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Abstract

:

Nanotechnology has recently received much interest in various fields, including medicine. South Africa (SA) was the first country in Africa to adopt the technology with the aim of enhancing the national bio-economy and global competitiveness by using innovative nanotechnology-based solutions. Since its inception in 2005 in SA, researchers have seized opportunities to increase and develop niche areas for its application in the health, energy, food, agriculture, and water sectors. We ventured into this field and have performed pioneering work on nanotechnology-based treatment strategies over the years. This perspective highlights the journey, with associated successes over the years, in order to display the impact of our nanotechnology research in health. The focus is on the nanotechnology outputs that have emanated from the Department of Science and Innovation (DSI)/Mintek Nanotechnology Innovation Centre (NIC) Biolabels Research Node (BRN) at the University of the Western Cape (UWC). BRN’s research interests were on nano-enabled materials for developing therapeutic agents, photothermal sensitizers, and targeted drug-delivery systems for treatment of chronic diseases and antimicrobial resistance.
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1. Introduction


Nanotechnology, defined as the science of designing, producing, and the application of materials at a nanometre scale, is one of the most exciting and fast-moving areas of science that may revolutionize many aspects of life [1]. This discipline has galvanized researchers worldwide and has contributed to the development of novel products for applications in the health, energy, food, agriculture, and water sectors [2]. In order to harness the benefits of nanotechnology, the SA government has, over the past 16 years, made extensive investments toward creating a critical mass of infrastructure, equipment, and human capital for nanotechnology research [1,2,3]. However, despite the great efforts made over the past decade, the promise of nanotechnology to bring many scientific breakthroughs with meaningful impacts to the SA bio-economy has not been met [4].



This paper highlights the BRN’s journey in the field of nanotechnology from humble beginnings and associated successes over the years to show the meaningful impact of nanotechnology. The unit is one of three academic institutions in SA that heeded the call by the DSI/Mintek NIC in 2008 to develop nano-enabled materials and the only institution at the time that focused on biolabels for health purposes. Chemically synthesized metallic gold nanoparticles (AuNPs) were used to develop diagnostic and therapeutic agents, and the therapeutic potential of AuNPs investigated by BRN is herein discussed. This BRN perspective focuses on the targeted drug delivery of AuNPs to improve the selectivity and efficacy of drugs for the treatment of obesity and cancer. More recently, the BRN also expanded its interest in green nanotechnology, aiming to produce biogenic AuNPs and silver nanoparticles (AgNPs) for the treatment of cancer and anti-microbial resistance.




2. History of Nanotechnology in SA


In 2005, the SA government introduced the National Nanotechnology Strategy with policy interventions to stimulate the development and use of nanomaterials in resolving the economic- and health-related challenges in the country [3,4]. It supported basic research into the fundamental understanding of nanomaterials and applied research into the creation of novel devices and/or improved processes for applications in health, energy, and water. Various infrastructures and funding in support of the nanotechnology strategy were put in place to accelerate the development of nanotechnology-based products. One of these was the establishment of two NICs by DSI, based at the Council for Scientific and Industrial Research (CSIR) and Mintek.



The focus of the CSIR-hosted NIC, the National Centre for Nano-Structured Materials, was on the design, modeling, synthesis, characterization, and fabrication of new and novel nanomaterials with specific functional properties. The DSI/Mintek NIC model is based on the hub-and-spoke model, where Mintek is the hub, responsible for the development of research carried out at the three academic institutions (UWC, University of Johannesburg, and Rhodes University), which were also responsible for human capacity development (viz., training postgraduate students in nanotechnology research), focusing on the fields of biolabels, water, and sensors, respectively. The mission of BRN is to develop nanomaterial-based systems for applications in health, specifically focusing on therapeutics and diagnostics, with a mandate to build human and infrastructure capacity and later to develop commercializable nano-enabled products at the Biolabels Development Node at Mintek.




3. BRN Perspective on Nanotechnology


The BRN has been working on nanotechnology-based targeted treatments for debilitating diseases. The focus was to introduce new technology into the development and improvement of therapeutic strategies for chronic and infectious diseases. Initially, AuNPs were employed as drug-delivery agents to create disease-specific nanosystems targeting the biomarkers that are differentially expressed by pathological tissues/cells. Targeting was achieved by attaching antibodies, peptides, and aptamers that associate with specific biomarkers on the diseased cells. Targeted AuNPs delivery systems for the treatment of obesity, cancer, and HIV/AIDS have been developed. The AuNPs developed for the treatment of obesity have been further validated in preclinical studies, using in vitro, ex vivo, and in vivo obesity models, while AuNPs for the treatment of HIV/AIDS and cancer have been tested in vitro. These studies were conducted in collaboration with several SA research and academic institutions (Mintek, iThemba Labs, South African Medical Research Council, Nelson Mandela University, Cape Peninsula University of Technology, University of Zululand, Walter Sisulu University, and the University of the Free State) and international academic institutions (the University of Yaoundé in Cameroon, the University of Missouri in the USA, and Rovira i Virgili University in Spain). Several scientists from across the African continent benefitted enormously from this venture, which generated interest in extending nanotechnology training to their home institutions, and to date, continue to work very closely with BRN. The BRN trained scientists from Botswana, Cameroon, Egypt, Kenya, Libya, Malawi, Namibia, Nigeria, Sudan, Tanzania, Zambia, and Zimbabwe. International collaborations with experts in the field were also established, which allowed postgraduate students to undertake research visits and access world-class equipment abroad. Many more students outside of the BRN, locally and nationally, continue to benefit from access to the infrastructure within the BRN for their research. Since its inception 13 years ago, the BRN has trained >100 Ph.D. and MSc students in the field of nanotechnology, and it has published >80 articles and >100 conference papers.



Burden of Diseases in SA


Africa, in particular SA, is burdened by increasing prevalence and mortality rates associated with infectious and chronic diseases. Tuberculosis, diabetes, heart diseases, cerebrovascular diseases, and HIV/AIDS are the top five leading causes of mortality in SA, claiming 4.8–6.5% of the population annually [5].



The BRN aimed to tackle some of these diseases by developing nanotechnology-based targeted treatments that could help reduce the burden they placed on the country’s healthcare system and the economy. Although obesity is not classified in the top five causes of death, it is a serious risk factor for debilitating chronic diseases such as diabetes, cancer, and cardiovascular diseases [6,7]. However, in other countries, obesity has been designated as a disease of importance. Cancer is the second most common cause of death globally, with ≥14 million cancer cases per annum reported, and expected to increase to 22 million within the next 20 years [8]. In SA, 115,000 new cancer cases are diagnosed annually, and the most common cancers affecting men are prostate, colorectal (CRC), lung, Kaposi’s sarcoma, and bladder cancers; while women suffer mostly from breast, cervical, CRC, uterine, and lung cancers [9].



All these chronic diseases rely on pharmacotherapy for management and/or treatment. Treatment failure is largely attributed to several factors, such as the inadequate targeting of drugs to the diseased site, poor solubility, non-specific biodistribution, and reduced efficacy [6]. Moreover, early diagnosis of these conditions can facilitate their early treatment. Nanotechnology can be used to address many of the challenges in developing effective therapeutic and diagnostic systems. Therefore, research at the BRN is focused on the use of nanoparticles (NPs) to develop improved therapeutic and diagnostic systems.





4. Advances in Nanotechnology towards Development of Nano-Based Therapies


Pharmacotherapy, the use of drugs for disease treatment, is the cornerstone of numerous disease management protocols. It is designed to either kill pathological cells or alter the affected biological processes to reverse the disease’s effects. The major drawbacks of these therapies are non-specificity and off-target side effects [10,11]. Non-specific drug distribution within the body can result in insufficient drug dosage reaching the desired target, as well as toxicity towards healthy cells and tissues. Some of the potent drugs have been withdrawn from the market due to these limitations. Ideally, the drugs should only be able to target and reach the pathological tissues with minimal toxicity to healthy cells, escape bio-degradation, retain drug activity while circulating in the body, and only induce their activity on the diseased cells [11].



Nanotechnology-based systems have the potential to address these issues, using nanomaterials as drug-delivery systems, photothermal, radiosensitizers, and therapeutic agents. Nanomaterials have a larger surface area-to-volume ratio, which increases their capacity to load multiple molecules, and this feature is widely exploited for biomedical applications. Bioactive molecules can either be encapsulated in or attached to the NP surface for diagnostic, therapeutic, and/or theranostic purposes [10,12,13]. Therapeutic strategies using nanomaterial-based delivery systems to treat cancer take advantage of the enhanced permeability and retention effect in the vasculature of the diseased tissues (passive targeting) or use targeting moieties (active targeting) [14]. Targeted nanotherapy has been extensively used to target and increase drug specificity toward diseased tissues [10,15]. Nanosystems have been shown to improve cancer patient survival rates and quality of life and have enhanced efficacy [12]. Targeting moieties also help to reduce systemic and toxic bystander effects, thus, maximizing the efficacy of nanotherapy [16].



The use of nanomaterials as drug-delivery vehicles has been the highlight of nanomedicine and has successfully improved drug efficacy and encouraged the repurposing of conventional drugs [11,12,13]. The earliest application of nanomedicine was in cancer research, where biodegradable NPs were used to deliver chemotherapeutic drugs to tumors [17]. Abraxane (albumin-bound paclitaxel NPs) was the first chemotherapeutic nanodrug to be approved by the Food and Drug Administration (FDA) for the treatment of metastatic breast cancer [11]. Doxil (liposome-encapsulated doxorubicin) is also FDA-approved for the treatment of refractory ovarian cancer, breast cancer, and Kaposi’s sarcoma. These nanodrugs (Abraxane and Doxil) showed enhanced drug efficacy with improved safety profiles compared to anti-cancer drugs on their own [11].



Metallic nanoparticles (MNPs) have also found their way into clinical use as drug delivery and photothermal agents. Aurimmune (CYT-6091) and Aurolase are two FDA-approved AuNPs-formulations used for the treatment of solid tumors. Aurimmune uses cAuNPs as delivery agents of tumor necrosis factor (TNF)-α for the treatment of cancer patients who are unresponsive to chemotherapy and in the late stages of pancreatic, breast, colon, melanoma, sarcoma, and lung cancers. Aurimmune achieved safety and targeted biological response at the tumor site at a dose significantly lower than that required for TNF-α alone [12]. Aurolase, nanoshells with a 15 nm gold shell, is used for the treatment of head and neck tumors and is in clinical trials for the photothermal treatment of prostate cancer [13]. Although only a few AuNPs formulations are in anti-cancer clinical trials, AuNPs possess unique physicochemical properties that are also beneficial for the treatment of chronic diseases.



4.1. AuNPs in the Targeted Treatment of Obesity and Cancer


Since ancient times, metal and metal complexes have been used for the treatment of several health conditions, including inflammation and infections. The discovery of cisplatin (a platinum-based drug) and its subsequent approval by the FDA for the treatment of cancer in 1978 spurred research on the medical effects of other inorganic metals [18]. Gold is among the metals that have been explored to enhance the activities of anti-tumor compounds [19]. Being a noble metal that is presumably biologically inert, and given its prior therapeutic use, there was a strong belief that gold at the nanoscale would be non-toxic to healthy tissues and can, therefore, be useful as a vehicle for drug delivery. As such, in its nano-form, gold has been demonstrated to have anti-angiogenic and anti-cancer effects [20].



The synthesis of AuNPs is based on the chemical reduction of gold aureate salt by sodium citrate, a method developed by Turkevich in 1985 [10]. Over time this method was further modified to synthesize AuNPs with different sizes and shapes by using other chemical reducing agents such as sodium borohydride, ascorbic acid, etc. [21] The physicochemical properties of AuNPs influence their functions and applications [22]. Their large surface area-to-volume ratio facilitates the attachment of multiple biomolecules, such as targeting and therapeutic peptides [10]. In medicine, AuNPs have been used as drug delivery, therapeutic, contrast, and photothermal agents [23]. These functions have been exploited by researchers worldwide and have, over the years, become the core of BRN research expertise.



4.1.1. Targeted AuNPs as Drug-Delivery Agents for Anti-Obesity Drugs


The most widely studied biomarker in targeted therapy for obesity is prohibitin (PHB), a protein found to be differentially expressed by endothelial cells (ECs) in the vasculature of the white adipose tissues (WATs) of obese rodents [24,25], monkeys [26], and humans [25]. The protein is intracellularly expressed by various cells and organs but exclusively expressed on the cell surface of the WAT ECs of obese subjects. Obesity is a disease that stems from the uncontrolled growth of WATs and associated angiogenesis. Anti-angiogenic treatments targeted to the WAT vasculature have been recognized as a feasible therapeutic strategy for the treatment of obesity. Targeting molecules that bind to PHB with high affinity and specificity include flavagines, miR-361, and adipose-homing peptide (AHP). AHP, a 9 amino acid peptide (CKGGRAKDC), has been studied extensively in the PHB-targeted treatment of obesity [24,25,26]. AHP fused/conjugated to a proapoptotic D(KLAKLAK)2 peptide (AHP-KLA) selectively targeted and killed the PHB-expressing cells in the WAT vasculature of obese mice [25] and monkeys [26] and reduced their body weights [25]. These effects were enhanced by using liposomes as delivery agents, which protected the treatment from bio-degradation and thus increased its circulation time [27]. The BRN used AuNPs as drug-delivery systems using the same targeting (AHP) and therapeutic (KLA) peptides for the treatment of diet-induced obesity in rats. Taking advantage of the unique physicochemical properties of AuNPs, i.e., their size and increased drug loading capacity, the citrate-capped AuNPs (cAuNPs) were chemically synthesized [28] and functionalized with AHP and KLA using methodologies developed at Mintek (Figure 1) [10].



Surface modifications of the cAuNPs were made to ensure the biocompatibility of the nanosystems in order to resolve noncompliance when used in vivo. Since PHB is up-regulated in obese WAT vasculature compared to the normal blood vessels, the cAuNPs bio-functionalized with AHP alone (AG), and both AHP and KLA (AGK) were hypothesized to selectively bind and accumulate in these tissues. KLA peptides have been shown to induce cell death via apoptosis only when internalized by the cells [25]. The internalization of AGK by ECs of the WATs will cause the apoptotic cell death of these cells, resulting in anti-angiogenesis and reduced WAT mass and total body weight.



The binding efficiency of AG was investigated on ECs isolated from the subcutaneous WATs that were obtained from lean and diet-induced obese Wistar rats. After 24 h exposure to cAuNPs and AG, increased gold content was observed in the cells isolated from the obese rats. Furthermore, Figure 2 shows that AG preferentially accumulated in the tissues that express PHB, mainly the WATs, while the unfunctionalized cAuNPs accumulated mostly in the reticuloendothelial system organs, such as liver, lungs, spleen, and kidney [24]. This study substantiated that AuNPs can serve as effective drug-delivery vehicles to the target tissues without compromising their functions [24].



The bio-distribution and anti-obesity effects of AGK following the mechanism described in Figure 3 have been further evaluated in diet-induced obese Wistar rats after 4 weeks of treatment (manuscript in preparation). Great strides have been taken throughout the world to develop targeted nanotechnology-based treatments for obesity, where nanocarriers were used as drug-delivery vehicles to improve the pharmacokinetics and pharmacodynamics of anti-obesity treatments [10,24]. As experts in this area, the BRN recently published an extensive review of the three PHB-targeting strategies for the treatment of obesity [7]. These three nanotechnology-based strategies showed exciting outcomes by (1) inhibiting angiogenesis in the WAT vasculature of obese rodents [24,27], (2) browning of WATs [15,29], and (3) the induction of photothermal lipolysis of WATs using gold nanorods (AuNRs) and gold nanospheres (AuNSs) [16]. This is exciting because the nanotechnology-based strategies, which are well established in cancer treatment, also present the possibility of their use in the reversal of obesity [7].




4.1.2. PHB-Targeted AuNPs for Colon Cancer Treatment


CRC is the second and fourth most commonly diagnosed cancer and ranked the fifth and sixth leading cause of death among South African females and males, respectively [9]. In recent years, the correlation between obesity and CRC has been established, and the relative risk associated with obesity is higher in men than in women [10]. This suggests that the therapeutic agents that are used in the treatment of obesity could also aid in the treatment of CRC.



In the search for PHB-expressing cell lines for use as in vitro models for AHP targeting, Western blotting and immunocytochemistry techniques were employed. As shown in Figure 4A, the Western blot revealed that only the Caco-2 (colon cancer) and the MCF-7 (breast cancer) cells expressed PHB protein; while the CHO-K1 (Chinese Hamster Ovary), HeLa (cervical cancer), HT-29 (colon cancer), and KMST (skin fibroblast) cell lines did not.



Immunocytochemistry analysis proved that the Caco-2 cells expressed PHB on the cell surface, while the MCF-7 cells expressed it in the cytoplasm (Figure 4B). The Caco-2 cells are human epithelial colorectal adenocarcinoma cells, while the MCF-7 cells are epithelial luminal breast cancer cells [10]. The BRN used the same AuNPs that were used in the obesity studies to test their ability to recognize and bind to the PHB-expressing cells. HT-29 cells are also colon cancer cells and were included as a negative control since they do not express the PHB receptor (Figure 4A). As shown in Figure 5, the treatment of the Caco-2, MCF-7, and HT-29 cells with the four variants of the AuNPs validated the specificity and biocompatibility of the AHP-targeted AuNPs.



The anti-proliferative activity of AGK was more pronounced on cells that expressed the PHB receptor on the cell surface (Caco-2 cells). The bi-functionalized AuNPs (AGK) induced Caco-2 cell death by KLA-mediated apoptosis [10]. Figure 5 also shows the specificity of the AGK treatment on cancer cells, where it significantly reduced the viability of the cells that express PHB receptor on the cell surface only, with no effect on the cells that express PHB in the cytoplasm and those that do not express PHB. The cAuNPs with AHP (AG) and non-specific peptides lacking the KLA peptide (AGS) and AuNPs with KLA without AHP (GK) were non-toxic to the three cell lines. Although further in vivo investigations still need to be conducted to further elucidate the mechanism of action, these studies served as a proof-of-concept that AHP-targeted AuNPs can serve as effective drug-delivery systems that can potentially be used in the treatment of both obesity and colon cancer [10].




4.1.3. PHB-Targeted AuNRs as Photothermal Agents


AuNPs have also shown potential as photothermal agents in that they are able to convert visible or near-infrared (NIR) lights into heat energy through laser excitation, and this property can improve the efficiency of photothermal therapy (PTT) [30]. The morphology of the AuNPs plays a crucial role in PTT [30,31], as different shapes absorb and emit light differently [31]. The use of gold nanoshells, AuNSs, and AuNRs in PTT has been demonstrated experimentally and showed varying actions in different types of cancers [7,31,32,33] and obesity [16]. AuNSs-induced PTT is suitable for shallow cancers (e.g., skin cancer) and AuNRs for deep tissue penetration. AuNRs can absorb NIR light (650–900 nm) that can penetrate deep tissues up to 10 cm, meaning that they are suitable for clinical applications [7,34]. These AuNPs systems could be used in place of conventional photosensitizers, as they are photostable and biocompatible [30,31,32]. As it stands, indocyanine green is the only FDA-approved photosensitizer for clinical use [32]. Therefore, these nanosystems would provide an alternative platform for the translation of nano-based PTT into clinical use for the treatment of chronic diseases.



The BRN investigated the PTT effects of AuNRs functionalized with AHP (AHP-AuNRs) on Caco-2 cells. The AHP-AuNRs by themselves had no effect on cell viability. In contrast, exposure of this treatment to laser therapy resulted in a significant reduction in cell viability [35]. The susceptibility of CRC-derived Caco-2 cells to the PHB-targeted AuNPs treatments (both AuNSs and AuNRs) suggests that the nanotherapeutic strategies employed by BRN could potentially have dual effects in obese patients with CRC. Since cancer and obesity share similar hallmarks, such as increased cell proliferation, increased angiogenesis, hypoxia, etc., this strategy presents a treatment possibility for both obesity, CRC, and obesity-associated CRC [7].






5. Novel Treatment Strategies Using Phyto-Nanomedicines


Green nanotechnology aims to synthesize nanomaterials using the principles of green chemistry. Aside from the fact that green nanotechnology is beneficial to the environment, green-synthesized nanomaterials are more biocompatible and, therefore, more suitable for applications in nanomedicine [36,37]. The impact of nanomaterials on the environment and human health is relatively unknown, and the immense diversity of nanomaterials and contradictory reports on their safety further exacerbate this problem. NP synthesis methods using biological or organic reducing agents of metal cations have been well developed. Microorganisms [38] and plants [39,40,41] have been used in green synthesis methods to produce MNPs. Many studies have shown that microorganisms such as actinomyces, fungi, and yeast possess the ability to synthesize MNPs [38]. These organisms have acquired the ability to accumulate and detoxify heavy metals through biochemical processes using various reductase enzymes to reduce metal ions [42]. Phyto-nanotechnology, defined as the use of plant extracts to synthesize MNPs, has become the common method to synthesize biogenic NPs [36,37,39,40,41]. The BRN and collaborators have shown that a number of African plant species, some directly from the UWC Nature Reserve shown in Table 1, can be used to synthesize bioactive AuNPs and AgNPs [39,43]. The use of plant extracts in the production of MNPs has drawn much attention because these methods are rapid, eco-friendly, economical, and mostly single-step processes [39,44]. These synthesis processes involve the reduction and stabilization of metal ions by biomolecules such as proteins, enzymes, polysaccharides, polyphenols, alkaloids, tannins, phenolics, terpenoids, and vitamins [45]. Thus, Africa’s rich plant biodiversity thus offers a huge opportunity for the synthesis of a diverse range of nanomaterials with various bioapplications through phyto-nanotechnology.



5.1. Phyto-Nanomedicines for the Treatments of Cancer


Biogenic AuNPs produced from Mangifera indica L. (mango) fruit peel in combination with conventional chemotherapeutic drugs (doxorubicin [36] and cyclophosphamide [37]) have been shown to significantly enhance the therapeutic effects of these drugs in cancer patients. The BRN demonstrated that HB-AuNPs produced from Cyclopia intermdia (honeybush) significantly increased the cytotoxic effects of doxorubicin in certain human cancer cell lines and that there is a possible synergistic effect between the HB-AuNPs and doxorubicin [36]. The significance of this study is that the therapeutic effects of doxorubicin, when used in combination with HB-AuNPs, were six-fold lower than the concentrations required when doxorubicin was used alone. In addition to the drug-sensitizing effects of the HB-AuNPs, we have also shown that the HB-AuNPs have selective anti-cancer effects on the brain (U87) and prostate (PC-3) cancer cell lines [36]. These studies suggest that the dose of chemotherapeutic drugs can be significantly reduced if used in combination with phyto-nanomedicines. Similarly, MNPs synthesized from Terminalia mantaly [40], Acai berry, Elderberry [46], Xylopia aethiopica [53], and Sargassum incisifolium [51] demonstrated anti-cancer activity. The production costs of phyto-nanomedicines, such as HB-AuNPs, are very low compared to chemotherapeutic drugs. In addition to reducing the cost of cancer treatment, this approach can potentially also reduce some of the side effects caused by chemotherapeutic drugs.




5.2. Phyto-Nanomedicines for the Treatments of Anti-bacterial Resistance


The emergence of multi-drug-resistant bacteria is a global health threat that will severely impair the treatment of common infections. Multi-drug resistance is the consequence of natural selection and genetic mutation, which is exacerbated by human factors such as the inappropriate use of antibiotics, poor hygiene, and practices in healthcare settings, animal husbandry, and/or in the food supply chain. Over time, this makes antibiotics, sanitizers, and disinfectants less effective and ultimately useless. The outbreak of the COVID-19 pandemic and the use of ethanol-based sanitizers that contain ethanol concentrations below the required minimum 60% alcohol content will ultimately result in the emergence of ethanol-resistant bacterial strains, which will further exacerbate the problem of anti-microbial resistance.



The infection of wounds with multi-drug-resistant nosocomial bacteria, such as methicillin-resistant Staphylococcus aureus (MRSA), Klebsiella pneumoniae, and Pseudomonas aeruginosa, also pose serious problems to the healthcare systems across the world. This is particularly relevant in countries such as SA, where a significant size of the population has a compromised immune system due to TB and HIV infections. The emergence of multi-drug-resistant microorganisms necessitates the identification and development of new antimicrobial agents. In response to this challenge, the BRN has explored the use of biogenic nanomaterials to combat anti-microbial resistance. In Africa, several medicinal plants are used to treat infections, suggesting that these plants have anti-microbial activities. We have explored the synthesis and anti-microbial properties of both AuNPs and AgNPs using several plants, which include Galenia africana, Hypoxis hemerocallidea [43,49], Terminalia mantaly [52], Salvia africana L., Sutherlandia frutescence [41], Pyrus communis L [50], and Cotyledon orbiculate [48]. We have demonstrated that some of these nanoparticles have significant anti-microbial activities against organisms such as Staphylococcus epidermidis, Staphylococcus aureus, Candida albicans, S. aureus, P. aeruginosa, and MRSA.




5.3. Phyto-Nanomedicines for the Treatments of Autoimmune Disorders


Several autoimmune disorders, such as eczema, asthma, allergic rhinitis, rheumatoid arthritis, and lupus, are the consequence of an overactive immune system. A number of plants investigated by BRN have been used in traditional medicine for the treatment of autoimmune disorders. As a result, the BRN investigated whether AuNPs and AgNPs produced from these plants have immune-modulatory effects. The BRN demonstrated the anti-inflammatory effects of the AuNPs produced from H. hemerocallidea [49] and the AgNPs produced from C. orbiculate [48] by investigating the cytokine responses of macrophages and Natural Killer (NK) cells. C. orbiculata-AgNPs and H. hemerocallidea-AuNPs inhibited the secretion of pro-inflammatory cytokines (TNF-α, interleukin (IL)-6, and IL-1β) in lipopolysaccharide-treated macrophages and NK cells [49]. Furthermore, NPs produced from S. africana L. and S. frutescence demonstrated pro-inflammatory responses in macrophages and NK cells (manuscript in preparation). Taken together, these studies suggest that NPs can be exploited for the treatment of autoimmune disorders and other diseases that result from the suppression or activation of the immune system.



The anti-microbial and immune-modulatory bioactivities demonstrated by the biogenic nanomaterials developed by the BRN are being exploited for the development of a range of fast-moving consumer goods/products.





6. Challenges and Future Perspectives


The BRN continues to grow and expand its horizons where nano-based basic research is concerned. Significant contributions were on capacity development and training, as evidenced by the number of graduating postgraduate students, publications, and citations, which highlight the impact our research has had on both national and international arenas. SA was the first African country to embrace nanotechnology, while the BRN was the first to be tasked with health-related biolabels under the Mintek NIC to develop nano-based tools for diagnostic and therapeutic purposes; and has now spread and practiced in several local institutions and other African countries. The expansion of BRN is made possible by financial support from DSI through Mintek NIC. The BRN graduate students also went on to occupy high positions in companies/institutions, such as the SAMRC, Intellectual Property Commission, Technology Innovation Agency, and Mintek; and contribute to nano-based research and development and the implementation of South Africa’s science, technology, and innovation policies, and oversee intellectual property applications.



On-going BRN endeavors include, among others, the use of NPs (organic and inorganic nanomaterials) in targeted therapy and drug delivery systems for chronic and infectious diseases [54], the discovery of new biomarkers as drug targets (unpublished data), the exploration of more plant species for phyto-nanomedicine [39,55,56], the use of quantum dots in drug delivery and bioimaging [57], the use of other molecular recognition agents for targeted drug delivery and therapy for various chronic and infectious diseases, the use of AgNPs for wound-healing applications [58], and antidiabetic and dental therapies [55]. This scope has also been expanded beyond therapeutics, and we also use NPs for the development of biosensors for the diagnosis of TB [59], Ebola, breast cancer, and diabetes (unpublished data). Recently, biogenic NPs synthesized using Carpobrotus edulis were used for the catalytic reduction of 4-nitrophenol and methylene blue [47]. Although the use of AuNPs for catalytic studies within the BRN is still in its infancy, more nanomaterials are currently being tested, and more publications in this field are envisaged.



The state-of-the-art facilities at our institution and the advanced equipment in the BRN lab have also attracted the attention of several researchers who often send their students for sample analysis and equipment training. The training at our facilities has helped increase the human capacity not only in the Nanotechnology field but also in various fields in the institution and further expanded niche areas for economic gains for the country.



Expanding and finding development and/or collaborators who can further develop the basic science we do and advance it through development to commercialization have been our major challenges. As we continue to advance our basic research in nanotechnology, we hope to find partners who can complement our work and add value; thus, we are calling on all those who are interested in partnering with us for these ventures.




7. Conclusions


These highlights provide a glimpse of the significant strides taken by the BRN in building human and infrastructure capacity in nanotechnology for biomedical research in SA. Its footprint has spread throughout the African continent through the training of postgraduate students and collaborations. This perspective, in a small way, further shows the impact and advances made by BRN’s nanotechnology activities/projects in the treatment of obesity, cancer, and anti-microbial resistance. Nanotechnology applications in biomedical research, particularly in SA, have grown steadily over the years, and BRN contributed significantly towards improving therapeutic strategies for chronic diseases. The recent review article published by BRN clearly proves the competitiveness of SA nanotechnology research in the global arena. Unfortunately, the cost-prohibitive human clinical trials and the absence of regulatory frameworks for nanotechnology-based products have limited the advancement of this treatment modality for human obesity. However, the same regulatory restraints are not required for nanotechnology-based fast-moving consumer products for personal external applications. The development of these products is thus within the realm of possibility for SA nanotechnology initiatives, and indeed the future looks bright.
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Figure 1. Chemical synthesis and bio-functionalization of AuNPs with AHP (AG), and both AHP and KLA (AGK) peptides. 






Figure 1. Chemical synthesis and bio-functionalization of AuNPs with AHP (AG), and both AHP and KLA (AGK) peptides.



[image: Applsci 12 10512 g001]







[image: Applsci 12 10512 g002 550] 





Figure 2. Biodistribution of AuNPs in obese Wistar rats. Reproduced with permission from Springer [24]. Abbreviations: SQ—subcutaneous, Mes—mesenteric, Epi—epididymal, Retro—retroperitoneal, Peri—perirenal. 
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Figure 3. Anti-obesity mechanism of PHB-targeted AuNPs in obese rats. AGK targets and induce endothelial cell death in the WATs, resulting in body weight loss. 
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Figure 4. Western blot (A) and cytochemistry (B) analyses of PHB expression [10] in humans (Caco-2, HeLa, MCF-7, HT-29, and KMST-6) and Chinese Hamster Ovary cells. Expression of PHB was detected only in Caco-2 and MCF-7 cells (A). Fluorescent microscopy revealed uptake of AHP-Fluorescein isothiocyanate (AHP-FITC) by Caco-2 cells, indicating expression of PHB on the cell surface. No AHP-FITC fluorescent was observed in MCF-7 cells, which indicates that the PHB receptor is not on the cell surface. Reproduced with permission from Future Medicine Ltd. [10]. 
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Figure 5. Investigation of the specificity of AGK against colon and breast cancer cells. AGK selectively targets and kill cells that express PHB on the cell surface. Adapted from Sibuyi et al. [10]. Abbreviations: AG—cAuNPs + AHP, AGS—cAuNPs + AHP + non-specific peptide, GC—cAuNPs + KLA, AGK—cAuNPs + AHP + KLA. ** The difference is statistical significance at p < 0.001 for Caco-2 cells treated with AGK when compared to MCF-7 and HT-29 cells. Adapted from Sibuyi et al. [10]. 
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Table 1. Summary of plant-synthesized MNPs explored by BRN and collaborators for various applications.
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Plant Name

	
Traditional or Medicinal Use

	
MNPs Type

	
Properties of the NPs

	
NP Activity

	
Ref






	
Acai berry (Euterpe oleraceae)

	
Boost digestion and cardiovascular health

	
AuNPs

	
Size: 168 ± 3.0 to 197 ± 21.5 nm

Zeta: −26 ± 0.4 to −36 ± 0.8 mV

Shape: Various

	
Anti-cancer activity

	
[46]




	
Elderberry (Sambucus nigra)

	
Fever, rheumatism, laxative, diuretic

	
AuNPs

	
Size: 94 ± 1.4 to 195 ± 3.1 nm

Zeta: −28 ± 0.5 to −31 ± 0.4 mV

Shape: Various

	
Anti-cancer activity

	
[46]




	
Carpobrotus edulis

	
Treatment of tuberculosis, other respiratory infections, toothache, earache, facial eczema, wounds, burns, hypertension, and diabetes mellitus

	
AuNPs

	
Size: 108.0 ± 0.2 nm

Shape: Spherical

	
Catalytic activity

	
[47]




	
Cotyledon orbiculata

	
Treatment of skin rashes, abscesses, inflammation, boils, and acne

	
AgNPs

	
Size: 106 ± 2 to 137 ± 2 nm

PDI: 0.07 ± 0.02 to 0.15 ± 0.33

Zeta: −18 ± 1.0 to −20 ± 1.0 mV

Shape: Spherical

	
Anti-bacterial and Anti-inflammatory activity

	
[48]




	
Cyclopia intermedia (Honeybush, HB)

	
Treatment of infections, coughs, sore throat, colds, osteoporosis, prevention of cancer and asthma

	
AuNPs

	
Size: 66.74 ± 9.7 nm

PDI: 0.57 ± 0.01

Zeta: −23.45 ± 1.4 mV

Shape: Spherical and triangular

	
Anti-cancer activity

	
[36]




	
Galenia Africana

	
Treatment of venereal sores, asthma, coughs, eye infections, skin diseases

	
AuNPs

	
Size: 44 ± 29

Zeta: 11 ± 1 mV

Shape: Spherical

	
Anti-microbial activity

	
[43]




	
H. hemerocallidea

	
Treatment of diabetes, urinary infections, cancer, skin wounds, rashes and management of HIV/AIDS

	
AuNPs

	
Size: 51 ± 34 nm

Zeta: 26 ± 6 mV

Shape: Spherical

	
Anti-microbial and immunomodulation activity

	
[43,49]




	
Pyrus communis L. (European pear)

	
Treat fever, suppress cough, detoxify abscesses, and alcohol poisoning

	
AgNPs

	
Size: 117.2 to 190 nm

PDI: 0.244 to 0.545

Zeta: −1.1 to −9.5 mV

Shape: Spherical

	
Anti-bacterial activity

	
[50]




	
Salvia Africana L.

	
Treatment of skin and gastric disorders

	
AgNPs

	
Size: 34.63 ± 4.53 nm

PDI: 0.63 ± 0.03

Zeta: −41.1 ± 2.00 mV

Shape: Mostly spherical and some polygonal

	
Anti-microbial activity

	
[41]




	
Sargassum incisifolium

	
Unknown

	
AgNPs

	
Size: 76.29 to 316.3 nm

PDI: 0.264 to 0.568

Zeta: −26.4 ± 17.8 to –44.1 ± 11.0 mV

Shape: Spherical

	
Anti-microbial and Anti-cancer activities

	
[51]




	
AuNPs

	
Size: 37.46 to 92.85 nm

PDI: 0.158 to 0.551

Zeta: −39.3 ±13.5 to –56.3 ± 13.9 mV

Shape: Spherical




	
Sutherlandia frutescence

	
Treatment of cancer

	
AuNPs

	
Size: 261.2 ± 10.40

PDI: 0.612 ± 0.02

Zeta: −35.7 ± 1.53

Shape: Spherical

	
Anti-microbial activity

	
[41]




	
Terminalia mantaly

	
Treatment of cancer, dysentery, diabetes, mycosis, and bacterial infections

	
AgNPs

	
Size: 11 to 83 nm

PDI: 0.40 to 0.88

Zeta: −12 to −37 mV

Shape: Various

	
Anti-microbial activity

	
[52]




	
AuNPs

	
Size: 39 to 79 nm

PDI: 0.30 to 0.80

Zeta: −10 to −37 mV

Shape: Various

	
Anti-cancer activity

	
[40]




	
Xylopia aethiopica

	
Treatment of uterine fibroids, bronchitis, and kidney disease

	
AuNPs

	
Size: 17.77 ± 0.56 nm

PDI: 0.21

Zeta: −29.9 mV

Shape: Various

	
Anti-cancer activity

	
[53]
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