivo imaging

In vivo imaging experiments were performed on mice weighing
18.3 g and 18.5 g at 6 weeks of age. After compounds 3 and 4

(20 lL, 20 lmol/L dimethylsulfoxide/normal saline = 1:9, V/
V) were injected into an empty stomach for 30 min, the fluores-
cence intensity of subcutaneous tumor tissues was detected. In
addition, the mice experiment met the requirements of Animal
Ethics (ethics committee approval No. syxk 2018–0053).

Mice imaging at different time periods: Compounds 3 and 4

were prepared (20 lmol/L, 20 lL DMSO/normal saline = 1:9,
V/V) and intraperitoneally injected into 8-week-old mice,
respectively, all weighing 21.8 g. Fluorescence intensity of sub-

cutaneous lung tumor was detected every 10 min (10 min,
20 min, 30 min and 40 min).

2.6. Cell cycle experiments

HCT-116 cells were cultured in a 9-well culture plate and then
treated with compound 3. Cell suspensions were cultured at
37 �C with trypsin and then placed in pre-cooled 75% ethanol

at –23 �C overnight. The ribozyme (25 lg/mL) and propidium
iodide (25 lg/mL PI; BD Biosciences (Anolun Biotechnology
Co., Ltd, Beijing)) was added to the cells and cultured in room

temperature darkness for 30 min. The samples were then eval-
uated using flow cytometry (Attune NXT, Life Tech, LNC),
and the data were analyzed using Modfit LT2.0 software (Ver-

ity Software House, Inc., Topsham, ME, USA).

2.7. Cell apoptosis

HCT-116 cells were cultured in a 9-well culture plate. Cells
were treated with compound 3. The cell suspension was col-



Fig. 5 Confocal microscope images of HeLa cells incubated with compounds 2, 3 and 4 (10 lmol/L) for 24 h. The nuclei were stained

with DAPI. Compound 2: 200 units high density; Compounds 3 and 4: 400 units low density.

Fig. 6 Merged images in HeLa cells of 3 and 4 (left) and subcutaneous tumor tissue in mice (right).
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lected by trypsin at 37 �C without EDTA, washed with PBS,
and resuspended with 250 mL binding buffer. The cell suspen-

sion was stained with 5 lL PI and 5 lL fluorescein isothio-
cyanate of annexin V solution (Yasen Biotechnology,
Shanghai, Co., Ltd) and incubated at room temperature in

darkness for 20 min. The samples were then evaluated by flow
cytometry (Attune NXT, LifeTech, LNC). All test methods are
in triplicate.
3. Results and discussion

3.1. Design and synthesis

Using 7-chloro-2-ethyl-5,5-difluoro-1,3-dimethyl-10-phenyl-5

H-4k4,5k4-dipyrrolo[1,2-c:20,10-f] [1,3,2] diazaborinine as a
chemical material (Zhao et al., 2013); and triethylamine as
the deacid reagent in acetonitrile solvent; compound 2



Table 2 Experimental data of cytotoxicity.

Compounds IC50 (lmol/L) ± SDa

HCT-116 HeLa L-02

3 58.61 ± 4.91 61.08 ± 8.11 113.41 ± 8.34

4 79.43 ± 8.20 52.29 ± 10.93 104.89 ± 12.07

5-FU 24.17 ± 3.83 18.53 ± 2.06 >200

a Standard deviation.
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(yield = 85%) was obtained by nucleophilic substitution of 1
and ethylenediamine. Figure Scheme 1 Dissolve 2 in pyridine
solvent, and add different equivalent sulfonamide to get two

sulfonamide-BODIPY derivatives at 80 �C. The synthesis
method was simple, and the chemical structures of the prod-
ucts were confirmed by 1H NMR, 13C NMR and ITMS.

(See supporting information for characterization data).

3.2. Spectroscopic properties

Compounds 3 and 4 (C = 15 lmol/L) were prepared with
dichloromethane, ethyl acetate, tetrahydrofuran, ethanol,
methanol, acetonitrile and dimethyl sulfoxide as solvents,

respectively. The absorbance at 400–600 nm and fluorescence
intensity at 510–650 nm were measured (Fig. 1). It is easy to
observe that the absorbance decreases with the increase of sol-
vent polarity. The difference is that under the excitation of

500 nm, the fluorescence intensity of the two compounds is
the strongest in DMSO. It is speculated that the amino group
in the probe is likely to form intermolecular hydrogen bonds

with DMSO. At this time, the energy of the system is reduced,
and the molecular stability is increased, so the UV absorbance
is low. However, DMSO has a strong stabilizing effect on

excited fluorescent molecules and reduces the internal conver-
sion rate between excited molecules, so the fluorescence in
polar solvent DMSO is strong. (Wang et al., 2021;
Zakerhamidi et al., 2011)

The photophysical data of the compounds in different sol-
vents are summarized in Table 1 (maximum wavelength
absorption: Absmax, maximum emission: Emmax) and

Fig. 2. In different solvents, the maximum emission wave-
length of 3 and 4 fluctuates in the range of 550–555 nm. Com-
pounds 3, 4 both have the largest stokes shift in DMSO

solvent, and the maximum emission wavelengths of com-
pounds have a small red shift compared with other solvents.
Because of the hydrogen bonds among the compounds and

DMSO solvent, the energy level difference between the excited
state and the ground state decreases, the emission spectrum of
the probes is red shifted.

According to UV–Vis fluorescence comparison of com-

pounds in DMSO solution (Fig. 2), it can be found that stokes
shift of 3 and 4 is 850 and 744 cm�1, respectively. Due to steric
hindrance, it is more difficult for compound 4 to form hydro-

gen bond force with DMSO than compound 3, so the stokes
shift of compound 4 is less than 3. The illustration shows the
compound solution is red, 3 and 4 are yellow and orange flu-

orescence respectively. The solid powder is shown in Fig. 2b.
Under the excitation wavelength of 365 nm, the fluorescence
of powder 3 is not obvious, while that of powder 4 shows
red. In addition, the fluorescence stability of sulfamide-

substituted-BODIPY at 10 min was recorded (Fig. 3). Obvi-
ously, these two compounds remain dynamically stable over
time in DMSO solvent.

In 10% (volume fraction) DMSO / Tris-HCl buffer solu-
tion, dilute hydrochloric acid was added and adjusted to
pH = 8.5, 7.4, 7.0, 6.5, 6.0, 5.5, respectively. The absorption

and emission spectra of compounds 3 and 4 at different pH
were recorded (Fig. 4). The absorbance of the two compounds
decreased relatively under weak acid condition, but the fluores-

cence intensity was stronger at pH = 6.0 and 5.5. It is specu-
lated that under weak acidic conditions, the compound may be
easily protonated, which prevents the intramolecular charge
transfer from nitrogen in BODIPY, so the emission intensity

is enhanced. Under the influence of polar solvent, the probe
forms intermolecular hydrogen bond with the solvent, which
affects the absorbance. (Prasannan et al., 2018) Generally

speaking, the tumor cells are weakly acidic. In this environ-
ment, the fluorescence of compounds can be enhanced to a
greater extent, which is conducive to the labeling of tumor

cells.

3.3. Cytotoxicity studies

Compounds 3 and 4 were used to determine the cell activity of

HCT-116, HeLa and human normal liver cells L-02, (Khalil
et al., 2020; Eldehna et al., 2018) respectively (Table 2). With
5-FU as control, IC50 > 200 lmol/L indicates that the 5-FU

has low toxicity to L-02 cells. It was obvious that compounds
3 and 4 have low cytotoxicity to normal hepatocytes, but have
significant inhibitory effects on HCT-116 and HeLa cells.

Among them, 3 has more obvious inhibitory effects on
HCT-116 and 4 on HeLa cells, with IC50 values of
58.61 ± 4.91 and 52.29 ± 10.93 lmol/L respectively.

3.4. In vivo and in vivo imaging

In Fig. 5, in vitro imaging of sulfamide-substituted-BODIPY
probes were further studied. Obviously, compounds 2, 3 and

4 can be fully absorbed by HeLa cells. (Wang et al., 2021) In
addition, the introduction of sulfonamide group into interme-
diate compound 2 will not affect the absorption of probes by

HeLa cells. All shows the good biocompatibility of
sulfamide-substituted-BODIPY.

To further enhance subsequent biological research, we per-

formed the most basic imaging study on mice. 3 and 4 were
intraperitoneally injected into the tumors tissue of mice,
respectively, and fluorescence imaging was performed 30 min
later. As shown in Fig. 6, strong fluorescence signals were

detected in the subcutaneous lung tumor tissues of both mice,
indicating that the sulfamide-substituted-BODIPY probes
have the ability to monitor tumor tissues. On this basis, we car-

ried out imaging experiments on mice at different times
(Fig. 7). With the prolongation of time, compounds 3 and 4

gradually aggregated to the tumor site of mice, and the fluores-

cence intensity gradually increased. This further demonstrates
the excellent tumor targeting ability of sulfamide-substituted-
BODIPY probes.

3.5. Apoptosis and cell cycle

The apoptosis and cell cycle of HCT-116 cells treated with
compound 3 which was randomly selected were studied. In



Fig. 7 Fluorescence imaging of subcutaneous lung tumor tissue of mice with compounds 3 and 4 (20 lmol/L) at different time intervals

(10 min, 20 min, 30 min and 40 min).

Fig. 8 (a) HCT-116 cells were treated with 3 and stained with PI and Annexin-V /FITC; then analyzed for apoptosis. (b) HCT-116 cells

were treated with compound 3 and the cell cycle was analyzed by flow cytometry.
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Fig. 8a, The lower right quadrant is the early apoptotic cells
(Ashokkumar et al., 2019; Sun et al., 2021; Zhou et al., 2020;

Wu et al., 2019; Yang et al., 2019). After treatment with 3,
the percentage of living cells was 93.77%. The early apoptotic
cell rate and late apoptotic cell rate were 0.24%, 4.36% respec-

tively, and the total apoptotic rate was 4.6%. Fig. 8b showed
that the average DNA content of G1 phase was 224.03, and
the number of G1 phase cells accounted for 61.43% of the

total. In addition, G2 / G1 = 1.54, which indicated that the
number of cells in G1 phase of HCT-116 increased, so com-
pound 3 could block the G1 phase of HCT-116 cells. The

above data well demonstrated that compound 3 had a good



Fig. 9 Molecular docking diagram of sulfamide-substituted-BODIPY and CDK2. (a) Compound 3; (b) compound 4. (different

interactions are represented by dotted lines of different colors – ion p: green; T-p: marine; hydrogen bond: pin; hydrophobic bond: gray;

ionic bridge: magenta).

Table 3 Interaction between residues and compounds (PDBID: 2FVD).

Entry Affinity score Interaction with receptor

(PDBID 2FVD) (kcal�mol-1) [H] T-p Ion-p Hydrophobic bond ionic bridge

3 -8.0 His 84

Gln 131

Phe 80 Asp 86

Asp 145

Lys 33

Lys 89

His 84

Ala 144

Ile 10

Leu 83

Leu 134

Phe 80

Val 18

Asp 86

4 -8.4 Leu 83 Phe 82 Asp 86

Asp 145

Lys 33

Glu 12

Glu 162

Ala 31

Leu 83

Leu 134

Phe 82

Val 18

Asp 145

His 84
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inhibitory effect on HCT-116 cells, and showed that sulfamide-
substituted-BODIPY had the potential of inhibiting tumor cell

activity as a probe at the same time.

3.6. Molecular docking

In order to elucidate the mechanism of action of the com-
pound on tumor cells as much as possible, molecular docking
simulation was performed on the tumor cell target CDK2
kinase (Chen et al., 2016; Shao et al., 2021; Alnoman et al.,

2020; Shi et al., 2020), and its corresponding affinity score
was obtained (Fig. 9 and Table 3). Compounds 3,4 and recep-
tor had high binding energies of �8.0 and �8.4 kcal�mol-1,

respectively. There are hydrogen bond, T-p, Ion-p, Hydropho-
bic bond and ionic bridge interactions between these probes
and receptors. In compound 3, the oxygen atoms on sulfon-
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amide form hydrogen bonds with the hydrogen atoms of His
84; the benzene ring on BODIPY forms T-p stacking with
Phe 80; the amino group on sulfonamide forms ionic bridge

with Asp 86. In compound 4, the nitrogen atom on sulfon-
amide has hydrogen bonding with the hydrogen atom on
Leu 83. The pyrrole ring directly linked to ethylenediamine

can form a T-p stacking with Phe 82. These interactions
between the compounds and the receptors provide the condi-
tions for the new sulfamide-substituted-BODIPY s to recog-

nize tumor cells.

4. Conclusion

In conclusion, two multifunctional sulfonamide-BODIPY flu-
orescent probes were successfully synthesized. Its advantages
include hydrophilicity, high biocompatibility, inhibition of

tumor cell proliferation and potential targeting imaging.
Oxygen-rich sulfonamides can increase the hydrophilic ability
of probes, and use its unique drug activity to achieve inhibition
of tumor cells. In weak acid environment, it shows fluorescence

enhancement, which is beneficial to the imaging of tumor cells
with weak acid pH. Cell imaging and mice imaging show that
these probes have good biocompatibility and potential target-

ing properties. The novel sulfamide-substituted-BODIPY drug
probe has potential applications in tumor cell targeting and
exerting drug activity; the introduction of the concept can also

provide a strong basis for the design of drug probes with high
selectivity, high activity, high biocompatibility and excellent
tumor targeting.
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