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ABSTRACT: A series of (8-hydroxyquinoline) gallium(III) complexes (CP-1—4) was synthesized and characterized by single X-ray
crystallography and density functional theory (DFT) calculation. The cytotoxicity of the four gallium complexes toward a human
nonsmall cell lung cancer cell line (AS49), human colon cancer cell line (HCT116), and human normal hepatocyte cell line (LO2)
was evaluated using MTT assays. CP-4 exhibited excellent cytotoxicity against HCT116 cancer cells (ICg, = 1.2 + 0.3 gM) and
lower toxicity than cisplatin and oxaliplatin. We also evaluated the anticancer mechanism studies in cell uptake, reactive oxygen
species analysis, cell cycle, wound-healing, and Western blotting assays. The results showed that CP-4 affected the expression of
DNA-related proteins, which led to the apoptosis of cancer cells. Moreover, molecular docking tests of CP-4 were performed to
predict other binding sites and to confirm its higher binding force to disulfide isomerase (PDI) proteins. The emissive properties of
CP-4 suggest that this complex can be used for colon cancer diagnosis and treatment, as well as in vivo imaging. These results also
provide a foundation for the development of gallium complexes as potent anticancer agents.

Bl INTRODUCTION hydroxide, which is formed by soluble water, severely limits its
application. Recent studies have shown that gallium nitrate and
other gallium compounds also have antitumor properties.'> A
number of gallium complexes, including tris(8-quinolinolato)
gallium(III), tris(maltolato) gallium(III), phenol-based
gallium(III), and paminothiourea gallium(III) complexes,
have been synthesized and evaluated in vitro and in vivo, and
gallium(III) nitrate was shown to reduce the proliferation of
malignant cells.*71¢ Clinically, gallium(III) complexes are
used to treat microbial, inflammatory, cancer, and bone
metabolic diseases.'” The primary therapeutic mechanism of

Cancer is a challenging disease to treat; therefore, new and
effective anticancer drugs are urgently needed. Many
anticancer drugs, such as the chemotherapeutic drug cisplatin,
cross-link with purine bases in DNA, interfere with DNA repair
mechanisms, cause DNA damage, and induce apoptosis in
cancer cells."”” However, the use of platinum drugs, including
cisplatin, is limited by side effects, such as drug resistance,
vomiting, and kidney toxicity.‘%_5 Therefore, the development
of nonplatinum drugs with low toxicity and strong targeting
ability has gained attention.”” The ion radius of gallium is
similar to iron; gallium can also be absorbed through cellular
iron transport systems and can be substituted into ferrous

these effects involves elevated levels of reactive oxygen species

proteins.”” In contrast to iron, gallium levels cannot be Received: December S, 2022
restored under physiological conditions.'” Additionally, it Accepted:  February 1, 2023
inhibits the function of gallium complex proteins and the Published: February 8, 2023

growth of cells. Thus, this element acts a “Trojan horse
hypothesis” by destroying the protein structure that adds iron
to bacteria and cancer cells.”'' However, the toxicity of gallium
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Scheme 1. Structures of Four Gallium(III) Complexes
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(ROS) and mitochondrial dysfunction. An accumulation of
ROS leads to disruption of the mitochondrial membrane
potential, which results in increased mitochondrial membrane
permeability; under this condition, apoptosis-related proteins
can enter the cytoplasmic matrix to promote apoptosis.lg’19

Quinoline ligands are an important pharmacodynamic
group, and their derivatives show excellent pharmacological
properties. Q_uinohne has several biological activities, including
antimicrobial,>>*' antlfungal antileishmaniasis, antimalarial,
antioxidant, and anticancer effects.”>** The 8-hydroxyquino-
line derivatives are effective targeted broad-spectrum drug
molecule used to treat a wide range of life-threatening diseases,
such as cancer, HIV infection, and neurodegenerative
diseases,”~*” and exert in vitro antitumor activity*~> Various
development and drug research centers are working to
chemically or structurally modify their functional groups to
construct broad-spectrum bioactive candidates.’***

In this study, we developed gallium(III) compounds and
tested their potential as anticancer agents. Four novel
gallium(III) complexes {[Ga(HQL);] (CP-1), [Ga(MQL);,]
(CP-2), [Ga(CIQL);] (CP-3), and [Ga(BrQL),] (CP-4)}
were synthesized by reacting different 8-hydroxyquinoline
derivatives with gallium(III) metal salts (Scheme 1). Analysis
of their anticancer activity showed that CP-3 and CP-4 were
highly selective for HCT116 cells. In addition, CP-1, CP-3,
and CP-4 displayed bioimaging properties. Preliminary
examination of the anticancer mechanisms of CP-1, CP-3,
and CP-4 revealed that these compounds induce the
production of ROS and may differ from cisplatin in their
anticancer mechanisms. CP-4 also inhibits protein expression
and predicted other protein-binding sites through molecular
docking.

2. EXPERIMENTAL SECTION

2.1. Materials and Characterization. Gallium nitrate, 8-
hydroxyquinoline (L-1), 2-methyl-8-hydroxyquinoline (L-2),
S-chloro-8-hydroxyquinoline (L-3), and S-bromo-8-hydroxy-
quinoline (L-4) were purchased from Sigma-Aldrich, and all
reagents were not further purified. Fluorescence spectroscopy
and lifetime analysis of CP-1—4 were performed on a Horiba
Jobin Yvon Fluorolog-3. Fluorescence quantum vyield was
performed on a Edinburgh FLS1000 fluorescence spectropho-
tometer. The FT-IR absorption spectra for CP-1 and CP-2
were collected from KBr pellets using a Thermo Scientific
FTIR-Nicolet iS10 spectrometer in the range 4000—400 cm ™.
The UV—visible spectra of CP-1—4 and L-1—4 were obtained
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using a UV-240 IPC spectrophotometer. High-resolution mass
spectrometry (HRMS) measurements of CP-1—4 were
acquired by an LTQOrbitrapXL. 'H NMR spectra
(AvanceS00, Bruker, Germany) were used to analyze the
molecular structures of CP-1—4.

2.2. Synthesis of CP-1 and CP-2. 8-Hydroxyquinoline
(2.25 mmol, 326.55 mg) and 2-methyl-8-hydroxyquinoline
(2.25 mmol, 358.16 mg) were each dissolved in 40 mL of
absolute methanol, and Ga(NO;); (0.75 mmol, 191.85 mg)
was dissolved in 6.5 mL of absolute ethanol. The prepared
Ga(NOs;); was gradually added to both the methanol solution
of 8-hydroxyquinoline and 2-methyl-8-hydroxyquinoline, con-
tinuously stirred for 16 h at 80 °C, and then cooled to room
temperature (20 °C). NH;-H,0 (WNH3 = 25%—28%) was
added until no yellow green precipitate was produced (pH ~
10). After filtering, the precipitate was washed with absolute
ethanol and heated to 100 °C in an oven. When the pH
became constant, the ammonia was removed. Yield: (318.5
mg, 84%) for L-1 and (322.5 mg, 79%) for L-2. To obtain
single crystals of CP-1 and CP-2, 5 mg of solid CP-1 and CP-2
was dissolved in 1 mL of dichloromethane, 4 mL of anhydrous
methanol was slowly added along the vessel wall to form layers,
and the mixture was then incubated for approximately S days.
'"H NMR (500 MHz, chloroform-d), CP-1: § 8.88 (d, J = 15
Hz, 2H), 8.30 (m, ] = 10 HZ, 3H), 7.51-7.36 (m, 6H), 7.16
(d,] = 10 Hz, 4H), 7.04 (d, ] = § Hz, 3H). CP-2: 5 8.02 (d, ] =
10 Hz, 3H), 7.39 (t, ] = § Hz, SH), 7.12 (d, ] = 10 Hz, 1H),
7.08—6.99 (m, 10H), 2.57 (s, 9H), (Figures S1 and S2).
HRMS-ESI (CP-1): m/z, caled for C,,H;jGaN,0; =
502.0677; found = 502.0679 [M + H]*. HRMS-ESI (CP-2):
m/z, caled for C50H,,GaN;0; = 566.0966; found = 566.0976
[M + Na]*, (Figures SS and S6). FT-IR: CP-1 aromatic ring
skeleton, 1577 cm ~L 1497 ecm™, 1461 em™ U(C oy 1289
cm™}, 1268 em™h O(c—ny 1379 cm™ 11326 cm™} U(Ga—N) 628
cm™; U(Ga—o) 526 cm™'. CP-2 aromatic ring skeleton, 1577
em™!, 1528 cm™,1508 cm™; v(c_g), 1289 em™!, 1268 cm™);
U(C—N)11384 cm_l; U(—CH3)J 2925 cm_l; U(Ga—N)l 658 cm_l;
0(Ga—o)y 532 cm™" (Figure S9).

2.3. Synthesis of CP-3 and CP-4. 5-Chloro-8-hydrox-
yquinoline (2.25 mmol, 404.10 mg) and S-bromo-8-hydrox-
yquinoline (2.25 mmol, 687.38 mg) were each dissolved in 50
mL of methanol. Ga(NO;); (0.75 mmol, 191.85 mg) was
dissolved in 6.5 mL of absolute ethanol. The prepared
Ga(NO;); was gradually added to both the methanol solution
of 5-chloro-8-hydroxyquinoline and 5-bromo-8-hydroxyquino-
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line, continuously stirred for 80 °C at 24 h, and then cooled to
room temperature. NH;-H,O (WNH3 = 25%—28%) was added,

and a small amount of precipitation was observed. Yield:
(413.3 mg, 91%) for L-3 and (664.9 mg, 88%) for L-4. To
obtain single crystals of CP-3 and CP-4, 4 mg of solid CP-3
and CP-4 was dissolved in 1.5 mL of trichloromethane, 4.5 mL
of anhydrous methanol was slowly added along the vessel wall
to form layers, and the samples were incubated for
approximately 1 week. '"H NMR (500 MHz, chloroform-d),
CP-3: 5 8.81 (d, ] = 25 Hz, 2H), 8.67 (m, J = 15 Hz, 3H), 7.57
(d, J = S Hz, SH), 7.43 (d, ] = 30 Hz, 2H), 7.06 (s, 3H). CP-4:
5890 (d, ] = 30 Hz, 2H), 8.65—8.55 (m, 3H), 7.75 (d, ] = 10
Hz, 3H), 7.61-7.41 (m, 4H), 7.02 (s, 3H), (Figures S3 and
S4). HRMS-ESI (CP-3): m/z, caled for C,,H;sGaCl;N;04 =
605.9499; found, 605.9500 [M + H]*. HRMS-ESI (CP-4): m/
z, caled for Cy H sGaBrsN;O5 = 739.7963; found = 739.7972
[M + HJ*, (Figures S7 and S8). FT-IR: CP-3 aromatic ring
skeleton, 1574 cm™!, 1496 cm™'1459 cm™; V(c—o), 1259
cm™} O(c—ny 1369 em~ L1323 em™Y O ey, 783 cm™} D(Ga=N)s
677 cm™}; U(Ga—0) 547 cm™'. CP-4 aromatic ring skeleton,
1573 ecm™, 1491 cm™', 1455 cm™; v(c_o): 1258 cm™', 1222
cm™} O(c—n), 1364 cm™,1320 ecm™; O(pr) 626 cm™} O(Ga—N)s
640 cm ™' v(G,_0) 539 em ™! (Figure S9).

According to the UV—visible spectra of the complexes and
ligands (Figure S10), gallium ions were 7—7 conjugated with
the quinoline ring to form a quinoline B ring (L-1, 312 nm —
CP-1, 317 nm; L-2, 304 nm — CP-2, 313 nm; L-3 ,330 nm —
CP-3, 340 nm; L-4, 329 nm — CP-4, 336 nm) red shift [CP-1,
Anax (MeOH)/nm = 377 (¢/dm> mol™ ecm™ = 17 253); CP-2,
Amax (MeOH)/nm = 356 (¢/dm® mol™! cm™ = 7385); CP-3,
Amax (MeOH)/nm = 395 (¢/dm® mol™ cm™ = 13843); CP-4,
Anax (MeOH)/nm = 387 (&/dm® mol™ ecm™ = 10065)].

2.4. X-ray Crystallography. A single crystal with suitable
dimensions was mounted on a glass capillary for X-ray
diffraction analyses. Crystallographic data were collected on a
Bruker Smart AXS CCD diffractometer with graphite—
monochromate Mo—Ka radiation (4 = 0.71073 A) using the
w-scan technique. Empirical absorption corrections were
applied using the SADABS program. The structure of each
compound was solved using the SHELXL package and refined
using the full matrix least-squares method on the basis of F*
using the SHELX-2014 program.”>*° All nonhydrogen atoms
were in different Fourier syntheses and finally refined on the
basis of anisotropic thermal parameters. CCDC: 2183374 for
CP-1, 2183373 for CP-2, 2181298 for CP-3, and 2190520 for
CP-4.

2.5. Fluorescence Characteristics. The fluorescence
intensities of CP-1—4, prepared at 100 zM [dimethyl sulfoxide
(DMSO)] and then gradually diluted to 50, 25, 12.5, 6.25,
3.125, and 1.5625 uM, as well as lifetimes (6.25, 12.5, 25, 50,
100 uM) and solid quantum vyields, were evaluated. The
fluorescence changes of CP-1—4 (100 zM) within 72 h were
tested.

2.6. Cell Activity Screening. The cytotoxicity of CP-1—4
toward various cell types was measured for 72 h. AS549,
HCT116, and LO2 cells were incubated in 96-well plates (S X
10* cells/plate) overnight. The original medium (AS49 and
HCT116 in RPMI-1640 medium, LO2 in DMEM medium)
was removed, CP-1—4 (100, 50, 25, 12.5, 6.25, 3.125, 1.5625
uM) was added to each plate, and the cells were incubated for
72 h. Equal volume medium was used as the control group.
The medium was removed, 20 yL of MTT solution (S mg/
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mL) was added, and the cells were cultured for 4 h. The
medium was removed, and 150 yL of DMSO was added. The
optical density (OD) was measured using a microplate reader
(490 nm). HeLa, HepG2, HCC1806, and HCT116 cells were
next inoculated into 96-well plates (5 X 10* cells/plate) and
incubated overnight; the cells were incubated for 48 h with
CP-1, CP-3, and CP-4 (10 uM), after which cytotoxicity and
fluorescence were measured. Cellular activity was measured
using sulforhodamine B (SRB). The cell culture conditions
were 37 °C and 5% CO,.

HCT116 cells in the logarithmic growth stage were
collected, counted, inoculated at 3 X 10° cells/mL into 12-
well plates, and incubated at 37 °C for 12 h. When the cells
had adhered to the well wall, the medium was removed, and
fresh medium containing the corresponding concentrations of
gallium(III) complexes was added for an additional 24 h of
incubation. After incubation, the cell status was observed;
when apoptosis began, prediluted Hoechst 33342 dye (1 ug/
mL) was added to the cell culture panel to fully cover the cell
surface at 37 °C, and the culture was incubated in a constant
temperature cabinet in the dark for 15 min. The cells were
vacuumed with dye solution before onboard assays, washed
three times with phosphate-buffered saline (PBS) (pH 7.2—
7.4), and observed under a Leica DMI3000B inverted
fluorescence microscope. Images were evaluated using
LASV4.3 software.

2.7. Cellular Uptake and Distribution Experiments.
Confocal laser scanning microscopy (CLSM) can be used to
quantitatively analyze the uptake of various substance by cells.
HCT116 cells (1 X 10° cells/mL) were seeded into a 35 mm
glass dish for 24 h. After the cells were treated for 5 h with CP-
1, CP-3, and CP-4, the cells were gently rinsed with PBS (pH
7.2—7.4) and immobilized at 37 °C using 4% polyformalde-
hyde for 20 min. After the cells were rinsed with PBS (pH
7.2—7.4), the cell nuclei were stained with 4,6-diamidine-2-
phenylindole (DAPI) in the dark for 10 min. The cells were
washed with PBS (pH 7.2—7.4), and excess DAPI was
removed. The stained cells were observed using an FV10i
confocal laser. DAPI was visualized with 359 nm excitation
light, and the corresponding emission was observed at 461 nm.
The excitation and emission wavelengths of the CPs were 428
and 536 nm, respectively.

2.8. Cell ROS Analysis. Thereafter, 3 X 10° HCT116 cells
were inoculated into 12-well plates and incubated at 37 °C for
24 h. DCFH-DA fluorescence probes were diluted by 1:1000
with serum-free medium, which gave a final concentration of
10 uM. After 24 h, the cells were exposed to 10 uM
gallium(III) compounds and incubated for 24 h. DCFH-DA
was diluted to the appropriate volume to remove the
compound-containing medium. The cells were cultured for
20 min at 37 °C, the dye was removed, and the cells were
washed three times with serum-free medium to completely
remove free DCFH-DA. Images were captured, and excitation
wavelengths of 488 and 525 nm, respectively, were observed
using an inverted fluorescence microscope and LAS V4.3.

2.9. Wound-Healing Assay. Cell migration and repair
were analyzed in a wound-healing assay. A marked pen was
used to mark the back of a 12-well plate at 0.5 cm intervals,
across the wells, with three horizontal lines running across each
well. HCT116 cells were inoculated and added to the plate.
When the cells were affixed to the wall, cells in the logarithmic
growth phase were plated at 3 X 10° cells/mL. The plates were
placed in an incubator at 37 °C overnight, during which the
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CP-1

Figure 1. Comparison of (a) DFT theoretical structures and (b) single-crystal structures of four gallium complexes.

cells affixed to the plate walls. Scratches were made according
to the lines on the back of the plate using 200 uL sterile pipet
tips, and cells in the middle of the scratch were discarded. Cells
were treated with 2 uM (prepared in serum-free medium), and
the scratches were photographed under a microscope. The
cells were incubated at 37 °C with the corresponding
concentration of fresh medium. After 24 h, the cell culture
plate was removed, and the scratch position was photographed
again.

2.10. Cell Cycle Analysis. HCT116 cells in the
logarithmic growth stage were inoculated into a six-well plate
at a density of 1 X 10° cells per well; 1 mL of medium was
added to each well and was supplemented with another 2 mL.
The cells were incubated at 37 °C for 24 h. The media was
removed, and the cells were washed 2—3 times with PBS (pH
7.2—7.4); 2 mL of the fresh medium was added to each well,
and 10 gM drug was added for 24 h incubation. The drug-
containing medium was removed, the cells were washed three
times with precooled PBS (pH 7.2—7.4), pancreatic enzymes
were added for digestion, the enzymes were discarded, and the
suspended cells were washed with PBS (pH 7.2—7.4). The cell
suspensions were transferred into 1.5 mL tubes, centrifuged
(2000 rpm, S min), and the supernatants were discarded. The
resulting cell pellets were washed twice with precooled PBS
(pH 7.2—7.4) and centrifuged again. Thereafter, S00 uL of
70% ethanol was added to the tube, shaken well to prevent cell
aggregation, and placed at —20 °C for 48 h. After
centrifugation (2000 rpm, S min), the purge solution was
discarded; the cells were washed once with PBS (pH 7.2—7.4)
and centrifuged (2000 rpm, S min), and the supernatant was
discarded. PBS (pH 7.2—7.4, 250 uL) was added to the tube to
resuspend the cell. RNase A (2.5 L) was added and incubated
at 37 °C in a water bath for 30 min, and then 12.5 uL of
propidium iodide (PI) was added and incubated for 30 min at
room temperature in the dark. A NovaCyte flow cytometer was
used according to the manufacturer’s instructions, and Mod Fit
analysis was used for the structural cell cycle fitting software.

2.11. Western Blot Analysis. HCT116, SW480, and
SW620 cells were treated with different concentrations of CP-4
for 24 h. The medium was removed by vacuum, and
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radioimmunoprecipitation assay buffer (RIPA) containing
protease and phosphatase inhibitors was used to lyse the
cells for 30 min on ice. The protein concentration in the cell
lysate was measured using a BCA kit. The proteins were
separated using polyacrylamide gel electrophoresis (PAGE)
and transferred onto a polyvinylidene fluoride (PVDF)
membrane. After skim milk sealing, the primary antibody was
added, the membrane was shaken overnight at 4 °C, and the
corresponding secondary antibody was added and incubated at
room temperature for 1 h. ImageQuant LAS4000 Biomolecular
imager (GE Healthcare, Little Chalfont, UK) was used for
visualization.

2.12. Computational Details. Density functional theory
(DFT) calculations were performed using Gaussian 09
(revision E.01) packages.”” The ground-state geometry was
optimized out at the @B97X-D level using the def2-SVP basis
set with an ultrafine grid.**** The implicit solvent effect of
methanol media was taken into consideration using the self-
consistent reaction field (SCRF) method via the solvent model
based on density (SMD) model.** We employed time-
dependent DFT (TDDFT) theory at the wB97X-D/def2-
TZVP/SMD level to calculate the first 15 excited states. The
frontier molecular orbitals, electron and hole distributions, and
electrostatic potentials (ESP) analyses were performed using
the Multiwfn packages.”'

Molecular docking was performed using Pymol and
Autodock-Vina software.””** Simple optimization of the ligand
structure and structural correction, protonation, constraint,
and minimization of the receptor protein were performed by
the program. Finally, the active site of the protein was searched

for via docking with the ligand.

3. RESULTS AND DISCUSSION

3.1. Structure and Stability of CP-1—4. Synthetic CP-
1—4 were validated through DFT and X-ray crystallography.
As shown in Figure S11, CP-1—4 have the same coordination
environment, and the atomic structure was obtained at the
®B97X-D(SMD = methanol)/Def2-TZVP energy level and
experiments; it can be found that the structure obtained by
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Figure 2. DFT calculation of electrostatic potentials of four ligands and gallium(III) complexes (positively charged red area, negatively charged

blue area).

DFT (Figure 1a) is basically consistent with the single crystal
structure (Figure 1b). The crystal structures of CP-1—4
exhibited the same structural framework. Each complex
consists of a gallium(III) ion metal center and three quinoline
derivative ligands in zero-dimensional structure. The detailed
crystal parameters are shown in the Supporting Information
(Tables S1—S5). In order to explore the solubility of CP-1—4
in different solutions (Figure S12), we prepared a concen-
tration of 150 pmol/L (greater than the maximum
concentration of MTT assay); placed it in water, methanol,
ethanol, DMSO, chloroform, acetonitrile, ethyl acetate, water +
5% PEG, water + 2.5% Tween (animal experiment), and
cyclohexane; and then tested the ten solutions for 72 h
(average temperature 18 °C). Organic polar solvents have
excellent solubility for CP-1—4. In nonpolar solvents, CP-1—4
precipitates to varying degrees, which may be attributed to the
principle of similitude compatibility.

We then further evaluated the stability of the complexes in
air by testing them with '"H NMR after 3 months. We found
that their chemical shifts were highly consistent, thereby
indicating that the four complexes are stable in air (storage
temperature: 25 °C). 'H NMR (500 MHz, chloroform-d), CP-
1: 6 8.88, 8.30, 7.51—7.36, 7.16, 7.04. CP-2: & 8.02, 7.39, 7.12,
7.08—6.99, 2.57. CP-3: 6 8.81, 8.67, 7.57, 7.43, 7.06. CP-4:
8.90, 8.65—8.55, 7.75, 7.61—7.41, 7.02. Three months later,
CP-1: o 8.89, 8.29, 7.52—7.39, 7.16, 7.06. CP-2: 6 8.01, 7.39,
7.12, 7.07—6.98, 2.57. CP-3: & 8.91, 8.66, 7.57, 7.42, 7.08. CP-
4: 6 8.95, 8.61-8.52, 7.79, 7.60—7.40, 7.03.

Finally, the stability of CP-1—4 in water was further
determined by testing the fluorescence of CP-1—4 within 72
h. From Figure S13, we can see that the fluorescence intensity
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of CP-1—4 is basically consistent, which indicates that the
material has excellent stability.

3.2. Electrostatic Potentials and HOMO—-LUMO. The
electrostatic potentials of gallium(III), L-1—4, and CP-1—4
were calculated using DFT to further explore the binding
mechanism. As shown in Figure 2, gallium(IIl) is positively
charged (red), whereas both N and O on the ligands are
negatively charged (blue). Gallium(III) binds to N and O on
the ligands at positive and negative positions to form
corresponding Ga—N and Ga—O bonds. The highest occupied
molecular orbital (HOMO) and lowest occupied molecular
orbital (LUMO) were evaluated. The electron donor is known
as the HOMO, the electron receptor is known as the LUMO,
and the energy gap between the HOMO and LUMO explains
the charge transfer interaction within the molecule. A higher
value indicates that a complex is more stable and vice versa.
High stability indicates low chemical reactivity, whereas low
stability indicates high chemical reactivity.*" Increasing the
softness increases chemical activity, and increasing the
hardness decreases the chemical activity.*>*® As determined
from the HOMO-LUMO orbital and orbital energy gap
(Tables S6 and S7, Figures S14 and S15), the electron cloud is
concentrated on the pyridine ring of the ligand and is
composed of the 7 — #* orbital of C and N. CP-1—4 showed
high orbital energy differences of 6.9606, 6.0635, 6.7897, and
7.2436 eV in the HOMO—-LUMO orbit, respectively. CP-4
showed the largest range of orbital energy, and thus, was
considered highly stable.

3.3. Fluorescence Properties. CP-1—4 were dissolved in
DMSO solution, configured to 100 uM, and gradually diluted
by half for fluorescence intensity testing, as shown in Figure
3a—d. CP-1—4 were fluorescent with ordered intensities of
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Figure 3. Fluorescence intensities of four gallium(III) complexes (a) CP-1 (4, = 400 nm), (b) CP-2 (4., = 439 nm), (c) CP-3 (A, = 450 nm), and

(d) CP-4 (A, = 421 nm) at different concentrations.

CP-1 > CP-3 =~ CP-4 > CP-2 at the same concentration; these
results may be applicable for in vitro tracking of drug
distributions. Analysis of the DFT computational electron/
cavity distribution of CP-1—4 (Figure 4) indicated that the
electrons in CP-1—4 were transferred between ligands, as the
electron—cavity distribution of a single ligand was evident.
However, when corresponding complexes were formed, some
ligands existed only in cavities without electrons. We
hypothesized that the ligand-to-ligand charge-transfer
(LLCT) transition occurred primarily. In addition, the
fluorescence lifetimes of the four gallium(III) complexes
were determined at different concentrations using third-order
fitting (Figure S16) and were found to decrease gradually with
increasing concentration. In addition, the solid quantum yields
were also measured (Figure S17).

3.4. Cell Viability. The cytotoxicity of CP-1—4 at different
concentrations was evaluated against AS49 and HCTI116
cancer cell lines and normal LO2 cells in an MTT assay.
Cisplatin and oxaliplatin were used as reference control
treatments (Table 1). As shown in Figure S, CP-1—4 were
cytotoxic toward all cancer cells and inhibited cell proliferation
in a dose-dependent manner after 72 h of treatment. According
to the 50% inhibitory concentration (ICs,) (Table 1), CP-1
inhibited A549 and HCT116 cancer cells at a concentration of
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6.25 puM, whereas CP-2 inhibited AS49 cancer cells while
being more toxic toward LO2 cells. In addition, CP-3 and CP-
4 exhibited strong cytotoxicity values of 91.98% and 95.19%,
respectively, against HCT116 cells at 25 yM. The ICy, values
of CP-3 (2.0 uM for HCT116 cells) and CP-4 (1.2 uM for
HCT116 cells) were lower than those of cisplatin (5.7 uM for
HCT116 cells) and oxaliplatin (8.3 uM for HCT116 cells). In
addition, CP-3 and CP-4 showed lower toxicity than cisplatin
(0.7 uM) and oxaliplatin (2.3 uM) in LO2 cells, which may
reduce the system toxicity of cisplatin and oxaliplatin. This may
be because CP-3 and CP-4 possess halogen groups that
influence the charge distribution of the gallium(III) complexes
by increasing electrical binding to cell receptors and enhancing
the antineoplastic efficacy.

On the basis of these results, sulforhodamine B (SRB) was
used to further examine the cytotoxicity of 10 uM CP-1, CP-3,
and CP-4 toward HeLa, HepG2, HCC1806, and HCT116
cancer cells. As shown in Figure 6, the three gallium(III)
complexes exhibited varying degrees of inhibition for all four
cancer cell lines. CP-4 showed the strongest inhibitory effects
in HCC1806 and HCT116 cells with values of 91.36% and
83.81%, respectively. HCT116 cells were stained with Hoechst
33342 at 24 h after administration (10 #uM). Compared with
other treatment groups (cisplatin, oxaliplatin, CP-1 and CP-3),
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Figure 4. Electron (green) and cavity (blue) distributions of four gallium(III) complexes calculated by DFT.

Table 1. IC;, Values of Cisplatin, Oxaliplatin, and CP-1-4

after 72 h

compounds
cisplatin
oxaliplatin
CP-1
CP-2
CP-3
CP-4

“ICsp, S0% inhibitory concentration.

ICso (eM)“

AS549 cells

7.5 £ 0.7
32+ 02
3.8 £ 1.1
6.1 +0.8
8.7 £ 038
8.7+ 1.0

HCT116 cells

5.7 £00
83 + 04
12 £02
47 £ 0.7
20+03
12 £03

LO2 cells
0.7 + 0.0
23+03
8.0 + 1.0
33+05
233 £ 53
30.0 +£ 54

Cell Viability (%)

100+
80
60—
40
20+
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Different types of cancer cells

= CP-1
= CP3
=1 cP4

Figure 6. Comparative toxicity of CP-1, CP-3, and CP-4 against the

HCT116 cells treated with CP-4 showed brighter blue
fluorescence, which suggests that CP-4 inhibited HCT116
cell growth and induced apoptosis (Figure 7), which is
consistent with the MTT and SRB results.

tested different cell lines at 10 uM after 48 h of exposure.

3.5. Cellular Uptake and Distribution Analyses. Cell
uptake distribution studies revealed that the CPs exhibited
strong fluorescence in cells, which is consistent with the

fluorescence characteristic observed at the same concentrations

-
=)
o
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156 313 625 125 250 50.0 100
Concentration (ui)

Cell Viability (%) <

100+

80

40

20+

HCTI16

1.56 3.13 625 12.5 250 50.0 100
Concentration (uM)

= CP-1
B CP-2
B CP-3
O CP4

Cell Viability (%) &5

156 3.13 6.25 125 250 50.0 100
Concentration (nM)

B CP1
= CP-2
= CP-3
= CP4

Figure S. Cell viability of (a) AS49, (b) HCT116, and (c) LO2 cell line treated with four gallium(III) complexes at different concentrations for 72

h.
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Figure 7. Hoechst 33342 staining detected morphological changes in
HCT116 cells after treatment by varied compounds at 10 uM for 24
h. All scale bars = 10 ym.

(10 uM) described above (Section 3.3). According to the
merge maps (Figure 8a) and Pearson correlation coefficients (a
value of 0.8—1 indicates a strong correlation) (Figure 8b), the
CPs can enter the nucleus, thereby providing insight into the
mechanisms by which these complexes bind to DNA (Figure

S18) in the nucleus and lead to apoptosis (when CP-4 was
mixed with CT-DNA, the fluorescence intensity of CP-4
decreased in varying degrees with the increase of CT-DNA
concentration, which indicates that our material could bind to
DNA), as well as their dual functions (anticancer activity and
in vitro imaging). DAPI dye showed blue fluorescence and
revealed the location of cell nuclei. The CPs showed green
fluorescence and revealed their location in the cells.

3.6. ROS Detection. ROS accumulation is an important
factor that leads to apoptosis, and increasing the levels of ROS
is an effective anticancer strategy. To investigate the anticancer
mechanisms of CP-1, CP-3, and CP-4, we assessed ROS levels
in cancer cells at 24 h after treatment with these complexes (10
uM). Figure 9a shows that the three gallium(III) complexes
and a control group led to increased ROS production in
HCT116 cells. The ROS strength of CP-4 is stronger than that
of cisplatin, oxaliplatin, and CP-1-3 (Figure 9b). The
fluorescence intensity was proportional to the ROS content,
which suggests that CP-4 more effectively induces increases in

a) DAPI

CP-1

CP-3

CP-4

b)
CP-1

CPs
(green)

CP-4

PCCs=0.86

DAPI (blue)

Figure 8. (a) CLSM of HCT116 cells interacted with CP-1, CP-3, and CP-4 at 10 uM for S h. (b) 2D intensity histogram of CPs’ fluorescence
colocation and Pearson correlation coefficient (PCC). All scale bars = 50 um.
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Figure 9. (a) Generation of reactive oxygen species induced by
different compounds in HCT116 cells at 10 uM for 24 h. (b) Mean
fluorescence intensity of different complexes. All scale bars = 10 pm.

ROS levels and apoptosis than the effects of the other
complexes.

3.7. Wound-Healing Assay. Cell migration indicates the
ability of cells to metastasize and invade tissues. The effects of
cisplatin, oxaliplatin, CP-1, CP-3, and CP-4 on HCT116 cell
migration was analyzed using scratch assays. In the scratch
experiment, the closer the scratch width is to 0 h, the lower the
healing. The narrower the scratch distance after 24 h, the
better the drug effect. As shown in Figure 10, all three
gallium(III) compounds tested inhibited HCT116 cell

migration to varying degrees and showed stronger effects
than oxaliplatin and equivalent effects as cisplatin, which
suggests that the compounds inhibit tumor cell proliferation.

3.8. Cell Cycle Assay. The cell cycle distribution was
examined using flow cytometry to investigate the potential
mechanism of action for CP-1, CP-3, and CP-4 in inducing
apoptosis. Treatment of HCT116 cells with the three
gallium(III) complexes for 24 h caused significant changes in
the cell cycle. As shown in Figure 11, compared with control
treatment with cisplatin, the three gallium(III) complexes
showed a significant blocking effect in the G1 phase, whereas
cisplatin mainly blocked the cell cycle in the S phase, and
oxaliplatin blocked it in the G1/S/G2 phase with comparable
effects; therefore, the anticancer mechanisms of the gallium-
(III) complexes may differ from those of cisplatin and
oxaliplatin, and cancer cell proliferation may be inhibited by
blocking DNA synthesis and cell cycle progression.

3.9. Western Blot Analysis. Considering the excellent
therapeutic effect of CP-4 on colorectal cancer, we further
studied the effect of CP-4 on related proteins (overexpression
or low expression of these proteins in cancer) by combining
different doses of oxaliplatin and CP-4 (2.5 and S pM) and
treating human colon cancer cell lines (HCT116, SW480, and
SW620) with these agents. The Western blotting results
showed that CP-4 significantly induced the expression of cyclin
D1, which is a cyclin progression protein, compared with the
DMSO group and was more effective than oxaliplatin at both
low (2.5 uM) and high (5 uM) concentrations. Furthermore,
CP-4 inhibited the expression of the antiapoptotic proteins
Mcdl-1, induced cleavage of the apoptotic protein PARP, and
was more pro-apoptotic than oxaliplatin (Figure 12). These
results suggest that CP-4 promotes proliferation and induces
apoptosis in colon cancer cell lines.

3.10. Molecular Docking. Disulfide isomerases (PDI) and
glycogen synthase kinase-3 (GSK-3f3) are involved in cell and
tissue physiology and pathophysiology, as well as cell survival
and proliferation in different cancers.””~* Molecular docking
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Figure 10. (a) Migration inhibition (wound-healing assay) of HCT116 untreated or treated with the tested compounds for 24 h at the 2 uM

concentrations. (b) Different healing rates. All scale bars = 10 ym.
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Figure 11. (a) Cell cycle distribution was tested by flow cytometric analysis of DNA content after treatment with 10 uM CPs and platinum

compounds for 24 h in HCT116 cells. (b) Different cell cycle ratios.

simulation was performed to further predict the mechanism of
action of CP-4, which showed the best anticancer activity. The
synthesized gallium(III) complex and PDI proteases were
examined at the molecular level through molecular docking of
PDI (PDB ID: 2C0G) to determine the site of action (Figure
13a and Table 2). Metallic gallium(III) interacts with
ASP1029, a negatively charged B-chain protein, whereas
functional groups in the compound act as hydrogen bond
donors to the A-chain protein and ASP1029. In contrast, GSK-
3/ (PDB ID: 6Y9S) was selected for molecular docking with
CP-4 to explore their binding interaction. CP-4 and GSK-34
proteins interacted mainly between the benzene rings in the
complex and Gly63 and Tyr140 to form 7—z conjugates, as
well as hydrogen bonds between the complex and IL-62 amino
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acids (Figure 13b and Table 3), thereby suggesting that CP-4
has higher affinity for PDI than for GSK-3p, and that CP-4 has
a higher binding force to PDL

In addition, CP-4 is the most potential therapeutic drug, and
we conducted the oil partition coefficient experiment on it
(Table S8).

4. CONCLUSIONS

Four gallium(III) complexes were designed and synthesized.
CP-1, CP-3, and CP-4 showed high fluorescence intensity and
antitumor activity, which is respectively helpful for monitoring
drug distributions in vitro and for curing cancer. Analysis of
their antineoplastic activity showed that the four gallium(III)
complexes potently inhibited ROS-induced apoptosis in
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Figure 12. Colon cancer cells were treated with CP-4 (2.5 and S uM) for 24 h, and the expression levels of related proteins were detected by WB
method, with Tubulin used as an internal reference.
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Figure 13. Interaction networks of CP-4 with (a) PDI and (b) GSK-3 in Docking Mod.

Table 2. Interaction Energies between CP-4 and Responsive
Amino Acid Residues in Disulfide Isomerases (PDI)

amino acid residues

interaction energy (kJ mol™)

Cys 1024 —0.38
Cys 1027 —0.06
Asp 1029 -7.31
Ala 1052 —0.14
Ser 1053 0.16
Pro 1054 —0.40
Thr 1080 -1.36
Gly 1082 2.76
Glu 1090 0.30
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various cancer cells. In addition, CP-4 significantly inhibited
the HCT116 cell line and was less toxic than cisplatin or
oxaliplatin. The four gallium(III) complexes entered the
nucleus and were imaged on the basis of their emissive
properties. The gallium(III) complexes strongly blocked the
G1 phase, in contrast to cisplatin, which blocks the S phase,
which suggests that these compounds inhibit the proliferation
of tumor cells by preventing DNA synthesis in the G1 phase.
CP-4 inhibited the expression of Mcl-1 and cyclinD1 and
induced the cleavage of the apoptotic protein PARP. CP-4
showed a high binding force to PDI proteins, which is useful
for predicting anticancer targets. These results provide a
foundation for developing gallium complexes as potent
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Table 3. Interaction Energies between CP-4 and Responsive
Amino Acid Residues in Glycogen Synthase Kinase-3 (GSK-

36)

amino acid residues interaction energy (kJ mol™")

Ile 62 -2.35
Gly 63 1.45
Asn 64 —0.16
Phe 67 -1.19
Val 70 -0.73
Lys 85 —0.11
Thr 138 0.77
Thr 140 0.98
Arg 141 1.65
Lys 183 0.56
Gln 185 0.45
Asn 186 —0.80
Asp 200 —-0.28

anticancer agents and for the exploration of target proteins of
gallium(III) anticancer drugs.
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