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Background: Gallium (III) metal-organic complexes have been shown to have the ability to inhibit tumor growth, but the poor water
solubility of many of the complexes precludes further application. The use of materials with high biocompatibility as drug delivery
carriers for metal-organic complexes to enhance the bioavailability of the drug is a feasible approach.

Methods: Here, we modified the ligands of gallium 8-hydroxyquinolinate complex with good clinical anticancer activity by replacing
the 8-hydroxyquinoline ligands with 5-bromo-8-hydroxyquinoline (HBrQ), and the resulting Ga(Ill) + HBrQ complex had poor water
solubility. Two biocompatible materials, bovine serum albumin (BSA) and graphene oxide (GO), were used to synthesize the
corresponding Ga(IIl) + HBrQ complex nanoparticles (NPs) BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs in different ways to enhance
the drug delivery of the metal complex.

Results: Both of BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs can maintain stable existence in different solution states. In vitro
cytotoxicity test showed that two nanomedicines had excellent anti-proliferation effect on HCT116 cells, which shown higher level of
intracellular ROS and apoptosis ratio than that of cisplatin and oxaliplatin. In addition, the superior emissive properties of BSA/Ga/
HBrQ NPs and GO/Ga/HBrQ NPs allow their use for in vivo imaging showing highly effective therapy in HCT116 tumor-bearing
mouse models.

Conclusion: The use of biocompatible materials for the preparation of NPs against poorly biocompatible metal-organic complexes to
construct drug delivery systems is a promising strategy that can further improve drug delivery and therapeutic efficacy.
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Introduction

Early studies demonstrated that gallium nitrate’ or gallium chloride have been developed as antitumor drug candidates.>
On account of high nephrotoxicity and complicated in vivo speciation, gallium nitrate was limited in clinical trials.>® The
limitations with gallium nitrate and gallium chloride make the development of strategies that could adequately exploit the
affinity of gallium for tumor tissues and avoid severe toxic effects. A series of oral gallium complexes such as gallium
maltolate (GaM)”® or tris(8-quinolinolato)gallium(III) (KP46)"'"'* have been developed to circumvent these draw-
backs, which show promise to initiate a revival of gallium in the clinical setting. Encouraged by the results of GaM and
KP46 in clinical trials, novel Ga(IIl) complexes with preclinical antitumor activity exploited.'*'> Researchers are very
interested in exploring more gallium(Ill) complexes with other reasonable substituents of 8-hydroxyquinoline ligands,

among which 5-bromo-8-hydroxyquinoline (HBrQ) has been shown to have some anticancer activity in the study,'®"”

s0
HBrQ can be selected as an organic ligand for gallium(III) complex. On the other hand, due to pharmacological
inadequacies such limited bioavailability,'® poor water solubility,'® drug resistance, and short circulation durations, the

fast development of metal-complexed medications poses additional difficulties.”® A promising strategy have been
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Bovine serum albumin (BSA) has the property of strong affinity for binding various organic molecules at different
sites, which enables the utilization of BSA-modified nanoparticles (NPs) in various supramolecular assemblies. In
addition to BSA, graphene oxide (GO) has a large surface area and is also excellent in hydrophilicity and
biocompatibility.>> Most importantly, functional materials of BSA and GO have been widely used as platforms for
loading NPs, both of which are widely used as multifunctional drug delivery vehicles.***° In addition, tumor cells will
rapidly ingest nano drugs by endocytosis, and then release the synthesized metal complex drugs, which not only
improves the inhibitory effect of metal complex drugs on tumors, but also solves the problem of systemic drug delivery
of metal complex drugs.*'™*

In this study, metal-organic nanomedicines BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs, consisting of BSA or GO
complexed with Ga(Il)+HBrQ, were developed using BSA and GO as drug delivery carriers, respectively. These two
nanomedicines showed better biocompatibility and solubility in physiological solutions. The inhibitory effects of BSA/
Ga/HBrQ NPs and GO/Ga/HBrQ NPs on cancer cells were evaluated by in vitro cytotoxicity assays, and then the
mechanisms by which BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs inhibit tumor cells were explored by cell cycle,
apoptosis, reactive oxygen species levels and mitochondrial membrane potential. Finally, the imaging and tumor
targeting effects of both NPs in vivo were investigated. Ga(Ill) + HBrQ complex with BSA or GO as the delivery
vehicle effectively enhanced the bioavailability of Ga(Ill) + HBrQ complex and showed efficient therapeutic effects in
HCT116 cells. These results provide new developmental ideas for the rational design of nanoparticles and convenient
preparation for drug delivery of metal complexes with poor biocompatibility.

Experimental Procedures

Materials and Methods

All reagents and solvents used in the experiments were commercially available and used without further purification.
PBS buffer (1X, pH 7.2-7.4, Adamas life, China). DCFH-DA (2’,7’-Dichlorofluorescein diacetate, Beyotime
Biotechnology, China). MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-um bromide), Annexin-V-FITC and
propidium iodide (PI) (Solarbio, Beijing, China). Mitochondrial membrane potential assay kit with JC-1 (Beyotime
Biotechnology, Shanghai, China). Gallium(III) nitrate nonahydrate (Ga(NOj3);-9H,0, Adamas, Shanghai, China).
5-Bromo-8-hydroxyquinoline (Adamas, Shanghai, China). Cisplatin (Macklin, Shanghai, China). Oxaliplatin (Leyan,
Shanghai, China). Ultrapure water (18 M Q-cm resistivity from an EASY Ultra-pure Water System, Heal Force,
Shanghai, China) was used in the experiments. MCE membrane filters (0.22 um, Jinteng, Tianjin, China) for suction
filtration were used. The microwave synthesizer (SP, UWave-2000, SINEO, Shanghai, China) for the reaction was used.
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Synthesis of BSA/Ga/HBrQ NPs

The BSA/Ga/HBrQ NPs was prepared by referring to a previously reported protein-nanoreactor method.*'** BSA
(100 mg) was dissolved in 20 mL of ultrapure water in a round bottom flask. And under magnetic stirring, added 100
pL NaOH (1M) was to the protein solution until it was completely dissolved. After that, 500 uL of Ga(NO3); (100 mM)
and 2.2 mL of HBrQ acetone solution (75 mM) were added to the above solution at the same time. Then, the mixture
changed from colorless to pale yellow. The mixture was stirred at room temperature for 48 hours to remove the solvent
acetone. The obtained BSA/Ga/HBrQ NPs was purified by dialysis for 48 hours (MW 10kDa). After lyophilization, the
sample is in 167.8 mg (79.59%) and stored at 4°C for later use.

Synthesis of GO/Ga/HBrQ NPs

The GO/Ga/HBrQ was prepared by referring to the previously reported protein-nanoreactor method.*> The GO was
dissolved in 25 mL of water to form a 4 mg/mL GO dispersion. After that, 500 pL of Ga(NO3); (100 mM) and 500 pL of
HBrQ acetone solution (300 mM) were added to the above solution at the same time. Put the solution in a microwave
synthesizer (SP, UWave-2000, SINEO, Shanghai, China), heat to 105°C under high-speed stirring, hold for 2.5 minutes,
and then quickly cool to 60°C with compressed air and flowed naturally. Cool to room temperature. The GO/Ga/HBrQ
NPs reaction solution was purified by suction filtration with a 0.1 um Millipore filter, and the filter cake was resuspended
in ultrapure water for 10 min. Repeated the above purification step at least 3 times to fully remove unreacted reagents.
After lyophilization, the sample was 157.4 mg (74.65%) and stored at 4°C for later use.

Characterization

Inductively coupled plasma mass spectrometry (ICP-MS) was recorded on a 7700x (Agilent, USA) spectrometer. The
ultraviolet-visible (UV-vis) spectra were performed on a Hitachi U-4100 spectrometer. The Fourier transform infrared
(FTIR) spectra were acquired by a Thermo Scientific FTIR-Nicolet iS10 spectrometer in the range 4000400 cm .
Dynamic light scattering (DLS) and zeta potential were performed at 25°C on Zetasizer Nano ZS90 (Malvern
Instruments Ltd, UK). The morphology and energy-dispersive spectroscopy (EDS) data of BSA/Ga/HBrQ NPs and
GO/Ga/HBrQ NPs were obtained using a Nova NanoSEM 450 field-emission scanning electron microscope (SEM) at 10
kV and using a JEM-2100 transmission electron microscope (TEM) at 200 kV, and X-ray spectroscopy (XPS) data were
acquired using a K-Alpha+ X-ray photoelectron spectrum. Luminescence spectroscopy analysis of BSA/Ga/HBrQ NPs
and GO/Ga/HBrQ NPs was performed on a Lengguang (Shanghai, China) F98 fluorescence spectrophotometer. Cells
were counted by Countstar cell automatic counter from Advanced Lab Instrument & Technology Co., Ltd. Microplate
Reader (Infinite® 200 Pro NanoQuan, Tecan, Swiss). Flow Cytometry was performed on a BD FACS Canto II flow
cytometer. Small Animal Live Imaging System (PerkinElmer IVIS, USA).

Loading Determination of Nanomedicines
The absorbance of the PBS solution of HBrQ at 320 nm was measured, and the standard curve of the concentration
absorbance of HBrQ was drawn. The BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs solution were prepared with PBS, and
the absorbance of HBrQ was measured under the same conditions. For the quantitative analysis of Ga in BSA NP and
GO NP solutions. 100 mL of 1 mg/mL of BSA NP and GO NP solutions were prepared with an aqueous solution
containing nitric acid (v/v = 2%), respectively, and completely digested at room temperature for 24 h. Then, 10 mL of
samples were taken and analyzed by ICP-MS.

The amount of loaded anticancer agent was calculated according to the standard curve, and the yield and drug loading
(DLC) were calculated according to the formula:*'

Yield = (moriginal HBrQ_mmeasured) / Mtheoretical anticancer agent

Dmg loading =IMjoaded anticancer agent / Mpano—drug
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Cell Culture

Human epithelial cervical cancer HeLa cells, human colon cancer HCT116 cells, human breast cancer MDA-MB-231

cells and human normal liver cells LO2 were obtained from the American Type Culture Collection (ATCC). The cells
were maintained in either DMEM medium (for HeLa, MDA-MB-231 and LO2), or RPMI 1640 medium (for HCT116)
containing 10% FBS at a humidified atmosphere containing 5% CO, at 37°C.

Cytotoxicity Assays

The cytotoxicity assays of complexes were assessed by the MTT staining method. First, the different cells were seeded in
96-well plates at a density of 3x10° cells per well and grown in the medium for 24 h. After attachment, the cells were
exposed to tested complexes at the graded concentration for 48 h. At the end of the incubation period, 10 uLL MTT
solution in PBS (5 mg/mL) was added and incubated at 37 °C for another 4 h. Then the supernatant was removed and 100
pL DMSO was added to dissolve the formazan crystals. The absorbance values at 570 nm were detected on Microplate
Reader. Each experiment was executed in triplicate.

Cell Cycle Distribution

For the cell cycle assay, HCT116 cells were seeded in 6-well plates, and cultured for 24 hours. Then discarded the
previous culture medium and use fresh medium cultured including NPs and complexes (10 uM) and PBS as a control for
another 24 hours. After treatment, cells were fixed. They were then washed with cold PBS, 1 pL of propidium iodide (PI)
was added, and stained in the dark for 30 min. The assay was subsequently performed on a flow cytometer and the cell
cycle was analyzed with FlowJo software to determine cell cycle distribution. These assays were repeated three times.

Cell Apoptosis Assay

For the cell apoptosis assay, HCT116 cells were seeded in 6-well plates cultured for 24 hours. Then discarded the
previous culture medium and use fresh medium cultured including NPs and complexes (10 pM) and PBS as a control for
another 24 hours. After treatment, cells were fixed. Then, 5 uL. Annexin-V/PI staining solution was added and stained in
the dark for 30 min. Apoptosis was detected by flow cytometry, and statistical analysis of the results was done with the
aid of FlowJo software, and these assays were repeated three times.

Reactive Oxygen Species (ROS) Detection

In this study, DCFH-DA was converted to 2°,7’-dichlorofluorescein (DCFH), which was used as a probe for ROS
generation. The level of ROS in HCT116 cells was measured using a ROS species assay kit. HCT116 cells were seeded
in a 6-well plate at a density of 1x10° cells/well, cultured at 37°C, 5% CO, for 24 h, and then selected drugs (10 pM) and
PBS, and continued After 48 hours of culture, cells were fixed. An appropriate volume of diluted DCFH-DA was added
and incubated in a 37°C incubator for 20 min. The cells were then washed with PBS to remove the dye, and the
fluorescence intensity of the cells was monitored by flow cytometry and confocal laser scanning microscopy, respec-
tively. These measurements were repeated three times.

Mitochondrial Membrane Potential Assay

To observe the changes in mitochondrial membrane potential HCT116 cells, fluorescent inverted microscopy was used to
observe the changes in intracellular mitochondrial membrane potential according to the guidelines of the JC-1 assay kit
(Beyotime Biotechnology, Shanghai).

Animal and Tumor Models

All animals (BALB/c-nu, male, 4-6 weeks old) were purchased from SPF (Beijing) Biotechnology Co., Ltd. All animal
procedures were approved by the Animal Experimentation Ethics Committee of Research selection Biotechnology
(Hangzhou) Co., Ltd (permission number SYXK (Zhe Jiang) 2020-0043), and all procedures were performed in strict
accordance with the Guide for the Care and Use of Laboratory Animals and the Regulation of Animal Protection
Committee to minimize suffering and injury.
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Establishment of orthotopic tumor model: Tumor model NU/NU nude mice 2 (male, 6 weeks) mice can freely drink
water and standard chow at room temperature. An animal model of subcutaneous injection of HCT116 cells was
established. Each nude mouse was subcutaneously injected with 2x10° HCT116 cell suspension and 100 uL of normal
saline. Approximately 7 days after injection, tumor volume was grown to ~80 mm® and selected for in vivo experiments.
The formula for calculating the tumor volume in mice is:

TumorVolume(V)= width? xlength x 0.5, Relative tumor volumes were calculated as V/V.

In vivo Imaging and Biodistribution Study

HCT116 cells bearing nude male mice were intravenously injected via tail vein with 200 pL BSA/Ga/HBrQ NPs or GO/
Ga/HBrQ NPs (10 uM). Fluorescence intensity was monitored using an in vivo imaging system (PerkinElmer IVIS) with
a set wavelength. (Aex = 420 nm, Aem = 540 nm).

Statistical Analysis
The data were shown as mean =+ standard deviation (SD) and the significance between two groups of the data in this work
was analyzed based on student’s two-tailed #-test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

Results and Discussion

Preparation and Characterization of BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs

As shown in Scheme 1, BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs were synthesized using either BSA or GO as
nanoreactors. Based on BSA showing its tertiary configuration, abundant active groups such as mercaptans and carboxyl
groups are exposed in amino acid residues. GO can be used as a good carrier for carrying and stabilizing various
nanomaterials due to its good planarity and super high surface-to-volume ratio. The complex formed by Ga(NOs); and
HBrQ was wrapped by unfolded BSA or GO and stabilized by the active groups in the protein and GO.

The size and morphology of the BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs were confirmed with the help of DLS
and transmission electron microscopy (TEM). As shown in Figure 1A, the hydrodynamic diameter of BSA/Ga/HBrQ
NPs nanomedicine is about 110.5 nm, which helps to enhance its accumulation in tumor tissues by EPR effect and avoid
rapid excretion by the kidney.*® Meanwhile, TEM images showed that BSA/Ga/HBrQ NPs was spherical with an average
size of about 100 nm, which was slightly smaller than the results of DLS. This is due to the shrinkage of the protein
during the TEM sample preparation. As shown in Figure 1B, the GO/Ga/HBrQ nanocomposites are presented as
a monolayer with a GO base. The observed black dots are Ga/HBrQ NPs, which are spherical in shape and are uniformly
attached to the entire surface of the nanocomposite with high density.*® And since GO as a two-dimensional material has
a large hydrodynamic diameter, the particle size range of GO/Ga/HBrQ composites is about 500 nm-900 nm, with an
average particle size of 669.0 nm, and the particle size of Ga/HBrQ NPs measured on GO/Ga/HBrQ is about 59 nm
(Figure S1). These results suggest that BSA is wrapping Ga(IlI) + HBrQ complex to form NPs, while GO is acting as the
basic skeleton of GO/Ga/HBrQ, providing the anchor for Ga/HBrQ NPs BSA wraps Ga(IIl) + HBrQ complex to form
NPs to fixate while preventing aggregation.
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Scheme | The schematic diagram for the construction procedure of BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs.
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Figure | DLS data of (A) BSA/Ga/HBrQ NPs and (B) GO/Ga/HBrQ NPs. The inset shows their corresponding TEM images (C) UV-vis absorbance spectra of BSA, GO,

HBrQ, Ga(lll) + HBrQ complex, BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs. (D) FT-IR spectra of BSA, GO, HBrQ, Ga(lll) + HBrQ complex, BSA/Ga/HBrQ NPs and GO/
Ga/HBrQ NPs.

The Zeta potential after drug loading on the carrier to form NPs was different from that before loading: —17.83 + 1.36
mV for BSA and —34.5 + 0.92 mV for GO before loading, and —10.33 = 0.85 mV and —33.7 + 0.89 mV for both NPs
after loading with Ga(Ill) + HBrQ complexes with positive Zeta potential. From a biopharmaceutical point of view,
a negative Zeta potential is an advantage because the nanoparticles with a negative surface charge reduce the bio-
adhesion of plasma proteins and have a low non-specific cellular uptake rate, thus facilitating the uptake of nanomedi-
cines by cancer cells*’ (Figure S2).

To verify whether the Ga(Ill) + HBrQ complex is contained in the nanomedicine, the UV-visible light absorption
spectra of HBrQ, BSA, Ga(NOs);, Ga(Ill) + HBrQ complex and two nanomedicines were measured separately. As
shown in Figure 1C, pure HBrQ has two distinct characteristic absorption peaks, which are 244 nm and 323 nm,
respectively. After adding Ga(NOs);, the Ga(Ill) + HBrQ complex showed a broad absorption peak at 387 nm, which is
a typical metal-to-ligand charge transfer (MLCT) characteristic.***’ The BSA/Ga/HBrQ NPs also has a broad absorption
peak near 387 nm, which is consistent with the characteristic MLCT absorption peak in the Ga(Ill) + HBrQ complex,
which demonstrates the presence of Ga(Ill) + HBrQ complex in both NPs. The composition of BSA/Ga/HBrQ NPs and
GO/Ga/HBrQ NPs was also characterized by FTIR (Figure 1D). The peaks at 1230, 744 cm ™' are indicated that there is
a complex of gallium. In addition, pure HBrQ has two obvious absorption peaks of C-N and CO at 1276, and 1148 cm !

>
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respectively. In addition, it can be seen from the spectra of BSA/Ga/HBrQ NPs, GO/Ga/HBrQ NPs, GO and BSA.
Compared with GO and BSA, their -OH peak at ~3435 cm™ ' is significantly weakened. During the process of Ga/HBrQ
NPs binding, -OH may be electrostatically attracted. All these peaks appear in the spectrum of two nanomedicines
indicating the presence of BSA or GO and HBrQ in BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs.

The yields of the produced BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs were calculated to be 79.59 and 74.65%,
respectively, based on the equations for the loading determination of nanomedicines in Loading Determination of
Nanomedicines. Combined with the determination of Ga content according to inductively coupled plasma mass spectro-
metry (ICP-MS) (Figure S3), the drug loading capacity (DLC) of BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs was
calculated to be 45.27 and 48.18%, respectively, which shows that GO and BSA are stronger than BSA in terms of drug
loading effect for Ga(Ill) + HBrQ complex.

XPS, SEM, and EDXS were used to characterize the chemical forms and main element distribution of metal ions in
BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs. The XPS measurement showed that the main elements C, N, O, Br and Ga
were presented on the surface of the two nano-drugs, while the BSA/Ga/HBrQ NPs also has element S due to the
presence of protein (Figure 2A and B). The high-resolution XPS showed peaks at 1143.5 and 1116.5 eV that were
assigned to Ga 2p;, and Ga 2p;,, respectively (Figure 2A and B), which were consistent with the literature.>®>! In
addition, the peaks of 1143.5 and 1116.5 eV were related to the Ga (3d'°) species, confirming that the higher oxidation
state of gallium as Ga®*. The SEM images showed the 2D morphology of BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs
after freeze-drying (Figure 2C and D). The EDXS spectrum in Figure 2E revealed 61.32, 16.07, 20.65, 1.24, 0.50, and
0.22% of C, N, O, Br, S, and Ga in the surface of BSA/Ga/HBrQ NPs and Figure 2F revealed 66.64, 8.37, 19.29, 4.22,
and 1.48% of C, N, O, Br, and Ga in the surface of GO/Ga/HBrQ NPs, respectively. The EDXS elemental mappings in
Figure S4 of BSA/Ga/HBrQ NPs and Figure S5 of GO/Ga/HBrQ NPs. The aforementioned results confirmed that Ga/
HBrQ NPs wrapped and immobilized by BSA and GO were successfully prepared.

Stability of BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs in Various Media

Both BSA and GO are drug transport carriers with good biocompatibility. The instability of nanomaterials prepared on
the basis of BSA or GO assemblies in physiological solutions not only diminishes their biological activity, but also
seriously affects the durability of their potency. To evaluate the stability performance of both NPs in different solutions,
stability analysis was performed on various nanomaterials dispersed in various solutions after resting treatment. It can be
seen from Figure 3A that the color of the solution did not change significantly within seven days after BSA/Ga/HBrQ
NPs and GO/Ga/HBrQ NPs were dissolved in ultrapure water, PBS buffer with pH=7.2—7.4, DMSO and DMF solutions,
respectively; On this basis, the dynamic light scattering instrument (DLS) was used to measure the particle size change of
the two nano prodrugs dissolved in ultra-pure water. As shown in Figure 3B and D, the particle size of BSA/Ga/HBrQ
NPs and GO/Ga/HBrQ NPs changed slightly with time, but in general, there was no obvious phenomenon of sedimenta-
tion and agglomeration. In addition to testing stability at physiological pH (pH 7.4), the stability of both NPs was
evaluated in vitro in PBS solutions with two different pH values (extra-tumor cell: pH ~6.8, endosomal: pH ~5 to 6).7
As shown in Figure S6A, the particle size of BSA/Ga/HBrQ NP gradually increases with decreasing pH in PBS solution
because BSA can lead to conformational isomerization and intermolecular aggregation due to pH change under non-
physiological conditions;’*>* meanwhile, the particle size of GO/Ga/HBrQ NP also increases with decreasing pH and
cannot be stably dispersed in physiological solution, which is mainly due to the presence of various electrolytes in acidic
solution, which can shield the surface charge of GO, thus causing the loss of electrostatic repulsion between GO layers
and stacking until aggregation occurs (Figure S6B). However, due to the poor solubility of Ga (III)+HBrQ complex
(Figure S7), the use of BSA or GO can further optimize the biocompatibility. The above experiments can prove that
BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs have good stability in different solutions, and further prove that BSA and GO
can be used to improve the biocompatibility of metal organic complexes.

The Cytotoxicity of BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs to Cancer Cells
The cytotoxicity of BSA/Ga/HBrQ NPs, GO/Ga/HBrQ NPs and cisplatin as control was assessed by the standard MTT
assay using HeLa, HCT-116, MDA-MB-231 three cancer cell lines and a normal cell lines LO2 and the results are
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Figure 2 XPS spectrum of (A) BSA/Ga/HBrQ NPs, inset is XPS spectrum of Ga in the prepared BSA/Ga/HBrQ NPs and (B) GO/Ga/HBrQ NPs, inset is XPS spectrum of
Ga in the prepared GO/Ga/HBrQ NPs; SEM image of (C) BSA/Ga/HBrQ NPs and (D) GO/Ga/HBrQ NPs; EDXS spectrum of (E) BSA/Ga/HBrQ NPs and (F) GO/Ga/HBrQ
NPs.

summarized in Table 1. The growth of HCT-116 and MDA-MB-231 malignant tumor cells was strongly inhibited by
BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs within 48 hours. According to the ICsq values (Table 1), BSA/Ga/HBrQ NPs
and GO/Ga/HBrQ NPs exhibited significant cytotoxicity against HCT-116 cells tested, the ICso of BSA/Ga/HBrQ NPs
(1.89 uM) and GO/Ga/HBrQ NPs (4.75 uM) was lower than that of cisplatin (9.08 uM). Besides, BSA/Ga/HBrQ NPs
(9.37uM) and GO/Ga/HBrQ NPs (1.57 uM) also showed potentially good inhibition activity to MDA-MB-231 cells
(ICsq of cisplatin is 12.21 uM). Importantly, BSA/Ga/HBrQ NPs (5.85uM) and GO/Ga/HBrQ NPs (8.29 uM) showed
less toxicity than cisplatin (3.99 uM) in LO2 cells, which might reduce system toxicity of cisplatin. In addition, we
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Variation of DLS average particle size of BSA/Ga/HBrQ NPs and (€) GO/Ga/HBrQ NPs in deionized water at different times.

determined the IC50 values of Ga(lll) +HBrQ complex for HCT116 (Figure S8A). The results showed that Ga(lIl)
+HBrQ complex (1.23 pM) exhibited superior ICsq values than cisplatin (5.70 uM) and oxaliplatin (8.34 uM) after cells
were co-incubated with the compounds for 72 hours. The two NPs exhibited significant cytotoxicity, mainly due to the
metal-coordinated drugs in the nanoparticles that could effectively act via endocytosis into cancer cells.’® Encouraged by
these results, we further explored the anti-tumor mechanisms of both NPs in HTC116 cells.

BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs Induces Cell Cycle Arrest in HCT-116

The distribution of the cell cycle was examined to ascertain how BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs exert their
therapeutic impact. Both the BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs experienced significant S phase arrests, as
shown in Figure 4, which further inhibited DNA replication and caused cell death.’” Evidently, the S phase of the BSA/

Table | IC5o (M) Values of Nano-Drugs Toward Various Tumor Cells After

48 Hours

Tumor Cell Cisplatin BSA/Ga/HBrQ NPs GO/Ga/HBrQ NPs
HCTI116 9.08 + I.10 1.89 £ 0.14 4751 1.42
Hela 494 1 0.31 35.39 £ 4.02 30.57 + 0.64
MDA-MB-231 12.21 £ 0.25 9.37 £ 0.94 1.57 + 0.00
LO2 3.99 £ 0.74 5.85 + 0.78 8.29 + 0.04

SI? 0.44 3.09 1.74

sib 0.8l 0.16 0.27

Sl 0.33 0.62 5.28

Note: *SI=ICso(LO2)/ICso(HCT 1 16), ’SI=ICso(LO2)/ICs0(HeLa), “SI=ICso(LO2)/ICso(MDA-MB-231).
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Figure 4 HCT116 cells were treated with 10 uM (A) control, (B) GO/Ga/HBrQ NPs, (C) BSA/Ga/HBrQ NPs, (D) Oxaliplatin (E) and Cisplatin, at the indicated
concentrations, after which they were stained with Pl and analyzed by flow cytometry. (F) Populations for cell cycle distribution.

Ga/HBrQ NPs and GO/Ga/HBrQ NPs were 15.06 and 21.86%, respectively, indicating that the GO/Ga/HBrQ NPs
processed HCT116 cells more severely, as seen in the cell apoptosis assay. According to the findings, BSA/Ga/HBrQ NPs
and GO/Ga/HBrQ NPs affect the S phase in HCT116 cells but have no effect on the GO/G1 or G2/M phases. This is
consistent with the results of Ga(Ill) + HBrQ complex on HCT116 inhibition of cell cycle (Figure S§B).

BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs Induces Apoptosis in HCT-116

Apoptosis is a key process in the development and progression of cancer.”® Using labeling with Annexin V-FITC and
propidium iodide (PI), apoptosis testing can be performed.’® As shown in Figure 5, BSA/Ga/HBrQ NPs and GO/Ga/
HBrQ NPs (10 uM) showed apoptosis-inducing characteristics, the apoptosis ratios were 14.8% and 23.2%, respectively.
In contrast, the apoptosis ratio of BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs at the same concentration were higher than
that of oxaliplatin (13.5%), and the apoptosis ratio of GO/Ga/HBrQ NPs was higher than that of cisplatin (17.2%)
(Figure 5F), indicating that the GO/Ga/HBrQ NPs showed higher toxicity than oxaliplatin and cisplatin. The higher
apoptosis rate of HCT116 cells induced by BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs may be due to the improved
internalization of tumor cells to NPs with Ga(III) + HBrQ complex,* (Figure S18C). In addition, the data of apoptosis
assay were consistent with the above MTT assay results.

BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs Increases Reactive Oxygen Species (ROS)
in HCT-116

Reactive oxygen species (ROS) are hypothesized to control apoptosis signal transduction mechanisms and play
a significant part in the process of cell death®®* In this study, we employ 2°,7’-dichlorodihydrofluorescein diacetate
(DCFH-DA) as a fluorescent dye to detect ROS production in HCT116 cells. As shown in Figure 6A, the control group
treated with PBS produced a small amount of ROS, probably due to naturally presented ROS.®® However, as proof of
desired ROS production, two NPs, cisplatin and oxaliplatin, demonstrated significant DCF green fluorescence. Among
them, GO/Ga/HBrQ NPs were found to have a slightly higher fluorescence intensity. The outcomes of fluorescence
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Figure 5 Effect of the apoptosis. Quantification of Annexin-V and Pl double-stained HCT 1 16 cells after treatment with 10 uM (A) control, (B) GO/Ga/HBrQ NPs, (C) BSA/
Ga/HBrQ NPs, (D) Oxaliplatin (E) and Cisplatin at the indicated concentrations by flow cytometric; (F) Apoptosis ratio. **p < 0.01, **p < 0.001, ****p < 0.0001, ns means
no significant.

imaging were consistent with the quantitative fluorescence analysis measured by flow cytometry (Figure 6C and D). ROS
production has been elevated in cancerous cells treated with BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs,*® which causes
oxidative stress in the cells. The mitochondrial antioxidant protein mitoquinone counteracts this elevated ROS produc-
tion, resulting in cell death.®® This is consistent with the results of Ga(III)+HBrQ complex on the generation of
intracellular ROS in HCT116 cells (Figure S8D).

BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs Reduced Mitochondrial Transmembrane

Potential

One of the main components of cell apoptosis is the decrease of mitochondrial membrane potential. The onset of early
cell apoptosis is indicated by a reduction in mitochondrial membrane potential.®> A popular fluorescent probe for
measuring mitochondrial membrane potential is JC-1. JC-1 aggregates in the mitochondrial matrix to create a polymer
that produces red fluorescence when the mitochondrial membrane potential is high. When the mitochondrial membrane
potential is low, JC-1 exists as a monomer and exhibits green fluorescence. As a result, the JC-1 fluorescence color
change makes detecting a decrease in mitochondrial membrane potential simple.®® In our study, green fluorescence was
observed in HCT116 cells incubated with BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs, while red fluorescence was
observed in the mitochondria of control cells (Figure 7). These findings imply that drug intervention reduces mitochon-
drial membrane potential, resulting in impaired mitochondrial function and, as a result, further induction of apoptosis.
GO/Ga/HBrQ NPs have significantly higher green fluorescence intensity than the others. The findings suggest that
apoptosis induced by BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs may involve the intrinsic mitochondrial pathway.®’
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Figure 6 (A) Confocal laser scanning microscope images of Intracellular ROS detection in HCTI16 cells incubated with PBS or NPs (10 uM) treatment, and (B)
corresponding fluorescence intensity; (C) Original histograms for determination of ROS in HCT| 16 cells by the flow cytometry; The scale bar is 25 um. ***p < 0.0001.

In vivo Tumor-Targeting Efficiency of BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs

We evaluated the in vivo imaging ability and tumor targeting effect of BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs due to
their superior capacity to suppress tumor growth at the cellular level. To begin, in vivo imaging was performed in
HCT116 tumor-bearing mice using a PerkinElmer IVIS imaging system to track the accumulation of BSA/Ga/HBrQ NPs
and GO/Ga/HBrQ NPs (Figure 8A) at the tumor site. The fluorescence lifetimes of BSA/Ga/HBrQ NPs and GO/Ga/
HBrQ NPs in air are 1.9382 ns and 1.6818 ns, respectively, which differ slightly from the 1.9634 ns of the Ga(Ill) +
HBrQ complex (Figures S9 and S10).

As shown in Figure 8A, fluorescence signals appeared at the tumor site of mice 2 hours after intravenous injection of
two nanomedicines. At 12 hours, the fluorescence signals of two nanomedicines were significantly enhanced at tumor
sites, indicating the nanomedicines’ good targeting ability. As shown in Figure 8B, the intensity of fluorescence in the
tumor site was reduced 48 hours after injection compared to 24 hours, indicating that the nanoparticles were gradually
metabolized out of the body. The mean fluorescence intensity of tumor sites treated with GO/Ga/HBrQ NPs mice was
approximately 1.7 times higher than that of BSA/Ga/HBrQ NP treatment. The results show that BSA/Ga/HBrQ NPs and
GO/Ga/HBrQ NPs, particularly GO/Ga/HBrQ NPs, have excellent ability of targeting tumor site.

Conclusion

The main problems with current metal-organic complex-based medicines are their limited water solubility and rapid
circulation times. Therefore, increasing the biocompatibility of metal-organic combination medications is essential to
increasing their efficacy. Here, we employing BSA and GO as a nanoreactor, two novel biocompatible nanomedicines-
BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs-were effectively created. The average sizes of BSA/Ga/HBrQ NPs and GO/
Ga/HBrQ NPs were ca. 110 nm and 669 nm, respectively, and both of the two nanomedicines had drug loadings of
45.27% and 48.18% in PBS buffers. The BSA/Ga/HBrQ NPs (ICsq 1.89 pM) and GO/Ga/HBrQ NPs (ICso 4.75 uM)
displayed significantly higher cytotoxicity against HCT116 cells than did cisplatin (IC5o 9.08 uM) and oxaliplatin (ICsq
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8.34 uM), respectively, since these particles could be absorbed effectively. Additionally, the superior emissive properties
of BSA/Ga/HBrQ NPs and GO/Ga/HBrQ NPs allow their use for in vivo imaging allowing highly effective therapy in
HCT116 tumor-bearing mouse models. Owing to the excellent therapeutic efficacy, BSA/Ga/HBrQ NPs and GO/Ga/
HBrQ NPs with a facile preparation method had great potential as anticancer agents for clinical application. This work
suggests metal complex nanoparticles loaded with GO maybe better for drug delivery.
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