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Abstract

:

Synthesis of gold nanoparticles (AuNPs) using phytochemicals has become tremendously prominent in biomedical applications because of its enhanced bioactivity and biocompatibility. In this study, water extracts from the leaves of Cyclopia genistoides (C. genistoides), commonly known as honeybush (HB), were used to synthesize honeybush gold nanoparticles (HB-AuNPs). The HB water extracts (HBE) served as both reducing and capping agents in the synthesis of HB-AuNPs. The HB-AuNPs were characterized by UV–Vis spectrophotometry, dynamic light scattering (DLS), and transmission electron microscopy (TEM). The cytotoxicity and apoptotic effects of the HBE and HB-AuNPs, alone and in combination with doxorubicin (Dox), were examined against various human cell lines. Spherical-shaped HB-AuNPs with a hydrodynamic diameter range of 63 to 121 nm were produced. The HB-AuNPs conferred selective cytotoxicity against colon (Caco-2), breast (MCF-7), and prostate (PC-3) cancer cells and did not display any cytotoxicity to non-cancerous skin fibroblast (KMST-6) and human embryonic kidney (HEK)-293 cells. Moreover, co-treatment of Caco-2 cells with HB-AuNPs and Dox (at non-toxic concentrations) significantly enhanced the anti-cancer effects of Dox towards the Caco-2 cells. Furthermore, it was demonstrated that HB-AuNPs induced PC-3 cell death through apoptosis. Further studies are warranted to elucidate the mechanisms by which the HB-AuNPs influence cell death when used alone or in combination with drugs, as well as the type of phytochemicals involved in AuNPs synthesis and activity.
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1. Introduction


Plants are among the natural products that have significantly contributed to modern medicine. There are several chemically profiled phytochemicals that were used in drug formulation and development, some are still used in clinical treatment of various infectious and chronic diseases. To date, nature proves to be an infinite source of highly potent drug candidates and is continuously being explored for novel drug leads [1,2]. South Africa contributes 10% of the world’s flora and is blessed with a remarkable diversity of indigenous plants [3]. Some of these plants exhibit various medicinal properties that have been used for centuries in the treatment of a diverse range of diseases. Motivated by the sparsely explored medicinal properties of indigenous South African plants, honeybush (HB), of the genus Cyclopia, became a medicinal plant of interest as a mangiferin (MGF)-rich plant [4]. MGF has many health benefits [5] and is believed to be among the phytochemicals that are responsible for HB’s bioactivity [4,6]. Cyclopia are classified into 20 species of flowering plants, examples include C. intermedia, C. genistoides, C. maculata, C. sessiliflora, and C. longifolia that are endemic to the Cape Floristic Region of South Africa. HB leaves are commonly used to make medicinal beverages and a herbal tea [7,8] that is caffeine-free and recognized for its many health benefits [4,9,10], such as anti-oxidant, anti-mutagenic, and anti-carcinogenic activities [8,11,12]. HB tea has been used by indigenous South African people for many centuries in folk medicine [7,8] to treat various ailments such as respiratory infections and digestive problems, to soothe the central nervous system, and to boost the immune system [9]. It has also been reported to have the inherent ability to prevent the development of skin cancer [13,14] and confer protection against oxidative stress via radical scavenging activity, iron-reducing potential, and inhibition of lipid peroxidation [7]. Although there is a notion that plant-derived medicines are safe, some of the phytochemicals are associated with serious health issues [15]. Moreover the pure active compounds tend to have low solubility, permeability, and bioavailability, which has limited their clinical application [16].



The emergence of green nanotechnology proved vital for phytotherapy, to help improve drug delivery, bioavailability, and reduce bystander effects. Nanotechnology deals with the synthesis and application of materials within a size range of 1 to 100 nm [16,17,18]. Among the various types of NPs, metallic NPs have drawn considerable attention due to their unique catalytic, optical, and electronic properties [18,19,20]. Generally, these NPs are synthesized by physical and chemical methods using top-down and bottom-up approaches. However, both these methods are potentially hazardous to the environment and living organisms, as they use toxic chemical additives and high temperatures [18,19]. As a corollary, recent developments in nanotechnology are focused on environmentally friendly, cost-effective, and biocompatible green synthesis methods. Green synthesis utilizes natural products as reducing, capping, and stabilizing agents in a one-step protocol. Plant-mediated synthesis was proven to be more economical than using microbial systems [20,21]. Plant biodiversity is a potential reservoir for phytochemicals that can be used for the green synthesis of metallic NPs with enhanced biological applications [22,23,24]. Aspalathus linearis (rooibos tea) has been used to synthesize AuNPs [19,22], palladium, and palladium oxide NPs [25]. Salvia africana-lutea and Sutherlandia frutescens were also used to synthesize AuNPs and silver NPs [23]. HB species were also explored in the synthesis of HB-AuNPs using water extracts from C. intermedia [4,6]. These NPs were reported to inhibit microbial (fungi and bacteria) [22,23,24,26] and cancer cell [4,27] growth, alone or in combination with conventional treatments [4,6].



In addition to the selective anticancer activity of the HB-AuNPs synthesized from C. intermedia (HB-AuNPs_ci), the AuNPs demonstrated a unique property of drug sensitization. When co-administered with a chemotherapeutic drug (Dox), HB-AuNPs_ci were reported to increase the biocompatibility of Dox by sensitizing its therapeutic activity at a non-active dose, which might help reduce the drug’s bystander effects [4,6]. In the current study, another HB species (C. genistoides) was investigated to determine if species under the same genus will behave in a similar manner; either in AuNPs synthesis or their bioactivity. The HB-AuNPs from C. genistoides significantly promoted the cytotoxic effects of Dox in Caco-2 cells during co-treatment, further highlighting the potential clinical value of biogenic nanomaterials. The clinical benefits of AuNPs-chemotherapeutic drug co-treatment were demonstrated in a pilot clinical trial performed on humans, where administration of Nano Swarna bhasma (AuNPs synthesized using mango peel and combined with five plant extracts) with Dox and cyclophosphamide showed no adverse effects in breast cancer patients [28].




2. Materials and Methods


2.1. Materials


The water-soluble tetrazolium (WST)-1 cell proliferation reagent was purchased from Roche Diagnostics (Mannheim, Germany) and sodium tetrachloroaurate (III) dihydrate (NaAuCl4·2H2O) from Sigma-Aldrich (St. Louis, MO, USA). The ApopercentageTM assay kit (product ID: A1000) was obtained from Biocolor Ltd. (County Antrim, UK); fetal bovine serum (FBS), Dulbecco’s Modified Eagle’s Media (DMEM), and Roswell Park Memorial Institute Medium (RPMI)-1640 were purchased from Gibco (Rockville, MD, USA), and penicillin/streptomycin was from Lonza (Basel, Switzerland). All the chemicals used in the study were bought from reputable companies and are of good quality.




2.2. Plant Collection


Fresh leaves of C. genistoides plants were collected from the commercial farms situated in the Boland and Overberg regions of the Western Cape Province (South Africa) and were purchased from local nurseries. The identification of the plant was performed according to the taxonomic revision of the Cyclopia genus [29].



Preparation of HBE


The HB leaves were thoroughly washed with deionized water, cut into small pieces, and dried in the shade for 48 h. Then, 5 g of the dried plant material was transferred into 50 mL of boiling distilled water and stirred for 24 h without heating as per the methods previously described [30]. The HBE was filtered using glass wool to remove the large plant materials. The filtrate was centrifuged at 3750 rpm in an ALLEGRA X-12R centrifuge (Beckman Coulter, Indianapolis, IN, USA) for 1 h and then filtered through 0.45 μm syringe filters to obtain a clear filtrate. The supernatant was frozen at −20 °C, freeze-dried using Virtis Model 10-020 (The Virtis Company Inc., Gardiner, NY, USA), and stored in a desiccator until further analysis.





2.3. Biosynthesis of HB-AuNPs


Synthesis of the HB-AuNPs was optimized following a protocol described by Elbagory et al., with some modifications [19]. The stock concentration (50 mg/mL) of the HBE was freshly prepared in distilled water, the extract was serially diluted from 8 to 0.25 mg/mL. Then, 50 µL of the HBE was added into 200 µL of 1 mM NaAuCl4·2H2O solution in a 96-well plate. The mixture was incubated at 25 °C and 70 °C while shaking at 40 rpm for 30 min, followed by UV–Vis spectrum analysis of the AuNPs ranging from 300 nm to 800 nm using a POLARstar Omega microplate reader (BMG Labtech, Offenberg, Germany) [19]. The optimal synthesis conditions, i.e., the HBE concentration which produced the best AuNPs (based on the UV-Vis spectrum), were used to upscale HB-AuNPs synthesis to 30 mL using a 1:5 ratio of HBE to 1 mM NaAuCl4·2H2O. Following synthesis, the HB-AuNPs were collected by centrifugation at 14,000 rpm for 10 min, and the HB-AuNPs pellet was washed twice with distilled water to remove unreacted plant material and NaAuCl4·2H2O. A stock solution of the HB-AuNPs was prepared by suspending the pellet in distilled water and was kept at 4 °C until further use.



2.3.1. Optical Properties and DLS Analysis of HB-AuNPs


The surface plasmon resonance (SPR) of the HB-AuNPs was measured using a POLARstar Omega microplate reader. The size distribution, zeta potential, and PDI measurements for the HB-AuNPs were analyzed using a Nano-ZS90 Zetasizer instrument (Malvern Panalytical Ltd., Enigma Business Park, UK).




2.3.2. High-Resolution TEM (HRTEM) Analyses


The shape, morphology, and dispersity of the HB-AuNPs were analyzed by HRTEM and elemental mapping was performed by energy dispersive X-ray spectroscopy (EDX) in a Hitachi HT7800 TEM (Tokyo, Japan) operated in a bright field mode and accelerating voltage of 200 kV. One drop of HB-AuNPs was placed on a carbon-coated copper grid, dried at room temperature, and analyzed under a TEM-EDX instrument. The core size distribution was analyzed using ImageJ Software (National Institutes of Health, Stapleton, NY, USA).





2.4. Evaluation of HB-AuNPs Stability


The in vitro stability of HB-AuNPs was monitored for a 420 h period (7 days) at 1 h intervals for the first 6 h, then at 24 h intervals from 24 to 420 h using UV–Vis absorption spectrophotometer as previously described [31]. The stability of the HB-AuNPs was evaluated in distilled water, Phosphate-Buffered Saline (PBS), RPMI-1640, and DMEM. The media were supplemented with 10% FBS and 1% penicillin/streptomycin. At the respective time points, 100 μL of the HB-AuNPs solutions were added into a 96-well plate and the UV–Vis was measured on a POLARstar Omega microplate reader.




2.5. Investigation of the In Vitro Cytotoxicity of HBE and HB-AuNPs


2.5.1. Effects of HB-AuNPs on Cell Viability: WST-1 Assay


The effect of HB-AuNPs was evaluated on human cancer cell lines (Caco-2, PC-3, MCF-7) and non-cancer cell lines (KMST-6, HEK-293) using the WST-1 assay as described elsewhere [32]. The cells were purchased from the American Type Culture Collection (Manassas, VA, USA). Briefly, the PC-3 cells were cultured in RPMI-1640, whereas the KMST-6, HEK-293, Caco-2, and MCF-7 cells were cultured in DMEM. The cells were seeded at a density of 1 × 105 cells/mL in a 96-well microplate in their respective media containing 10% FBS and 1% penicillin/streptomycin. The cells were treated for 24 h with increasing concentrations of HB-AuNPs (0 to 100 µg/mL) and HBE (0 to 8 mg/mL). The effect of the treatments on cell viability was evaluated using the WST-1 assay as previously described [32]. The absorbance of the samples was measured at 440 nm (with a reference wavelength of 600 nm) using a POLARstar Omega microplate reader. The percentage cell viability was calculated as follows:


  % C e l l   v i a b i l i t y =   A b s o r b a n c e   o f   t e s t   s a m p l e s   A b s o r b a n c e   o f   u n t r e a t e d   s a m p l e s   × 100 %  












2.5.2. HB-AuNPs Uptake: Dark-Field Microscopic Analysis


Internalization of the HB-AuNPs was evaluated by a dark-field microscope following a previously described method [33]. The cells were seeded (≤5000 cells/well) on 12 mm coverslips placed in a 12-well plate and incubated for 24 h at 37 °C. The growth media was replaced with media containing 1 mL of HB-AuNPs and incubated for 24 h. The cells were washed thrice with PBS and fixed in 4% paraformaldehyde for 15 min. The fixative was washed off with PBS, and the coverslips were mounted on the slides with fluoroshield with 4′,6-diamidino-2-phenylindole (DAPI, Sigma) and viewed under a dark-field microscope using a Leica DM2500 LED optical microscope (Leica Microsystems CMS GmbH, Mannheim, Germany).




2.5.3. Apoptotic Effects of HB-AuNPs against Prostate Cancer Cells


The induction of apoptosis in PC-3 cells treated with HBE and HB-AuNPs was assessed using the ApopercentageTM assay, following a previously reported protocol [32,34]. The PC-3 cells were seeded at a density of 2 × 105 cells/mL in a 12-well culture plate and treated for 24 h with the concentrations of HBE or HB-AuNPs that killed 50% of the cells. Ceramide was used as a positive control at 50 µM. All treatments were performed in triplicate. The cells were harvested and stained with ApopercentageTM dye reagent for 30 min and washed with PBS. The cells were resuspended in PBS and analyzed using an AccuriTM C6 flow Cytometer (BD Biosciences, Erembodegem, Belgium) within 30 min.





2.6. Statistical Analysis


Each experiment was performed in triplicate, and statistical analysis was conducted using one-way ANOVA and Graph Pad Prism software. A p-value < 0.05 was considered statistically significant.





3. Results and Discussion


3.1. Synthesis and Characterization of HB-AuNPs


The overall hazardous effects associated with the physical and chemical synthesis methods have necessitated the use of less toxic natural products for the synthesis of biogenic NPs. The number of studies describing the use of plant-mediated NPs has increased significantly in the past decade, as well as research describing the possible health benefits of these biogenic NPs in pre-clinical [4,31,35] and clinical studies [28]. As a follow-up to our previous studies [4,6], in the current study we investigated the effect of HB-AuNPs synthesized from C. genistoides on cancer cells either alone or in combination with Dox. Phytochemicals in the HBE served as reducing and capping agents in the synthesis of stable and bioactive HB-AuNPs following optimization of temperature, HBE concentration, and time of synthesis. These parameters are among other factors that control the shape and size of NPs [23,24,36].



3.1.1. Effect of Temperature, HBE Concentration, and Time


The successful synthesis of the HB-AuNPs was indicated by the appearance of a wine red color, which results in a sharp and intense absorption band in a visible region at 500–600 nm [37,38]. Likewise, the HB-AuNPs had an absorption peak or SPR in the range of 542 to 564 nm for HBE concentrations starting from 0.5 mg/mL at both 25 °C (Figure 1A) and 70 °C (Figure 1B) at 0–2 h (T0–T2). The SPR of the HB-AuNPs stabilized at 542 nm for HB-AuNPs synthesized with 2 and 4 mg/mL (summarized in Table 1). There were also notable broad peaks and red shift in the SPR of 8 mg/mL_HB-AuNPs, an indication that larger and non-uniform NPs were formed at this concentration. The SPR of NPs is reflective of some factors such as their size, shape, refractive index of dispersive medium, and distance of neighboring NPs [39].



The time of reaction is one of the important factors that influences the physicochemical properties of NPs. The rate of HB-AuNPs synthesized with 1 to 8 mg/mL HBE at an optimal temperature (70 °C) at different time points is shown in Figure 2. The synthesis of HB-AuNPs was immediate, starting at time zero (T0) for the selected HBE concentrations. The absorption peaks increased with an increase in reaction time (T0–T2), which was most evident in HB-AuNPs synthesized with 1 and 2 mg/mL of HBE (Figure 2A,B). Synthesis of HB-AuNPs was time and concentration dependent, i.e., synthesis with 1mg/mL of HBE took a longer time compared with the higher HBE concentrations (2–8 mg/mL). The 2 mg/mL_HB-AuNPs did not show a significant variation in SPR with change in time (Figure 2B). However, the peak for 4 mg/mL_HB-AuNPs became broader at T2, causing a blue shift in SPR (Figure 2C); the same behavior was also observed with 8 mg/mL_HB-AuNPs at both T0 and T1 (Figure 2D). The broadening of the peaks suggested that the size and shape of AuNPs has changed, and this was further confirmed by aggregation of 8 mg/mL_HB-AuNPs at T2. Thus, reaction time and temperature, in addition to other parameters such as the pH of the solution and the reducing agents influences the physical parameters of the NPs. Shorter reaction times mainly produce smaller and spherical sizes, whereas longer times change the nanospheres to other shapes such as nanoprisms [40].




3.1.2. DLS Properties of HB-AuNPs


The representative hydrodynamic sizes of the HB-AuNPs are shown in Figure 3. As summarized in Table 1, the 4 mg_HB-AuNPs had the largest hydrodynamic diameter of 121 nm, followed by 1 mg/mL_HB-AuNPs that had a hydrodynamic size of 98 nm and 2 mg/mL_HB-AuNPs that that had a hydrodynamic size of 63 nm. Their zeta potentials were also measured to determine the physiochemical stability of the HB-AuNPs. The zeta potential provides information about the long-term stability of the AuNPs in a solution, which relies on the repulsion forces between the particles. All the HB-AuNPs had a negative zeta potential (Table 1) ranging from −18.1 to −22 mV. Colloids with zeta potential values that are within the −30 and +30 mV range are considered to be stable and provide sufficient repulsive forces to keep the colloids stable for a longer period [41]. The PDI of the HB-AuNPs confirmed that 2 mg/mL_HB-AuNPs (0.31) and 4 mg/mL_HB-AuNPs (0.39) were more stable than the 1 mg/mL_HB-AuNPs (0.58).




3.1.3. HRTEM Analysis of 2 mg/mL_HB-AuNPs


The smaller-sized HB-AuNPs obtained with 2 mg/mL HBE concentrations were selected for HRTEM analysis to acquire insight into the shape and core size distribution of the NPs. The micrograph in Figure 4A shows that HBE formed spherical- and pentagonal-shaped AuNPs with an average core size of 37 nm (Figure 4B). AuNPs synthesized using plant extracts often exhibit polydispersity, which could be due to the fact that the extracts contain a variety of phytochemicals acting synergistically in the reduction and stabilization of AuNPs [4,19,36]. The size of the NPs is of critical importance since it influences their bioavailability, bioaccumulation, and toxicity in a biological system [38]. The EDX spectroscopy in Figure 4C further confirmed the formation of HB-AuNPs through the presence of elemental gold (Au) atoms around 2.30, 8.10, 9.40, and 11.30 keV. The crystalline nature of the HB-AuNPs was illustrated by the selected area electron diffraction (SAED) pattern (Figure 4D) corresponding to (111), (200), (220), and (311) reflections of face-centered cubic gold. These findings were consistent with the previous observations reported for AuNPs synthesized from Memecylon umbellatum [42], Terminalia mantaly [36], Salvia africana-lutea, and Sutherlandia fructescens [23].



The 2 mg/mL_HB-AuNPs synthesized from Cyclopia genistoides had a similar profile to the ones previously synthesized from C. intermedia. These two species (C. genistoides and C. intermedia) out of the twenty-three registered HB species are so far the only ones to have been used to synthesize AuNPs. The HB-AuNPs from C. intermedia (HB-AuNPs_ci) were synthesized following the optimal conditions used to synthesize 2 mg/mL_HB-AuNPs by C. genistoides and had similar physicochemical properties: SPR of 540 nm, hydrodynamic size of 67 nm, 0.57 PDI, and a zeta potential of −23 mV [4]. These similarities suggested that the two species most probably have the same phytochemical profiles, which might be responsible for HB-AuNPs synthesis.




3.1.4. In Vitro Stability of HB-AuNPs


Colloidal stability of NPs in relevant media is very crucial for in vivo downstream applications [24,43]. The biologically stable NPs do not aggregate when incubated in various media that simulate biological conditions [44]. In this study, the stability of HB-AuNPs was examined in water, DMEM, RPMI-1640, and PBS at various time points between 0 and 420 h at 37 °C. As shown in Figure 5, the HB-AuNPs incubated in water, RPMI-1640, and PBS demonstrated excellent stability for the entire period, as shown by the retention of their UV–Vis spectra. However, a shift in their SPR band was observed over time in DMEM (Figure 5B). The shift could be due to their interaction with the media components such inorganic salts, vitamins, amino acids, proteins, glucose, and supplements such as FBS and antibiotics [45,46,47]. This behavior was reported for both the chemically (citrate) and green synthesized AuNPs, where pronounced changes in the absorption peak and hydrodynamic size were observed in the AuNPs suspended in DMEM compared with those in the RPMI-1640 [48]. The broad curves in 4 mg/mL_HB-AuNPs in PBS (Figure 5D) demonstrated a formation of larger-sized NPs [47] or NP aggregation. Aggregation of AuNPs can be immediate and visually detected by the color change of the medium to blue [47,48]. The alteration in the SPR of the HB-AuNPs was not accompanied by aggregation in the test solutions, except for 4 mg/mL_HB-AuNPs in PBS. The HB-AuNPs remained stable in these solutions for 420 h and did not change color or aggregate. Aggregation of NPs in biological media can often compromise their biological functions by modifying their cellular uptake and toxicity and can produce misleading results [49,50]. So, it became evident that 1 and 2 mg/mL HB-AuNPs can be used in these test solutions for various biomedical applications [48].





3.2. Cytotoxicity of HB-AuNPs


Investigation of the cytotoxicity of nanomaterials is pivotal to assess how cells will respond when exposed to the nanomaterials either intentionally or accidentally. Various methods have been used to evaluate cytotoxicity [17,51]. Among others, the tetrazolium-based assays have dominated since the introduction of the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay in 1983. These assays do not actually measure the number of viable cells but rather provide information about the enzymatic activities that are related to cellular metabolism in live cells [52]. In the current study, the cytotoxicity of HBE and HB-AuNPs was investigated on a panel of human cancer cells (Caco-2, MCF-7 and PC-3) and non-cancer cells (KMST-6 and HEK-293) using the WST-1 assay. The WST-1 assay is based on the cleavage of tetrazolium salt to a yellow formazan product by cellular mitochondrial dehydrogenases, which is directly related to a number of metabolically active or live cells [32,52]. The WST-1 assay offers various advantages over the other assays when used in the investigation of the cytotoxicity of AuNPs [32]. Unlike the MTT assay, the WST-1 assay excludes the addition of DMSO as it converts tetrazolium salt to water-soluble formazan products. It is also considered to be less toxic compared with other water-soluble variants such as 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) assay. Most importantly, the formazan product produced in the MTT assay absorbs at the same wavelength range (570 nm) [52] as AuNPs and might interfere with the assay [31].



The HBE was non-toxic to KMST-6 cells up to 4 mg/mL and showed a significant toxicity only at 8 mg/mL (Figure 6). On the contrary, the viability of Caco-2 cells was reduced in a dose-dependent manner after HBE treatment. Similarly, 2 mg/mL_HB-AuNPs were not toxic to KMST-6 cells but were effective in inhibiting the cell viability of Caco-2 cells. The 1 and 4 mg/mL HB-AuNPs were least effective in inhibiting the cell viability of both KMST-6 and Caco-2 cells, and showed low cytotoxicity towards cancer cells when compared with the 2 mg/mL_HB-AuNPs.



HBE was non-toxic to HEK-293 and MCF-7 cells and exhibited selective cytotoxicity towards PC-3 cells at ≥0.5 mg/mL (Figure 7A). The 2 mg/mL_HB-AuNPs also displayed a selective and significant cytotoxicity towards the PC-3 and MCF-7 cells as shown in Figure 7B; at 100 µg/mL the PC-3 cell death (63%) was 2.5-fold higher than the MCF-7 cells (25%). These selective cytotoxic effects were also reported for HB-AuNPs_Ci against U87 (brain glioblastoma) and PC-3 cells. Interestingly, HB-AuNPs_Ci were also non-toxic to non-cancer breast (MCF-12A) cells [4]. This confirmed that the HB-AuNPs might be biocompatible when used in vivo and will selectively hamper or disrupt the activities of diseased cells. Biogenic AuNPs have been reported to have negligible cytotoxicity towards normal cells and will have therapeutic potential at concentrations that are non-toxic to healthy cells.




3.3. Internalization of HB-AuNPs


The remarkable application of AuNPs in therapeutics is due to their ability to penetrate the biological barrier and target the cells. In nanomedicine, safe delivery of the NPs into cells is imperative for achieving their higher therapeutic efficacy. In this study, dark-field microscopy in Figure 8 demonstrated that 1 mg/mL_HB-AuNPs, 2 mg/mL_HB-AuNPs, and 4 mg/mL_HB-AuNPs were efficiently internalized by Caco-2 cells. The AuNPs appeared as yellow spots surrounding the nucleus of the Caco-2 cells. Uptake and biodistribution of AuNPs are dependent on their sizes, where ≤5 nm AuNPs can transverse the nuclear membrane and are often associated with genotoxicity and 14–40 nm AuNPs accumulate in the cytosolic spaces [18].




3.4. Co-Treatment of Caco-2 Cells with 2 mg/mL_HB-AuNPs and Dox


The unique optical properties of AuNPs resulted in multifunctional biomedical activities such as drug delivery, photothermal, and drug-sensitizing agents, etc. [18]. The drug-sensitizing effects of AuNPs are currently being explored in the fight against cancer to enhance chemotherapeutic drug efficacy while reducing their side effects. Previous studies have demonstrated that co-administration of plant-mediated AuNPs and Dox has the potential to enhance the anti-cancer effects of Dox [6,53]. Of interest, unlike other studies, HB-AuNPs_ci were able to augment the cytotoxicity of Dox when used at a very low and non-toxic dose [4]. This finding was especially interesting as Dox is one of the most potent chemotherapeutic drugs but has limited application due to cardiotoxicity and nephrotoxicity. The idea of using chemotherapeutic drugs (not limited to Dox) at non-toxic doses therefore holds promise in the development of highly potent cancer treatment strategies. Nano-based strategies have shown the ability to enhance the drug’s biocompatibility, bio-availability, and efficacy [6]. The current study also investigated the drug-sensitizing effects of HB-AuNPs on Dox-treated Caco-2 cells to investigate whether the two HB species behaved in a similar manner. Co-treatment of Caco-2 cells with Dox (1.56 µg/mL) and 100 µg/mL of 2 mg/mL_HB-AuNPs resulted in a significant reduction in the cell viability (Figure 9) when compared with their individual treatments. Unlike HB-AuNPs_ci, the concentration of 2 mg/mL_HB-AuNPs was ten-times lower [4], suggesting that these NPs can also be effective at a very low dosage. Co-treatment was also investigated in clinical trials, where orally administered biogenic AuNPs in combination with Dox and cyclophosphamide were well tolerated in metastatic stage III breast cancer patients [28]. These studies suggest that biogenic AuNPs can be safely used alone or in combination with conventional therapy for disease treatment to enhance drug efficacy.




3.5. Pro-Apoptotic Effects of 2 mg/mL_HB-AuNPs


The study further evaluated the mechanism of HB-AuNPs that resulted in the death of PC-3 cells using the ApopercentageTM assay. The assay is based on the uptake of the ApopercentageTM (3,4,5, tetrachloro-2′,4′,5′,7′-tetraiodofluorescein/TCTF) dye by cells undergoing apoptosis, that have their phosphatidylserine translocated to the cell surface [34]. Treatment with HBE and 2 mg/mL_HB-AuNPs induced changes in cell shape or morphology, such as rounded shape and detachment (data not shown), that implicated apoptosis as one of the possible mechanisms of cell death [34]. These effects were more pronounced in cells treated with the HB-AuNPs and ceramide when compared with cells treated with HBE. Ceramide, as an inducer of apoptosis, was used as a positive control. Figure 10 confirmed that the PC-3 cells treated with ceramide (positive control), HB-AuNPs, and HBE were undergoing apoptotic cell death. It should also be noted that a significant effect with HBE treatment occurred at a concentration that was ten-times (1 mg/mL) higher than the HB-AuNPs (100 µg/mL) and these effects were three-fold lower (19.5%) than the HB-AuNPs (64%).



It was reported in previous studies that the majority of the polyphenolic constituents of HB (in particular MGF and hesperidin) can modulate inflammatory and apoptotic signaling pathways related to oxidative stress [13]. It is not clear at this stage which mechanism is responsible for the selective anti-cancer activity of the 2 mg/mL_HB-AuNPs. However, several studies have shown that plant-mediated AuNPs usually target receptors that are differentially expressed in cancer cells, such as laminin [54,55]. Laminin receptors are overexpressed in PC-3 cells and were targeted by MGF-AuNPs in PC-3 cell tumor xenografts in mice. However, confirmatory studies are warranted to study or identify the genes affected by the 2 mg/mL_HB-AuNPs and the polyphenols responsible for these actions [54].





4. Conclusions


This study demonstrated that water extracts of HB leaves can be used to synthesize bioactive HB-AuNPs. The HB-AuNPs were stable in media for up to 420 h at 37 °C. The 2 mg/mL_HB-AuNPs showed selective cytotoxicity towards cancer cells and were more enhanced in the PC-3 cells, whereas the HBE was cytotoxic at moderately high concentrations (≥0.5 mg/mL). It is unclear at this stage why the PC-3 cells had this apparent susceptibility to HBE and HB-AuNPs. Mechanistically, 2 mg/mL_HB-AuNPs induced cell death in PC-3 cells through apoptosis. Any therapeutic agent capable of selectively inducing apoptosis in cancer cells could be a promising anti-tumor therapy and must be explored further. Interestingly, co-treatment of Caco-2 cells with non-toxic concentrations of 2 mg/mL_HB-AuNPs and Dox resulted in significantly higher cell death. Studies are required to investigate the mechanism of HB-AuNPs on cancer cells and identify the receptors targeted by the HB-AuNPs, which could be explored as targets for AuNPs-based therapy.
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Figure 1. Synthesis of HB-AuNPs using different concentrations of HBE at 25 °C (A) and 70 °C (B). Optical properties of the HB-AuNPs were measured at 0–2 h, designated as T0–T2. 
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Figure 2. Effect of reaction time on the synthesis of HB-AuNPs at 70 °C using 1 mg/mL (A), 2 mg/mL (B), 4 mg/mL (C), and 8 mg/mL (D) of HBE. The numbers (1, 2, 4, and 8) represent the concentration of HBE in mg/mL; T0–T2 represent the reaction time from 0–2 h. 
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Figure 3. Hydrodynamic size distribution of HB-AuNPs synthesized at various HBE concentrations at 70 °C. 
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Figure 4. TEM micrograph (A), core size (B), EDX (C), and SAED patterns (D) of the 2 mg/mL_HB-AuNPs. Red arrows in the EDX show Au peaks. 
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Figure 5. In vitro stability testing of HB-AuNPs. The AuNPs were incubated for 0 to 420 h in water (A), DMEM (B), RPMI-1640 (C), and PBS (D); and their stability was measured through UV–Vis spectroscopy. 
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Figure 6. Cytotoxicity of HBE and HB-AuNPs on KMST-6 and Caco-2 cells. p ≤ 0.05 was considered as statistical significant for untreated vs. treated samples, * p ≤ 0.05, *** p ≤ 0.001. 
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Figure 7. Cytotoxicity of HBE (A) and HB-AuNPs (B) in PC-3, KMST-6, HEK-293, and MCF-7 cells after 24 h. p ≤ 0.05 was considered as statistical significant for untreated vs. treated samples, * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001. 
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Figure 8. Uptake of HB-AuNPs by Caco-2 cells. Blue represents the nucleus of the cells stained by DAPI and yellow represents the distribution of the HB-AuNPs within the cells. Scalebar was set at 100 µm. The red circle represent the part that was zoomed in the red frame. 
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Figure 9. Co-treatment with 2 mg/mL_HB-AuNPs and Dox enhanced cell death in Caco-2 cells. Individual treatments demonstrated insignificant effect on the viability of Caco-2 cells after 24 h exposure, whereas combination of Dox (1.56 µg/mL) and 2 mg/mL_HB-AuNPs (100 µg/mL) significantly reduced cell viability. p ≤ 0.05 was considered as statistical significant for untreated vs. treated samples, *** p value = 0.001. 
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Figure 10. Apoptosis-mediated PC-3 cell death induced by HB-AuNPs. The cells were treated with 1 mg/mL of HBE and 100 µg/mL of HB-AuNPs for 24 h; apoptosis was assessed by the ApopercentageTM assay. Distribution (A) and quantification (B) of PC-3 cells that were positive for TCTF. −TCTF, unstained cells; +TCTF, ApopercentageTM-dye-stained cells. p < 0.05 was considered to be statistically significant for untreated vs. treated samples. *** p ≤ 0.001. 
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Table 1. Optical and DLS analysis of the HB-AuNPs synthesized at various HBE concentrations at 70 °C.
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	AuNPs
	SPR (nm)
	Hydrodynamic Size (d. nm)
	PDI
	ZP (mV)





	1 mg/mL_HB-AuNPs
	548
	98.44
	0.58
	−18.1



	2 mg/mL_HB-AuNPs
	542
	63.41
	0.31
	−22.7



	4 mg/mL_HB-AuNPs
	542
	121.67
	0.39
	−18.7
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