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Cancer has long remained one of the primary causes of disease and death globally, and it continues to pose a significant threat to human health. Surgery, radiotherapy, and chemotherapy are traditional treatments for cancer which are still widely used. However, while both surgery and radiotherapy remain acceptably effective in addressing a variety of primary tumors, neither possesses therapeutic potential for unknown metastatic lesions which may exist elsewhere in the patient’s body. Conversely, while systemic chemotherapy does have the potential for therapeutic efficacy on both primary and metastatic lesions alike, drug targeting is often poor, side effects are typically high, and treatment efficacy is still often lacking. Nanomedicine presents a promising solution to the above issues. For example, nanocarriers can be used to increase drug selectivity and targeting, increasing efficacy and decreasing side effects. Based on the role of the lethal domain of Bcl-2 family proteins, which play roles in apoptosis, the BH3-only protein, a section of BH3 peptide with a sequence of Asp-Ala-Ser-Thr-Lys-Lys-Leu-Ser-Glu-Cys-Leu-Arg-Arg-Ile-Gly-Asp-Glu-Leu-Asp-Ser. However, treatments based on soluble BH3 peptides, as with those based on other biologically active macromolecules, exhibit low cell membrane permeability, poor stability against proteolysis, and low endosomal escape rates. In this paper, attempt to address these issues by developing a variety of BH3@gold nanoparticle drug systems with different coating ratios. We demonstrate, high loading efficiency and, excellent anti-tumor effects in vitro, including inhibition of proliferation and migration in the human lung adenocarcinoma cell line, A549. Our results present a new possibility for anticancer peptide drugs in the future.
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1 INTRODUCTION
Cancer is a leading cause of death worldwide, and it is estimated that more than 21 million people could be living with cancer by 2030 (Allemani et al., 2018; Chen et al., 2018). So far, a variety of treatment methods including surgical resection, chemotherapy, molecular targeted therapy, gene therapy, radiotherapy, immunotherapy, and photothermal therapy have been widely used in the clinical treatment of cancer (Zou et al., 2016; Lee et al., 2018; Li et al., 2021; Yahya and Alqadhi, 2021), but there are serious adverse reactions associated with each of these, including high systemic toxicity, high probability of metastasis, and severe organ damage. In recent decades, nanomedicine, a branch of nanotechnology, has made great contributions in the diagnosis, imaging, and treatment of cancer, providing researchers and clinicians with new research tools for addressing this ubiquitous disease. Nanomedicine refers to the use of nanoscale or nanostructured materials in medicine, including at least one structure with a characteristic size up to 300 nm (Etheridge et al., 2013). Since the first clinical application of nanomedicines in the 1980s, several new nanomedicines have been officially approved and marketed in the European Union, United States, and Japan (Wang et al., 2018). For example, Ling et al. self-assembled P6NPs nanoparticles, which were shown to reduce the toxicity of cisplatin on the liver and kidney in nude mice, and further to promote apoptosis of tumor cells through glutathione elimination in these mice, thus reducing their overall systemic toxic and side effects (Ling et al., 2019). Xu et al. (2019); Zhang and Liu, 2019) developed a simple strategy to change the natural properties of siRNA with high molecular weight, negative charge, and hydrophilicity inherent properties by simply mixing it with doxorubicin to form a hydrophobic complex, so that it can be encapsulated in non-cationic PEG-polylactic acid (PLA) micelles for whole-body delivery. It is known clear that nanomedicine has many advantages, such as 1) Improving the water solubility and delivery efficiency of drugs in the body; 2) Improving the targeting of drugs to promote their accurate delivery to the affected tissues or cells; 3) Improving the surface properties of drugs or therapeutic macromolecules, thus, increasing their endocytosis, and promoting their delivery to the cell interior; 4) Coupling two or more drugs to achieve a synergistic treatment effect between multiple drugs; 5) Combining disease treatment drugs with imaging reagents, allowing visual imaging and disease treatment to be performed concomitantly.
The frontiers of cancer nanotechnology are constantly changing as the understanding of the biomedical properties of nanoparticles continues to expand. Since the targeting advantage of liposomes was first proposed in the 1980s, nanocarriers or reagents used to load small molecule drugs have gradually been developed diversified and applied in clinical practice (Shi et al., 2010). In particular, gold nanoparticles (AuNPs) have become a promising drug in recent years (Yang et al., 2015; Bai et al., 2020). Due to its advantages such as oxidation resistance, good biocompatibility, high density and good photoelectric properties, AuNPs have a broad application prospect in the study of electrochemical catalysis, photoelectric, physicochemical properties and other aspects. Gold is one of the least reactive metals in nature, and can be stored under natural conditions for millions of years without being destroyed by oxidation. The biological inertness of gold particles makes them an attractive candidate for drug delivery. In order to prevent the toxicity and side effects that can result from aggregation of nanoparticles in the body, the surface of nanocarriers should be positively charged, hydrophilic and stable, all of which can be satisfied with gold nanoparticle technology. Many shapes of gold nanoparticles exist, including spheres (Lindley and Zhang, 2019; Hussain et al., 2021), nanoplates (Khe et al., 2012; Wang et al., 2014; Bi et al., 2018), rods (Alkilany et al., 2012; Zheng et al., 2021), nanocages (Sun et al., 2017; Nazemi et al., 2018), and more, all of which possess unique anti-tumor advantages. Studies have shown that different shapes of gold nanoparticles have a large gap in tumor imaging and therapeutic capabilities (Li and Chen, 2015; Amina and Guo, 2020), moreover, tumor absorption of gold nanospheres and gold nanorods is several times greater than that of particles with different shapes. Therefore, gold nanospheres with good dispersion and aqueous stability were selected as drug carriers in this study.
Apoptosis is a major defense mechanism against tumor development and is essential for myriad elements of immunity, development, and tissue homeostasis (Edlich, 2018). Apoptosis refers to the fragmentation of cells into vesicles (apoptotic bodies), which are then removed by phagocytosis, thus eliminating the original cell while protecting its neighbors from potentially harmful cellular contents (Kerr et al., 1972). The Bcl-2 family has long been explored for its roles in apoptosis. BH3-only protein is a member of the Bcl-2 family, and some scholars have divided the apoptosis pathway into two types according to the different mechanisms of BH3-only. One is the relatively more common mitochondria-dependent apoptosis pathway, which uses BH3-only protein as an “activator” to induce apoptosis (Sharikova et al., 2018). The other is the recently proposed non-mitochondrial-dependent apoptotic pathway, in this pathway, after receiving the apoptotic signal, the “sensitizers” represented by BAD and BIK in BH3-only protein will replace Bax and Bak on the anti-apoptotic protein through competition (Arimochi and Morita, 2006; Manas et al., 2018). Promote the release of Bax, Bak, and so on, thereby inhibiting the function of anti-apoptotic proteins through antagonism, leading to cell apoptosis. In the process of promoting tumor apoptosis, BH3-only protein can be activated by recognizing different stimuli, and may play both initiate and regulate cell apoptosis by directly binding Bax protein or isolating Bcl-2 anti-apoptotic protein. Therefore, a single BH3 peptide (Asp-Ala-Ser-Thr-Lys-Lys-Leu-Ser-Glu-Cys-Leu-Arg-Arg-Ile-Gly-Asp-Glu-Leu-Asp-Ser) was constructed based on BH3-only protein, and the antitumor activity when delivered using gold nanoparticle systems was investigated.
In this paper, according to the advantages that the thiol group of cysteine can form a strong au-s covalent bond with gold nanoparticles, 18 nm spherical gold nanoparticles were selected as drug carrier, and BH3 peptide containing 20 amino acids was connected to the surface of gold nanoparticles to construct the drug delivery system (Figure 1). The antitumor effect and mechanism of the synthesized drug delivery system at the cellular level in vitro were evaluated. The results showed that BH3@AuNPs nanomaterials could induce apoptosis of A549 cancer cells, and inhibit their migration and invasion. By assessing changes in Caspase-3/-8/-9 enzyme activity, we demonstrate that BH3@AuNPs could not only promote cell apoptosis through the endogenous pathway, but that they also promoted cell apoptosis through the extracellular pathway, indicating a promising candidate for cancer treatment.
[image: Figure 1]FIGURE 1 | Schematic illustration of the procedure of preparing BH3@AuNPs nanoparticles for intracellular delivery of BH3 peptide and induce cell apoptosis.
2 MATERIALS AND METHODS
2.1 Materials
Tetra-chloroauric acid (HAuCl4), and EDTA (AR) were purchased from Sinopharm. Trisodium citrate was purchased from Sigma. Nitrogen was purchased from Changchun Ju Yang Gas Co., Monosodium phosphate (NaH2PO4, ACS class), sodium hydrogen phosphate (Na2HPO4, ACS class), sodium hydroxide (NaOH, ACS class), hydrochloric acid (HCl, ACS class), potassium bromide (KBr) were purchased from Beijing Chemical Reagent Company. Bovine serum albumin (BSA) was purchased from Sangon Biotech (Shanghai) Co., Ltd. Hydrochloric acid (HCl, AR)and anhydrous ethanol (AR) were purchased from Beijing Chemical Factory. Crystal violet was purchased from Dalian Meilun Biological Technology Co., Ltd. BH3 peptides with the sequence of DASTKKLSECLRRIGDELDS were purchased from GL Biochem (Shanghai) Ltd. Caspase-3, -8, -9 Fluorometric Assay Kits, Hoechst 33342, and Annexin V-FITC Apoptosis Detection Kits were purchased from Shanghai BestBio Company. BCA Protein Assay Kit and JC-1 Assay Kits were purchased from Beyotime Biotechnology.
2.2 Synthesis and characterization of AuNPs and BH3@AuNPs
Synthesis of gold nanoparticles (AuNPs) was based on the previously reported method (Ji et al., 2007). Briefly, 48.5 ml of water was mixed with 1.33 ml of tetrachloroauric acid solution (9.41 mM) in a three-necked flask and heated to boiling. Then 0.2 ml of sodium citrate solution (0.218 M) was quickly added under vigorous stirring. The reaction system was boiled for 10 min and then removed from heat. The system was continuously stirred for 15 min and cooled to room temperature. AuNPs were collected and measured by UV-Vis spectra and nano-size ZETA potentiometer.
To generate BH3@AuNPs 1 mg of BH3 peptide powder was dissolved in 1 ml of ultrapure water to obtain 1 mg/ml of BH3 solution. According to the desired molar ratios of 800:1 and 1000:1 for BH3 to AuNPs, 2.74 μL and 6.86 μL BH3 solution was added to the synthesized gold nanoparticles solution, respectively. BH3 will be connected to the surface of gold nanoparticles after being left in the refrigerator at 4°C for 12 h, resulting in BH3@AuNPs-1 and BH3@AuNPs-2. The resulting of the bioactive AuNPs (BH3@AuNPs) was recovered by centrifugation (12,000 rpm, 20 min) and washed with ultrapure water three times to remove excessive peptides. The products were lyophilized by a freeze-drying machine and used for subsequent cell experiments.
2.3 Cell culture
A549 cells (passages <10; CCL-185; ATCC, Manassas, VA, United States of America) were derived from human lung adenocarcinoma cell line. They were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Thermo Fisher Scientific, Waltham, MA, United States), and supple-mented with 20% (v/v) fetal bovine serum (FBS; Kangyuan Biology, Tianjin, China), 100 units. mL− 1 penicillin, or 100 μg ml−1 streptomycin (Invitrogen, Carlsbad, CA, United States of America). The cells were incubated under a humidified atmosphere containing 5% CO2 and 95% air at 37°C. The media were replaced every 2 days. The cells were ready for treatment when confluence reached 75%.
2.4 Cytotoxicity assessent of AuNPs and BH3@AuNPs
A549 cells were resuscitated and cultured for (roughly three to four generations). When cell growth stabilized, they were seeded into 96-well plates at a density of 5,000 cells per well. Cells were allowed to adhere and grow in a CO2 incubator for 12 h at 37°C. The culture medium in the 96-well plate was discarded and 20 nM AuNPs, BH3@AuNPs, or BH3 were added, while (6 parallel untreated control wells were used for each sample). Treated cells were incubated for 24 h at 37°C in a CO2 incubator, sterile MTT solution (5 mg/ml) prepared in advance was added to each well. Cells were then restored to the incubator for 4 h, before well volumes were aspirated and 150 μL of DMSO solution was added. The mixture was shaken at a constant rate for 5 min, and the absorbance value at 492 nm was measured using a microplate reader.
2.5 Determination of drug loading of BH3@AuNPs
The loading rate of BH3 on AuNPs at different molar ratios was determined by HPLC. Set chromatographic conditions: Kromasil-C18 column (5 μm 250 × 4.6 mm), column temperature: 25°C, UV detection wavelength: 220 nm, mobile phase selected 0.02 mmol/L phosphate buffer (Na2HPO4 and NaH2PO4), sample volume = 10 μL/bottle, flow rate = 1.0 ml/min. BH3 standard solution with gradient changes (0.2 mg/ml, 0.4 mg/ml,0.6 mg/ml, 0.8 mg/ml, 1.0 mg/ml) was prepared by dissolving 1 mg BH3 powder in 1 ml ultrapure water and diluting it with ultrapure water. Eight samples with BH3 to AuNPs molar ratios of 200:1, 400:1, 600:1, 800:1, 1000:1, 2000:1, 4000:1, 6000:1 were assessed for loading rate. The peak time of BH3 was measured by HPLC and the drug loading and encapsulation rate were subsequently calculated.
2.6 Colony formation assay
A549 cells were seeded in 6-well plates at a density of 2×105 cells per well and grown for 12 h in a CO2 incubator at 37°C. Different samples (control group, AuNPs group, BH3 group, BH3@AuNPs-1 group and BH3@AuNPs-2 group) were added at 20 nM and the culture medium was discarded after 24 h of co-incubation at 37°C, and cultures were continued for another 7 days. After 7 days, they were fixed with pre-cooled 70% ethanol solution for 20 min. Incubated with 0.2% crystal violet solution for 15 min, after that, the cells were carefully collected. Tumor cell growth was observed under a fluorescence inverted microscope.
2.7 Trypan blue staining
A549 cells in a stable growth state were seeded into 96-well plates at a concentration of 5×103 cells per well. Cells were incubated for 12 h at 37°C in a CO2 incubator and then for an additional 24 h with the sample to be tested. Cells were digested with trypsin, the appropriate cell suspension was mixed with 0.4% trypan blue solution at a ratio of 9:1, and viable and dead cells were counted on a blood cell counting plate using a microscope within 3 min.
2.8 Hoechst-3342 staining
A549 cells in a stable growth state were seeded in 6-well plates at a density of 2×105 cells per well and incubated for 12 h at 37°C in a CO2 incubator. The samples to be tested were added to the wells and incubated for 24 h. The sample solution of each well was discarded, and 70% ethanol solution precooled in advance was added for 20 min at 4°C to fix the cells. Cells were then stained with Hoechst-33342 and incubated for 20 min at room temperature before being washed three times with PBS. Tumor cell growth was observed under a fluorescence inverted microscope.
2.9 Induction of apoptosis assay
A549 cells in a stable growth state were seeded into 6-well plates at a density of 2×105 cells per well and subjected to different treatments. After 24 h, all cells were digested with 0.25% (w/v) trypsin and harvested. The Annexin V-FITC/PI kit dye was used for 30 min at 4°C in the dark to remove the staining solution. Cells were then suspended in PBS solution, and the fluorescence of the cells was detected and analyzed by flow cytometry. Finally, BD CellQuest Pro Software was used to assess the proportion of apoptosis present under each condition.
2.10 Wound healing assay
The effects of BH3@AuNPs-1 or BH3@AuNPs-2 on the migration ability of A549 cells were evaluated by scratch wound method. A549 cells in a stable growth state were seeded in 6-well plates at a density of 2×105 cells per well and cultured for 12 h at 37°C in a CO2 incubator. Next, using a plastic pipette tip, a thin scratch was created in the cell layer, followed by treatment with different samples. At 0 and 24 h, photographs of the cells were taken.
2.11 Transwell assay
A549 cells in a stable growth state was seeded in 6-well plates at a density of 2×105 cells per well and incubated in a CO2 incubator for 12 h at 37°C. After being exposed to different treatments, cells were incubated at 37°C for 24 h. Cells were digested and centrifuged, and cell precipitates were collected. Precipitates were resuspended in high glucose serum-free medium DMEM(containing 1% BSA) and seeded in Transwell membranes. At the same time, 700 μL of DMEM medium (containing 10% FBS) was added to theTranswell chamber. Plates were cultured at 37°C in a CO2 incubator for 24 h and the Transwell chamber was removed. Cells in the lower layer of the Transwell luminal membrane were fixed with pre-cooled 70% ethanol solution at 4°C for 20 min and then washed three times with PBS. Cells in the lower layer of the Transwell chamber were then incubated with 0.2% crystal violet solution for 20 min. Cell distribution was observed under fluorescence inverted microscope.
2.12 Mitochondrial membrane potential assay
A549 cells in a stable growth state were seeded in 6-well plates at a density of 2×105 cells per well and cultured for 12 h at 37°C in a CO2 incubator. The samples to be tested were incubated with the cells for 24 h at 37°C. Staining solution was added for 20 min according to JC-1 kit instructions, and then washed with PBS three times. Cell staining was observed by a fluorescence inverted microscope.
2.13 Caspase-3/-8/-9 activity assay
A549 cells in a stable growth state were seeded in a 6-well plate at a density of 2×105 cells per well. Cells were cultured for 12 h at 37°C in a CO2 incubator. The samples to be tested were incubated for 24 h at 37°C in a CO2 incubator after treatment. Cells were digested with a centrifuged and collected. Protein content of the collected cell lysates was determined according to BCA Protein Assay Kit. Extracted protein was also added to buffer and Caspase-3/-8/-9 assay substrate and incubated for 4 h at 37°C in the dark. Absorbance values at 400 nm were measured using a microplate reader.
2.14 Statistical analysis
All data are expressed as the mean ± standard deviation (n ≥ 3), the significance of differences among groups was evaluated with a Student’s t-test analysis (*p < 0.05, **p < 0.01 vs control group).
3 RESULTS AND DISCUSSION
3.1 Preparation and characterization of BH3-AuNPs
In this study, AuNPs were formed by stably reducing HAuCl4 with trisodium citrate. The BH3 peptide is based on the action mechanism of Bcl-2 family proteins. Since the peptide contains a cysteine, it can be connected with gold nanoparticles by thiol coordination (Resemann et al., 2018) to form a stable delivery system. The solution of gold nanoparticles was transparent reddish-brown and uniform in color as shown in Figure 2A, and UV spectrum scanning results showed that the sample has a maximum absorption peak at 518 nm and no edge phenomenon, demonstrating successful synthesis of gold nanoparticles. TEM results are exhibited in Figure 2B, displaying that the AuNPs are spherical with a rough surface and a particle size of 18 ± 2 nm. The synthesized gold nanoparticles have good stability, size uniformity, and particle mass. At the same time, we analyzed the particle size distribution of hydrated AuNPs (Figure 2C), and found that the hydrated gold nanoparticles are 20.3 ± 0.3 nm, which is consistent with the electron microscopy results. BH3@AuNPs were generated across a gradient of relative molar ratios of BH3 to AuNPs. Assessment of loading potency of BH3 peptides on gold nanoparticles, revealed BH3@AuNPs made from ratios of 800:1 and 1000:1 BH3 to AuNPs to be the most effective, (BH3@AuNPs-1 and BH3@AuNPs-2, respectively; Figure 2E, Supplementary Figure S1; Supplementary Table S1). BH3@AuNPs-1 and BH3@AuNPs-2 both exhibited a uniform, transparent reddish-brown color, but the liquid color was slightly darker than that of AuNPs alone. The maximum absorption peak of BH3@AuNPs-1 and BH3@AuNPs-2 is at 521 nm and has no band edge (Figure 2D). Due to Au-S covalent bonding between cysteine and gold nanoparticles, the plasmon resonance absorption of gold nanoparticles is also slightly redshifted at BH3@AuNPs-1 and BH3@AuNPs-2. From these results, we can conclude that the synthesis of BH3@AuNPs-1 and BH3@AuNPs-2 samples was successful.
[image: Figure 2]FIGURE 2 | (A) UV-vis absorption spectra (B) TEM image of AuNPs (C) Average hydrodynamic diameter distribution of AuNPs (D) UV-vis absorption spectra of AuNPs, BH3@AuNPs-1, and BH3@AuNPs-2 (E) Loading efficiency of different relative mass ratios of BH3 and AuNPs (F) FT-IR spectra of BH3, BH3@AuNPs-1, and BH3@AuNPs-2 (G) Average hydrodynamic diameter distribution of BH3@AuNPs-1 and (H) BH3@AuNPs-2 (I) Zeta potential values of AuNPs, BH3@AuNPs-1, and BH3@AuNPs-2.
To further demonstrate the successful conjugation of BH3 onto AuNPs, we used infrared spectroscopy for additional characterization. As shown in Figure 2F, the infrared absorption peaks of BH3 are consistent with BH3@AuNPs-1 and BH3@AuNPs-2; however, BH3@AuNPs-1 and BH3@AuNPs-2 lack the obvious free sulfhydryl absorption peak of BH3 at 2570, demonstrating that BH3 binds to AuNPs through a sulfhydryl coordination bond. The average hydrodynamic diameter measured by dynamic light scattering (DLS) of BH3@AuNPs-1 and BH3@AuNPs-2 is 53.87 nm and 64.13 nm, respectively (Figures 2G,H). Compared with the size characterization diagram of AuNPs, the hydrated particle size of BH3@AuNPs-1 and BH3@AuNPs-2 are a bit magnified, which may be due to the sorption of BH3. In addition, the surface zeta potential readings changed from negative (−23.4 mV) to −20.3 mV and −19.9 mV after the modification of the BH3 component (Figure 2I), further indicating that BH3@AuNPs-1 and BH3@AuNPs-2 were synthesized successfully.
3.2 Cytotoxicity analysis and Hoechst staining experiment
To verify the vector toxicity of gold nanoparticles and the inhibitory effect of BH3@AuNPs on cancer cells, an MTT assay was performed. As presented in Figure 3A, the survival rate of A549 cells treated with AuNPs at four different concentrations (5, 10, 15, and 20 nM) showed almost no toxic effect and A549 cells grew well after treatment with AuNPs. Cell viability under these conditions was above 90%, which was deemed sufficient for their use as a drug transport carrier for the subsequent experiment. As evident from Figure 3B, in comparison with the control group AuNPs group and BH3 peptide group, cell viability was remarkably lower in BH3@AuNPs-1 or BH3@AuNPs-2 treatment group with the same drug concentration as free BH3, owing to the sustained drug release effect of BH3@AuNPs. This decrease in cell viability was attributed to the effective delivery of BH3 peptides into cells by gold nanoparticles, while the BH3 peptides alone did not demonstrate the same degree of cellular toxicity, presumably due to its relatively large molecular mass preventing its passage through the cell membrane. We validated these results by assessing the survival of A549 cells treated with AuNPs, BH3 peptide, BH3@AuNPs-1, and BH3@AuNPs-2 for 24 h using a Trypan blue staining assay. The ratio of live/dead cells was counted under the microscope with a blood count plate, and the viability of A549 cells treated under each condition was calculated. As shown in Figure 3C, similar experimental results were obtained, further confirming the cytotoxic effect of BH3@AuNPs on A549 cells.
[image: Figure 3]FIGURE 3 | (A) Viability of A549 cells treated with different concentrations of gold nanoparticles and (B) BH3 peptide, AuNPs, BH3@AuNPs-1 and BH3@AuNPs-2 for 24 h by MTT (C) Viability of A549 cells treated with BH3 peptide, AuNPs, BH3@AuNPs-1, and BH3@AuNPs-2 calculated by trypan blue staining. Data are shown as mean ± SD (n = 3) (D) Hoechst 33,342 staining of A549 cells treated with different materials observed by fluorescence microscopy. The scale bar is 100 μm. Data are presented as mean value ±SD of triplicate experiments. *p < 0.05; **p < 0.01.
In order to more clearly assess the effect of BH3 peptide on cells, we used Hoechst 33342 fluorescent dye for nuclear staining, and detection of apoptosis. A miniscule amount of it can enter the normal cell membrane, staining it with dark blue color. The enhanced membrane permeability of apoptotic cells and structural changes of chromosomal DNA make the dye more capable of binding to DNA in such cells, resulting in bright blue fluorescence intensity in apoptotic cells than in normal cells. Notably, cells treated with BH3@AuNPs-1 and BH3@AuNPs-2 exhibited intense blue nuclear fluorescence (Figure 3D, Supplementary Figure S2) consistent with previous experimental results of the cytotoxicity of these formulations. In sum, these data together demonstrate that this new type of peptide can induce apoptosis in cancer cells and may represent a promising candidate for tumor therapy in the future.
3.3 Colony formation and cell apoptosis experiments
A colony formation assay was used to observe the growth distribution of A549 cells treated with BH3 peptide, AuNPs, BH3@AuNPs-1, and BH3@AuNPs-2 for 24 h after propagation in vitro for more than six generations, as shown in Figure 4A. We found that the cell growth distribution of the BH3 peptide and AuNPs groups were similar to that of the control group, with the formation of larger, single cell-centered colonies, and a healthy cell growth rate. However, in cells treated with BH3@AuNPs-l or BH3@AuNPs-2, only a few single cell-centered colonies were formed, cell colonies were smaller and cell growth was slower. These results, further demonstrated the inhibitory effect of BH3@AuNPs-l and BH3@AuNPs-2 on tumor cell proliferation also highlighting their capacity to significantly reduce the ability of cells to form colonies. To further test the apoptosis-inducing effect on A549 cells, flow cytometry was used to detect apoptosis after treatment with BH3 peptide, AuNPs, BH3@AuNPs-l, BH3@AuNPs-2 (Figure 4B). Similar apoptotic ratio was obtained while cells treated with BH3 peptide (3.51%), gold nanoparticles (9.79%) to control (2.35%), suggesting that cells treated with neither BH3 peptide alone nor AuNPs can induce apoptosis. Remarkably, cells treated with BH3@AuNPs-l or BH3@AuNPs-2 showed it effectively initiates early-stage apoptosis with the apoptotic ratio of 17% and 24%, respectively. These results proved that BH3 peptide carried by gold nanoparticles can effectively inhibit the growth of tumor cells and promote apoptosis.
[image: Figure 4]FIGURE 4 | (A) The colony formation ability of A549 cells treated with different samples for 24 h was observed by fluorescence microscopy (Scale bar: 500 μm) (B) Cell apoptosis induction by BH3, AuNPs, BH3@AuNPs-l, and BH3@AuNPs-2 using Annexin V/PI protocol.
3.4 Evaluation of the ability to inhibit cell migration and infiltration
For cancer patients, surgical resection of the tumor represents one of the most commonly used treatment methods, but the probability of disease recurrence due to tumor metastasis is quite large after these procedures (Lin et al., 2019; Zhang et al., 2020). Therefore, it is necessary to evaluate whether gold nanoparticles loaded with BH3 peptides can effectively regulate the migration and invasion of tumor cells. First, we analyzed the migration ability of tumor cells after treatment via wound healing assay. As shown in Figures 5A,B, scratches in wells containing cells treated with AuNPs and BH3 healed rapidly, indicating that neither of the two materials effectively inhibited cell migration. Remarkably, when cells were treated with BH3@AuNPs-1 or BH3@AuNPs-2, the scratches did not heal effectively, and were almost unchanged after 24 h. This result suggested that BH3 peptide can effectively inhibit tumor migration after being delivered to cells by gold nanoparticles. In addition, a Transwell assay was used to verify whether BH3 delivery could effectively inhibit tumor cell infiltration. A549 cells treated with different nanocomplexes were seeded in transwell membranes and cultured for 24 h, and the cells infiltrating through the transwell into the lower layer were observed and analyzed by microscopy (Supplementary Figure S3). Untreated tumor cells effectively migrated to the other side of the transwell polycarbonate membrane through small holes, indicating a strong ability to infiltrate. Similarly, cells treated with free BH3 and AuNPs rapidly infiltrated through the transwell membrane into the lower layer. In contrast, cells treated with BH3@AuNPs-1 or BH3@AuNPs-2 showed significantly less infiltration, indicating that only a small number of cells could penetrate the transwell membrane after these treatments. This further supported the conclusion that BH3 peptides delivered to cells by AuNPs can effectively inhibit tumor cell infiltration metastasis.
[image: Figure 5]FIGURE 5 | (A) Wound healing and (B) quantitative analysis (24 h) of A549 cells treated with different samples at 0 h and 24 h. The scale bar is 100 μm. Data are presented as mean value ±SD of triplicate experiments. *p < 0.05.
3.5 Antitumor mechanism of BH3@AuNPs
Since the BH3 domain is involved in promoting apoptosis in Bcl-2 family proteins, caspase-3,-8,-9 activities were assessed to explore the pro-apoptotic mechanism of BH3 peptides based on the caspase pathways of apoptosis. As shown in Figures 6B–D, activities of the caspase-3,8,9 enzymes after treatment with BH3 peptide or AuNPs alone were consistent with those of the control group, while cells treated with BH3@AuNPs-1 or BH3@AuNPs-2 showed significantly up-regulated caspase -3,-8,-9 activity, indicating that the three enzymes were activated in the sample group. Two apoptosis pathways have been elucidated to date, one being the mitochondria-mediated apoptosis pathway involving caspase-9 (also known as endogenous apoptosis pathway), and the other being the death receptor-mediated apoptosis pathway involving caspase-8 (also known as exogenous apoptosis pathway). After the delivery of BH3 peptide via the gold nanoparticles, cells simultaneously activated both the mitochondrial apoptosis pathway as well as the death receptor apoptosis pathway, resulting in apoptosis. After initiation of the mitochondrial apoptosis pathway, the membrane potential of intracellular mitochondria is known to decrease, therefore, we used the fluorescent probe JC-1 to assess the change in mitochondrial membrane potential after treatment (Figure 6A). Compared with AuNPs alone, cells showed more green fluorescence after treatment with BH3@AuNPs, indicating that the mitochondrial membrane potential had decreased significantly. This phenomenon once again verified that AuNPs loaded with BH3 peptide can effectively initiate apoptosis through the endogenous apoptosis pathway.
[image: Figure 6]FIGURE 6 | (A) Mitochondrial membrane potential after treatment of A549 cells with different experimental groups (Scale bar: 100 μm) (B) Relative activities of intracellular Caspase-3, Caspase-8 (C), and Caspase-9 (D) in A549 cells treated with BH3, AuNPs, BH3@AuNPs-1, and BH3@AuNPs-2. Data are presented as mean value ±SD of triplicate experiments. *p < 0.05; **p < 0.01.
4 CONCLUSION
In summary, a BH3 peptide of 20 amino acids was successfully ligated to 18 nm gold nanoparticles via Au-S coordination bond, and the effect of in vitro treatment of lung cancer cells was assessed. Compared with gold nanoparticles or BH3 peptides alone, BH3@AuNPs showed relatively high drug loading efficiency. BH3 peptide was effectively delivered by gold nanoparticles into the cell, achieving activation of both endogenous and exogenous apoptosis pathways and inhibiting cell growth and migration. This approach addresses the challenges associated with treatments using BH3 peptides alone, such as poor stability of antiprotease hydrolysis, and low endosomal escape rate of BH3 peptide, and provides a new approach for the subsequent study of BH3-mimic peptide drugs.
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