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The emergence of nanosystems for different biomedical and drug delivery applications has drawn the attention of researchers worldwide. The likeness of microorganisms including bacteria, yeast, algae, fungi, and even viruses toward metals is well-known. Higher tolerance to toxic metals has opened up new avenues of designing microbial fabricated nanomaterials. Their synthesis, characterization and applications in bioremediation, biomineralization, and as a chelating agent has been well-documented and reviewed. Further, these materials, due to their ability to get functionalized, can also be used as theranostics i.e., both therapeutic as well as diagnostic agents in a single unit. Current article attempts to focus particularly on the application of such microbially derived nanoformulations as a drug delivery and targeting agent. Besides metal-based nanoparticles, there is enough evidence wherein nanoparticles have been formulated using only the organic component of microorganisms. Enzymes, peptides, polysaccharides, polyhydroxyalkanoate (PHA), poly-(amino acids) are amongst the most used biomolecules for guiding crystal growth and as a capping/reducing agent in the fabrication of nanoparticles. This has promulgated the idea of complete green chemistry biosynthesis of nano-organics that are most sought after in terms of their biocompatibility and bioavailability.
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INTRODUCTION

Microorganisms have aptly been regarded as the most versatile living creatures on earth capable of executing any or all conceivable functions. Microbial cells generally need metal ions in micro-quantities as cofactors for proper functioning of metabolic enzymes and proteins. They, either, oxidize metals for deriving electrons and energy to sustain their living, or, reduce metal ions through metalloregulatory mechanism when subjected to presence of heavy metal contaminants that would otherwise become toxic to their survival (Park et al., 2016). Nanobiomedicine instituting application of microbially fabricated nanoparticles is an ever-evolving field in the nanosciences. The genesis of microbial fabrication of nanoparticles lies in the process of biomineralization. More than 60 elements have so far been recognized by various groups of microorganisms, converting them into complex nanoscale architecture much beyond the scope of any physical, chemical, and mechanical engineering means (Crichton, 2019). These biocomposites possess multifunctional properties highly desirable for biotechnological applications.

Metallic nanoformulations of microbial origin has been in focus lately due to their improved results and wide application in drug delivery (Delasoie and Zobi, 2019), biological tagging (Tang et al., 2019), biosensors, and pharmaceutical methods (Grasso et al., 2019). The inclination toward biogenic nanomaterial products is further augmented by its categorization under “green chemistry” synthesis methods that aims to minimize negative impact on the environment caused by use of toxic chemicals during the synthesis of metal nanoparticles by the conventional routes. Thus, the involvement of microorganisms including bacteria, fungi and viruses, plants and/or enzymes, proteins, polysaccharides obtained thereof, in obtaining nanoparticles of various elements becomes an ecologically friendly alternative and is currently an active area of research and development. Irrespectively, there are three basic ways in which synthesis of nanoparticles are approached: (i) dry nanotechnology - nanomaterials from carbon, silicon, and other inorganic materials are synthesized using physical chemistry methods; (ii) wet nanotechnology—in which biological systems are used for synthesis in liquid medium; and (iii) computational nanotechnology—process involving modeling and simulation study of nanomaterials (Le et al., 2016).

A number of reports have been documented discussing the process of synthesis of metal nanoparticles by microorganisms (Park et al., 2016; Salunke et al., 2016; Saratale et al., 2018) and their applications as nanocatalysts (Kratošová et al., 2019), sensoristic and biomedical field (Grasso et al., 2019). However, there is hardly any study on drug delivery aspect of biometallic nanoparticles. This article presents a focused review on the application of microbial fabricated nanosystems in biomedical field with a special attention to drug delivery and targeting.



BIOSYNTHESIS OF METAL NANOPARTICLES

The practice of biosynthesis of metal nanoparticles has been in vogue since the 1960's (Temple and Le Roux, 1964). Microorganisms belonging to different groups and genera including bacteria, actinomycetes, yeast, fungi, algae, microalgae, and viruses have been extensively employed for the synthesis of metal nanoparticles. Diversified microbes growing in extreme environment like Deinococcus radiodurans (Li J. et al., 2019), archaea (Srivastava et al., 2013) group as well as marine (Patil and Kim, 2018) ecosystem have been implicated in synthesis of metal nanoparticles. Nanoparticles of various metals, particularly those from heavy and toxic group, viz. Ag, Au, Cd, Se, Ni, Ti, Pd, Pt and metal oxides like Fe3O4, ZnO, Zirconia, TiO2, CeO2 along with their functional derivatives have been reported (Saratale et al., 2018).

The microgenic synthesis of nanoparticles involves simple and spontaneous biophysical and biochemical processes giving rise to stable and monodisperse formulations, though the exact modus operandi of the biosynthetic machinery at molecular level is still a gray area of research (Narayanan and Sakthivel, 2010). Microbes utilize mechanisms such as solubility changes, biosorption, bioaccumulation, extracellular precipitation, metal complexation, and chelation for the synthesis of metal nanoparticles along with involvement of reducing NAD(P)H-dependent enzymes viz. Nitrate reductase, Sulphite reductase, Cysteine desulfhydrase, and Glutathione (Ovais et al., 2018). Microorganisms are known to be rich in bioactive compounds that act as natural reductant while dealing with metal salts. Fundamentally, microbial biomineralization can occur by two processes. They are biologically induced by cell metabolic activity wherein the microorganisms do not possess much control over where and how the precipitate will form in the extracellular space. On the other hand, intracellular mineralization take place through a biologically controlled process in compartments within the cell and can be controlled in terms of size, texture, and orientation (Qin et al., 2020). Though, extracellular nucleation site of metal particles is a desirable trait citing ease of harvesting in case of large-scale production scenario. The nucleation site for biologically induced mechanism may be provided by the negatively charged exo-polysaccharide (EPS) secreted by microbes or some surface proteins that help in sequestering metal ions through ionic interactions. In case of intracellular biomineralization, the metal cation uptake take place through dedicated ion channels or pumps in membrane bound vesicles. The magnetite biomineralization in magnetotactic bacteria represents an excellent example of the intracellular process. Specific metal-binding proteins namely, metallothioneins and phytochelatins also assist in metal complexation (Cobbett and Goldsbrough, 2002).

The biogenic fabrication of metal nanoparticles using microbes is attached with several advantages, in terms of enzymatic reduction of metal ions into the zero-valent metals without any toxic chemical reagents and elaborate physical or chemical steps added with all processes carried out at ambient temperature. The only requirement, it seems, is the maintenance of a sterilized environment and culture conditions. The culture conditions must be optimal for light, temperature, pH, and growth nutrients and a sterilized environment should be maintained to prevent cross-contamination by other microorganisms.

With an aim to understand molecular details of Gold nanoparticle synthesis by the bacterium Lactobacillus casei Kikuchi et al. (2016), demonstrated the role of glycolipids in reducing Au(III) to Au(0) and in synthesizing nanoparticles of smaller size. Such work could be helpful in devising new ways in which Gold nanoparticles could be synthesized within microorganisms. The size of metal nanoparticles can be regulated by factors such as concentration of the precursor, the pH, the temperature, and the reaction kinetics (Poulose et al., 2014). The stability may be attributed to use of biopolymers as capping/reducing agents and water as solvent. Popular biomolecules such as amino acids, peptides, proteins, polysaccharides, lipids, nucleic acids, and citric acid are amongst the most used for channelizing crystal growth and also as a capping agent in the fabrication of nanoparticles (Sable et al., 2020). A comparative analysis of the different capping layer composition was carried out with SeNP of five bacterial strains and hypothesized differential binding capabilities of the capping biomolecules to the core metalloid matrix (Bulgarini et al., 2020). A schematic representation of a microbial cell capable of forming functionalized metal nanoparticles and their biomedical applications is illustrated in Figure 1.


[image: Figure 1]
FIGURE 1. Schematic diagram of microbial fabricated nanosystems and their application in drug delivery and targeting. (A) Biosynthesis of inorganic metal nanoparticles and biopolymeric nanoparticles. The nanoparticles can be functionalized with variety of peptides, polynucleotides, amino acids, targeting moiety. (B) Application of nanoparticles in drug and gene delivery via active and passive mode of targeting and in high quality diagnostic techniques as contrast agents. PEI Polyethyleneimine, EPS ExoPolySaccharides, CPP Cell Penetrating Peptide, PEG Polyethylene Glycol, PHA PolyHydroxyAlkanoates, mAb Monoclonal Antibody, EPR Enhanced Permeability, and Retention.


Although bacteria have cornered more attention in metal biomineralization, contributions from fungal (Hu et al., 2019) and algal (AlNadhari et al., 2020) species cannot be ignored. Fungi is known to secrete many enzymes and organic acids, particularly oxalic acid, that play a pivotal role in metal biotransformation forming metal complexes such as metal-oxalates. The general mechanism involves metal reduction by redox mediators followed by stabilization by capping agents to prevent aggregation. Yeasts are rarely involved in natural mineralization process. Nevertheless, they exhibit tolerance to adverse culture conditions including metal toxicity. They also have the ability to distinguish between metals such as Mercury, Antimony, and Selenium depending on their toxicity (Gadd and Pan, 2016). The mechanism of biomineralization of metal nanoparticles by bacteria, magnetotactic bacteria, fungi, yeast, diatoms has been elaborately described elsewhere (Qin et al., 2020).



APPLICATIONS IN DRUG DELIVERY AND TARGETING

Though metal nanoparticles of microbial origin have found wide ranging applications, not many have been applied for drug delivery and targeting purposes. Novel drug delivery systems basically employ nanocarriers to improve pharmacokinetics and/or pharmacodynamics, bioavailability of the conventional drugs or modern therapeutic agents. This is particularly necessary for cancer therapy. The tumor physiology presents typical microenvironment that prevents and resists optimal diffusion of chemotherapeutic drugs due to high interstitial fluid pressure. At the same time, passive delivery of drugs is facilitated due to Enhanced Permeability and Retention Effect (EPR) exerted by the leaky tumor vasculature as well as faulty lymphatic drainage. Hence, different external energy sources such as sound, light (photodynamic therapy), magnetic field, temperature (hyperthermia), pH-sensitive in solo or in combination are intensively being explored. Further, tumors develop hypoxic regions due to their high rate of cell division and metabolism.

For nanoparticles to be applicable in drug delivery, desirable characteristics like biocompatibility, non-toxicity, drug/gene entrapment efficiency, and scope of getting functionalized with biomacromolecules such as peptides, proteins, lipids, and targeting moiety, must be present (Wuttke et al., 2017). A summary of the different nanosystems synthesized by microorganisms and their application has been summarized in Table 1.


Table 1. Summary of microbial fabricated nanomaterials for drug delivery systems.
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Bacterial Magnetic Nanoparticle

Superparamagnetic iron-oxide nanoparticles are popularly engaged in designing magnetically controlled drug delivery systems, biosensors and as contrast agents in MRI diagnosis (Ashraf et al., 2019). Magnetosomes, a unique lipid bound intracellular organelles found exclusively in magnetotactic bacteria, exhibit some special characteristics that find utmost favor among drug delivery researchers. Features such as regular morphology, narrow size distribution, low toxicity profile, resistance to agglomeration, makes them excellent carriers for drug / gene delivery applications. These nano-meter sized crystals are naturally synthesized through the process of cytoplasmic membrane invagination followed by influx of certain proteins and iron, leading to biomineralization of magnetite crystals (Firlar et al., 2019).

Magnetotactic bacteria are mostly Gram-negative belonging to the α-Proteobacteria group, with anaerobic or micro-aerobic type of metabolism (Vargas et al., 2018). They are natural producers of iron oxide (magnetite) and iron sulfide (greigite) nanoparticles bound by a lipid bilayer. The magnetosomes inside which these particles are harbored, primarily work to align the cells along external magnetic fields and guide the cells toward optimal nutrient or oxygen conditions. These particles can be isolated from bacterial cells and have proved useful in medical applications like peptide screening in drug development (Tanaka et al., 2008), anticancer drug delivery (Long et al., 2016; Geng et al., 2019), and gene therapy (Dai et al., 2017). These specialized bacteria have become popular bioresources as smart drug delivery systems against cancer patients (Kuzajewska et al., 2020). They are most preferable as passive drug delivery agents where drug or a gene fragment can be directed toward affected tissue under the influence of magnetic energy and hyperthermia. They can be easily combined with other heavy metal NPs such as Gold or functionalized with different ligands such as enzymes, proteins, nucleic acids, green-fluorescent protein, antibodies, and drugs to improve its range of applications. Experiments with bacterial strain Magnetospirillum gryphiswaldense have demonstrated that the chain alignment of the magnetosome seems perfect to enhance the hyperthermia effect in cancer therapeutics (Gandia et al., 2019). A study conducted on animal cancer model showed enhanced efficacy as MRI-contrast agents for the magnetosomes in comparison to Iron Oxide nanoparticles (Erdal et al., 2018). In a smart chemotherapy approach, a new heat sensitive system based on bacterial magnetosome was developed. A recombinant heat shock protein plasmid was constructed along with the anticancer drug Doxorubicin, which under hyperthermia treatment, brought about significant inhibition of osteosarcoma growth (Cheng et al., 2016). This construct was enabled only due to ionic interaction between the negatively charged phospholipid on the magnetosome membrane and positively charged plasmid and the anticancer drug. The magneto-aerotactic behavior of the MTB, Magnetococcus marinus strain MC-1 was exploited to deliver as many as 70 drug-loaded nanoliposomes to such Oxygen-depleted regions which are difficult to access. Upto 55% of the drug-loaded cells could be demonstrated to penetrate the colorectal xenograft in SCID-mice (Felfoul et al., 2016). Bacterial magnetic nanoparticles (BMP) in the size range 45–55 nm coated with polyethyleneimine (PEI) was effectively used to transfect DNA in mammalian cell lines as well as in vivo with reduced cytotoxicity and high expression efficiency (Xiang et al., 2007). Active targeting agents were also formulated in a recent study; bacterial magnetosome was complexed with an anti-tumor antibody (BM-Ab) resulting in greater tumor protection under magnetic therapy than did other methods of treatment (Tang et al., 2019). Magnetic and Au nanoparticles have been devised as theranostic devices for application in imaging and drug delivery (Rizzo et al., 2013). Nanohybrids of particles derived from magnetotactic bacteria with gold nanorods and folic acid served as effective theranostic agents enabling detection and photomechanical killing of breast cancer cells (Nima et al., 2019). These natural nanoparticles were applied as high-contrast probes much sought after in single-cell diagnostics as well as photothermal agents for single-cell therapy (Figure 2).


[image: Figure 2]
FIGURE 2. Magnetotactic bacteria (MTB) and drug delivery applications. (A) MTB as a multimodal photoacoustic, photothermal, and photomechanical contrast agent for single cell diagnostic and therapy (Nima et al., 2019). (B) Conceptual diagram depicting a single microrobot, the Artificial Bacterial Flagellum ABF, enhancing mass transport of NPs at the vessel -tissue interface (left), and swarms of MTB generating convective flow to improve mass transport (right). ECM ExtraCellularMatrix (Schuerle et al., 2019). (C) Drug delivery using physiological limitation of MTB under hyperthermia radiation (Alsaiari et al., 2016).


In an advanced engineering approach, artificial bacterial flagellum and live magnetotactic bacteria Magnetococcus maneticum strain AMB-1 was directed to inaccessible tumor tissues by exploiting the phenomena of ferrohydrodynamics. The two distinct approaches combined to act as micropropellers enhancing the co-delivery of NPs resulting in increased extravasation and tissue penetration (Figure 2) (Schuerle et al., 2019).

Recent molecular studies have highlighted a number of genes and proteins that play important roles in bacterial magnetic particles' synthesis and biomineralization. Further, genetic engineering techniques have enabled creation of fusion proteins, in which certain foreign protein domains could be anchored onto the natural transmembrane proteins associated with the magnetosome like Mms13, Mms16, and MamC and then applied for targeting or biomarker recognition agents (Yoshino et al., 2010). Thus, instead of chemical modifications on the magnetosome that might exert toxic effects, genetic engineering modifications allow expression of functional proteins on the magnetosome membrane. In a recent experiment, a biomodified magnetite nanoparticle was developed using the Mms6 protein and the barnase*barstar high-affinity protein pair to efficiently recognize and target HER2/neu tumor marker on the surface of cancer cells (Kotelnikova et al., 2018). In another interesting experiment, unmodified magnetotactic bacteria was formulated as DNA carriers using AuNP as a transmembrane facilitator to endocytosis. The gene fragment was loaded under anaerobic condition when the bacteria remains alive and then is exposed to air (killing the cells) where magnetic hyperthermia causes rupture of the cells releasing the encapsulated DNA (Figure 2) (Alsaiari et al., 2016).



Diatoms Si Nanosystems

No study on microbial fabrication of nanoparticles can be complete without special focus on diatoms. Diatoms are unique photosynthetic unicellular microalgae that provide a natural source of mesoporous silica which turn out to be good candidates for drug delivery applications (Uthappa et al., 2018; Delasoie and Zobi, 2019). The production of biogenic silica begins with internalization of the soluble form of silicon, orthosilicic acid Si (OH)4 using specific transporter proteins. Inside specialized intracellular compartments, named silica deposition vesicles (SDVs), Si (OH)4 is converted into SiO2 network with the help of long chain polyamines, silaffin proteins, and silacidin peptides (Lechner and Becker, 2015). The diatoms' cell wall, collectively known as the “frustule” has been one of the most impressive examples of natural 3-D architecture of highly differentiated amorphous silica (SiO2) (Grachev et al., 2008). The siliceous frustule makes up the diatom skeleton which comprises the nanoscaled hypotheca and epitheca valves; it is this special structure that assigns it an attractive template for drug delivery applications. Moreover, reactive silanol (SiOH) groups can chemically modify the frustule surface, thus improving drug loading/release kinetics. Addition of other reactive groups (-NH2, -COOH, -SH, and -CHO) can further be utilized in several biomolecule (e.g., enzymes, proteins, antibodies, peptides, DNA, aptamers) conjugation (Rhea et al., 2017).

Terracciano (Terracciano et al., 2015) reported a study on diatomite nanoparticles (DNPs) based on PEGylation and peptide bioconjugation so as to enable solubilization of the otherwise insoluble anticancer drug Sorafenib, thereby achieving enhanced cellular uptake, loading/release kinetics. A dual drug chemotherapy is often desired in treatment of resistant tumors; however, the desired outcome, synergistic effect of the drugs in combination becomes a challenge. A diatomaceous earth embedded gel system was developed encapsulating the two drugs in different compartments thus controlling the release rate at optimal molar ratios in vitro (Figure 3) (Kabir et al., 2020). In another classical experiment achieving successful dual drug chemotherapy against colorectal cancer, anticancer agents 5-FU and Curcumin were loaded onto diatom-derived porous SiNP and magnetic bacterial nanowires. The two systems were then combined together using droplet-based microfluidics. The targeted release of the drugs was further ensured by fabricating the microspheres using hypromellose acetate succinate polymers, which are insoluble in the acidic medium of the stomach but soluble at basic pH (colon and rectum) (Figure 3) (Maher et al., 2017).
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FIGURE 3. Application of Diatom based NPs in drug delivery. (A) Dual drug chemotherapy approach using Diatomaceous SiNP and bacterial magnetic nanowires. The drugs are released specifically in the colon region in pH responsive manner and under magnetic field (Maher et al., 2017). (B) The drugs were encapsulated in Diatomaceous Earth Microparticles (DEMP) either in siliceous core or in β-CD and Adamantane (β-CD:Ad) micelles. Matrix MetalloProteinases-2 (MMP-2) specific peptide substrate was used as a linker between DEMPs core and βCD:Ad shell for stimuli responsive drug release into tumor tissue (Kabir et al., 2020).


The first successful attempt at siRNA delivery with effective gene silencing using DNPs was demonstrated by Rhea et al. (2014). In a similar context, a new customized B-cell lymphoma therapy based on target-specific receptor-mediated DNPs was reported by Martucci et al. (2016) as gene delivery systems.

The design of multifunctional platforms integrating multiple components at nano scale to create hybrid nanodevices have also been attempted with diatoms. Todd et al. (2014) reported, for the very first time, Iron oxide nanoparticles encapsulated within the surface of diatom frustules for in vivo delivery of anticancer molecules as a magnetically active device. The results demonstrated sufficient accumulation of the drug at tumor site, almost six times higher than the control, under the influence of magnetic field. Losic et al. (2010) fabricated magnetically guided drug carriers for dopamine delivery using electrostatic interaction between the cationic Fe3O4 magnetic complex and anionic diatom frustules. Smart hybrid diatom-based devices incorporating diatomaceous biosilica with inorganic materials like titanium dioxide, semiconducting (Si-Ge), and metal (Au) scaffolds have been reported (Maher et al., 2018; Terracciano et al., 2018). A hybrid Au-diatomite NPs as innovative multifunctional device for imaging and drug delivery purposes was obtained (Terracciano et al., 2018). The nanostructure exhibited favorable optical properties, giving a clear surface plasmon resonance band in the UV-vis spectra at 550 nm.

Diatoms have also been studied as an exceptional biotemplate for drug delivery applications owing to species-specific ordered architecture and flexibility for surface modifications (Chao et al., 2014). Some of the best illustrations of biotemplating are formation of metal nanowires due to intercalation of metal complexes in DNA strands (Li N. et al., 2019), Tobacco Mosaic Virus as the viral template to fabricate nanocrystals (Wnek et al., 2013) and replicating morphology of pollen grains to create TiO2 microspheres (Yang et al., 2014). It is high time that the full potential of diatoms based drug delivery systems (DDS) is unfolded by necessary authorization in biomedicine application just as amorphous silica from diatoms have been approved for use in food and agriculture industry by the US FDA and is Generally Recognized as Safe (GRAS, 21 CFR Section 573.340).



Other Microorganisms Nanoparticles

Although magnetotactic bacteria and diatoms have drawn privileged focus in terms of designing numerous drug delivery applications, several other microorganisms including bacteria, yeast, fungi, and viruses have also been reportedly used in drug delivery formulations. There are numerous reports of biosynthesis of Gold and silver nanoparticles (El-Sherbiny and Sedki, 2019; Huang et al., 2019; Liu et al., 2020). AuNPs are applied due to their unique opto-electronic properties as well as low toxicity; while AgNPs are well-known for their antimicrobial activity. However, it is the antiangiogenic property of these metal NPs that is of relevance in potential biomedical applications. In order to study anti-angiogenic property of metal nanoparticles, Ag, Au, and Si as well as C nanostructures were assessed, among which Au NPs of avg size 20 nm and spherical shaped particles were found to cause maximum effect on the tumor cells (Saeed et al., 2019). AuNP and AgNP produced by the reduction of gold chloride (AuCl4) in Stenotrophomonas maltophilia (Huang et al., 2019) and reduction of silver nitrate (AgNO3) using optimized nitrate reductase fermentation in Bacillus licheniformis (Vaidyanathan et al., 2010) respectively, show good antitumor potential by way of inhibiting VEGF-mediated angiogenesis (Kalishwaralal et al., 2009). In particular gold particles work best in the photothermal destruction of tumor cells (Dhanalekshmi et al., 2020). Probiotic bacteria are known to be beneficial for human health. Researchers took the services of these biofriendly bacteria to synthesize a hybrid peptide-AuNP loaded with ginsenoside compound K (CK) (GNP-CK-CopA3). The intracellularly placed nanoconjugate was used to specifically target the macrophages and brought considerable reduction in Reactive Oxygen Species (ROS) and pro-inflammatory cytokines at genetic level (Liu et al., 2020) (Figure 4).
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FIGURE 4. Application of viruses, bacteria, and yeast cells in drug delivery and targeting. (A) RNA phage VLP as scaffold for foreign epitopes or encapsulating immunostimulating adjuvants (CpG) in vaccine delivery, drug or gene delivery and as bioimaging agents for MRI and PET based diagnosis (Pumpens et al., 2016). (B) Active targeting of a biosynthesized peptide CopA3 surface conjugated and ginsenoside compound K (CK) loaded gold nanoparticles (GNP-CK-CopA3). The particles, once internalized in macrophages, efficiently suppressed expression of pro-inflammatory cytokines through inhibition of NF-κB and MAPK signaling pathways (Liu et al., 2020). (C) Biosynthesis of HydroxyAPatite (HAP) nanoscaffold inside yeast cell for dual responsive drug delivery against tumor (Ma et al., 2018). VLP Virus Like Particles, FA Folic Acid, PDDA Poly- (Diallyl Dimethyl Ammonium chloride).


Among the metal nanoparticles, Silver AgNPs have gained paramount interest due to their unique physicochemical and biological characteristics. Moreover, advancement in synthetic chemistry have led to development of many peptide-based therapeutics in the market (Kaspar and Reichert, 2013). The two concepts when combined together form “value-added” constructs with new important properties like increased potency, site of action targeting capability, decreased toxicity not previously possessed by the NPs alone. Some commonly applied peptides conjugated to AgNPs are transactivator of transcription (TAT) and TAT-like peptides, Arginylglycylaspartic acid (RGD) peptides, the pep-1 peptide. The peptide conjugated NPs have found numerous applications in biomedical field including intracellular delivery, drug delivery, and cancer therapy (Ramesh et al., 2016). In another study, kappa-selenocarrageenan, the organic Selenium, served as reducing and capping agent for biosynthesis of a multifunctional AgNP that might have great applications in multiple areas like medicine, disease diagnostic, and drug delivery (Jin et al., 2019). An aqueous extract of the cyanobacteria Oscillatoria limnetica fresh biomass was used for the green synthesis of Ag-NPs. It exhibited strong antibacterial activity against multidrug-resistant bacteria (Escherichia coli and Bacillus cereus) as well as cytotoxic effects against both human breast (MCF-7) cell line and human colon cancer (HCT-116) cell line (Hamouda et al., 2019).

Selenium nanoparticles (SeNPs) confer low cytotoxicity compared to Se compounds and possess excellent anticancer and therapeutic properties making them appropriate for different medicinal applications (Wadhwani et al., 2016). Biogenically made SeNPs remain stable due to natural organic coating and do not aggregate with time. These nanoparticles may be localized extracellular, intracellular, or membrane bound depending on the source and culture conditions. Cellular uptake and anticancer activity were evaluated of surface derivatized Spirulina polysaccharide SeNPs that inhibited cell growth through induction of apoptosis, DNA fragmentation and chromatin condensation (Yang et al., 2012).

Green synthesis of Platinum (Pt) NPs using herbal extracts, brown seaweed Padina gymnospora, Gram positive Streptomyces bacterial strains as well as fungal Fusarium oxysporum were assessed. The metallic NPs from the bacterial and algal species exhibited significant cytotoxicity when tested against human breast cancer cell line MCF-7 and A549 lung carcinoma cell lines respectively. They were also found compatible with red blood cells with no observed hemolysis implying their potential biomedical applications (Fahmy et al., 2020). Cadmium sulfide (CdS) nanocrystals were synthesized by the non-sulfur bacterium Rhodopseudomonas palustris growing on cadmium sulfate (CdSO4) (Bai et al., 2009) which were used in the design of biosensing devices for molecular diagnosis (Daneshpour et al., 2018). A cell-free supernatant of actinobacteria was used to synthesize Fe-NP revealing its strong antioxidant and antimicrobial activity. The results on its cytotoxic effect on prostate cancer cell lines illustrated its utility in a wide range of biomedical field (Rajeswaran et al., 2020). In a yet to be published article, iron-oxide nanoparticle biosynthesized by a unique halophilic archaea Halobiforma sp. N1 has been reported. The product is being optimized for large scale production as a potential hyperthermia treatment for cancer therapy (Salem et al., 2021).

Alike Diatoms and viruses, yeast cells could also be used as a biotemplate core to synthesize Strontium loaded microspheres. It had good biocompatibility and served as a potential drug release system for the bone regeneration field (Huang et al., 2016). As a biotemplate, yeasts were used to fabricate another biocompatible Mg-doped CaCO3 microcapsules (Li et al., 2017). Due to higher biosorption capacity toward metallic ions the composite microcapsule revealed better cytocompatibility when co-cultured with mouse mesenchymal stem cells. An advanced and intelligent yeast cell based intracellularly fabricated hydroxyapatite nanoscaffold carrier was constructed with a large loading capacity for drugs (Figure 4). The nHAP-yeast was further functionalized with folic acid showed dual responsive release profile as the anaerobic microorganism tends to seek oxygen deficient environment prevailing in tumor space and folate-dependency character of tumor drives the particles to tumor site (Ma et al., 2018).

The unique capability of viral proteins to assemble as supramolecular cages and the possibility of displaying specific molecular ligands can lead to production of highly organized, functionalized nano-vehicles for drug delivery (Petrenko and Jayanna, 2014) (Figure 4). Some of the characteristics that phages possess such as the monodispersity of phage particles, their production in easily cultivable bacterial species, their self-assembling feature and the different morphological types of particles, make them interesting nanoparticulate entities, although phages themselves have not been explored as biomaterials. Viruses tend to adopt self-mineralization under metal-ion-abundant conditions as a means of bioprotection while they are off their host cells (Wang et al., 2018). Much attention has been given to virus-mediated biosynthesis of nanoparticles via biomimetics. Bacteriophages including Tobacco Mosaic Virus (TMV) (Wnek et al., 2013) and other viruses can be easily engineered into different nanoconstructs. SiO2 nanocapsules were synthesized using CowPea Mosaic Virus (CPMV) as template at room temperature without using any catalyst or surfactant (Kumar et al., 2015). The concept of using RNA phages as encapsulating and targeting capsid agents was developed as early as in the 1990's. RNA phage virus-like particles demonstrating coupling of coat protein with different organic (peptides, oligonucleotides, and carbohydrates) and inorganic (metal ions) compounds have been applied as nanosystems for targeted drug delivery, and bioimaging tools (Pumpens et al., 2016). In addition, metal-based nanowire constructs with phages as scaffolds have long been fabricated in vitro with potential applications in different biomedical fields, including biosensing (Harada et al., 2018).



Nano-Organics

The diversity of microbial metabolic pathways has opened up an enthusiastic opportunity to exploit microbial cells as “biofactories” to produce nanostructured and functional agents (Choi et al., 2018). Microbial population can well be utilized for their ability to chelate and assemble metals into organized crystalline nanostructures as discussed in previous sections; alternately, the cells can become sources of metabolites like biopolymers that can be biofabricated as nano-organic materials with appealing applications in biomedicines. These biopolymers are mostly biologically favored polymers that would get internalized in mammalian cells and rapidly degraded asserting their suitability as clinical applicants.

Microbial enzymes are known to have wide industrial application ranging from textile, leather, food-based industries, and paper and pulp industry, cosmetic and detergent industry. Immobilization of enzymes onto both organic and inorganic supports achieves greater productivity, capability of automation, and scale up. These microbially-derived catalytic molecules can also be aggregated into clustered assembly of protein structure in nanometer dimension. Such Enzyme Nanoparticles (ENPs) exhibit unique physicochemical properties, besides, increased surface area for catalytic activity (Yadav et al., 2018). The enzyme nanoparticles have been prepared using simple desolvation techniques akin to biopolymeric gelatin nanoparticle synthesis (Hathout and Metwally, 2019) followed by crosslinking within their self in a controlled fashion. These nanoparticle aggregates can be functionalized and then immobilized bringing about leap fold improvement in their overall application process. Direct immobilization of enzyme nanoparticles has been well-applied as a promising strategy for designing highly efficient biosensing or biomedical devices, enzyme reactors and biofuel cells. Liu et al. (2005) reported for the first time the covalent immobilization of thiolated horseradish peroxidase NPs aggregated onto Au electrode. Thereafter, several microbial enzymes formulated into nanoparticle aggregates and employed in making biosensors such as glucose oxidase from Aspergillus niger (Kundu et al., 2013), cholesterol oxidase (Aggarwal et al., 2016) and uricase from Candida sp. expressed in Escherichia coli (Chauhan et al., 2014). The preparation, characterization and application of enzyme nanoparticles have been well-documented by Prof Pundir (Yadav et al., 2018).

Polyhydroxyalkanoates (PHA) constitute another microbial derived polymer attractive for biomedical applications due to their exceptional biodegradability and biocompatibility (Li and Loh, 2015). Both Gram-positive and Gram-negative bacterial genera such as Pseudomonas, Bacillus, Ralstonia, Aeromonas, Rhodobacter, among others, can be sourced for obtaining PHA (Rehm and Steinbüchel, 1999). Microbes generally hold PHAs as insoluble granules in inclusion bodies as a carbon and energy source. Great biocompatibility, non-cytotoxicity and its aliphatic nature makes them a prospective polymeric nanocarrier for controlled drug release of difficult to administer hydrophobic compounds (Li and Loh, 2015). Some bacterial PHAs, such as poly-3-hydroxybutyrate P(3HB), 3-hydroxybutyrate and 3-hydroxyvalerate co-polymers P(3HB-3HV), poly-3-hydroxyoctanoate P(3HO), and poly-3-hydroxybutyrate-co-3-hydroxyhexanoate P(3HB-3HHx) are useful in tissue engineering, in wound dressing, and as carriers, scaffolds and drug delivery platforms (Singh et al., 2019). Lu and his team fabricated an emulsifier free P(3HB-3HHx) based nanoparticles using a modified solvent diffusion method (Fan et al., 2018). Emulsifiers are known to be difficult to eliminate even after repeated washing during preparation of polymeric NPs (Shakesheff et al., 1997). This P(3HB-3HHx) NP was wholly biofunctionalized using the PHA granule-associated protein PhaP fused to an Epidermal Growth Factor Receptor (EGFR)-targeting peptide and tested for their enhanced cellular uptake in human colon cancer cell lines as well tumor targeting ability in vivo. In another study, P(3HB-3HHx) was fabricated into nanoparticles for encapsulation of several hydrophobic kinase inhibitors (Lu et al., 2010). It was observed that the drug-loaded P(3HB-3HHx) NPs achieved higher drug loading efficiency as well as better sustained release than polylactic acid (PLA) NPs. PHA particles containing Rhodamine B Isothiocyanate along with a targeting moiety consisting of the PhaP protein fused with mannosylated human glycoprotein and human epidermal growth factor, specifically recognize and bind macrophages and hepatocellular carcinoma cells thus achieving targeted drug delivery (Yao et al., 2008). This illustrated how bacterial polymers could turn into an intelligent system for cell targeting purposes.

Inclusion bodies, that holds biomedically useful macromolecules such as PHA have long been considered undesired byproducts. Recombinant protein production in bacterial micro-factories do not always function in a physiologically perfect fashion and causes accumulation of insoluble protein aggregates inside the cell that never reach their native conformation (Gasser et al., 2008). These protein aggregates, also known as inclusion bodies, ranging in size from 200 to 500 nm, have been characterized as self-organized, stable bodies (Margreiter et al., 2008), that being fully biocompatible, can be used, for instance, in tissue engineering and regenerative medicine. In addition, they are now being recognized as biologically functional materials, and using genetic approaches like for example, inactivation of specific genes determining cell quality control, such as dnaK encoding a chaperone or clpP encoding a protease, inclusion bodies offer an interesting platform for tailored biofabrication of nanosystems for biomedical applications (García-Fruitós et al., 2010).

Microbial polysaccharides particularly, exopolysaccharides (EPSs) have drawn immense potential in biomaterial science as a source for fabrication of colloidal-based nanoparticles. Besides their functional role in biofilm formation and as defense tools against abiotic and biotic environmental stress (Poli et al., 2011), EPSs are good metal chelators and functionalized polymers, where various metal ions tend to get reduced and stabilized in colloidal state nanoparticles. Microorganisms produce these polysaccharides in enough quantities when the reactor culture is kept under limiting conditions of nitrogen or oxygen with excess of carbon source in the growth environment (Poli et al., 2011; Roca et al., 2015). A number of structurally known EPS like succinoglycan, dextran as nanoparticle capping or stabilizing agent, xanthan gum for the stabilization and synthesis of AuNPs, FeNPs, and PdNPs, Mauran from an extremophilic bacteria, their mechanism of NP synthesis has been well-reported (Sathiyanarayanan et al., 2017). AuNPs were prepared by EPS, extracted from Lactobacillus plantarum and functionalized with multiple antibiotics to treat multidrug resistant (MDR) bacterial infections (Pradeepa et al., 2016).

Dextrans and derivatives produced from Leuconostoc sp. growing on sucrose, Streptococcus, Lactobacillus, and Gluconobacter sp have been used in controlled release system in nasal and colon targeting (Mellors et al., 2010; Huang and Huang, 2019). Xanthan is another anionic and a naturally acetylated cellulose derivative from Xanthomonas campestris. It is an industrially popular biomolecule available since 1964; also, been used as an effective drug carrier and in situ bioadhesive nasal insert for extended drug delivery (Becker and Vorhoelter, 2009). Similarly, Gellan gum is an anionic but deacetylated exopolysaccharide obtained from Sphingomonas paucimobilis; has a characteristic temperature and ion dependent gelling property, is suitable for controlled release of antibiotics against stomach ulcer (Rajinikanth and Mishra, 2009). It showed long lasting stability and sustained release over an 8 H period. A multifunctional magnetic nanoparticle coated with two bacterial EPS-Mauran and Gellan Gum along with a targeting moiety, folate encapsulating a potent anticancer drug, 5-fluorouracil (5-FU) was developed (Sivakumar et al., 2014). More than 80% of cancer cells was killed within 60 min of magnetic hyperthermia application. A biopolymer (Chitosan) - bacterial polysaccharide complexed nanoparticulate formulation was synthesized using Mauran, the sulfated EPS extracted from a halophilic bacterium, Halomonas maura (Raveendran et al., 2013). The nanoparticles worked as a pH sensitive drug release system with a sustained and prolonged delivery of 5-FU for more than 10 days under three different pHs of 4.5, 6.9, and 7.4. Chitosan based nanostructures are popular drug delivery agents due to its biodegradability, biocompatibility, and its ability to form hydrogel. El Sherbiny et al. have demonstrated green synthesis of Silver (Ag) and Gold (Au) hybrid nanoparticles with Chitosan and a plant extract as reducing and stabilizing/capping agent (El-Sherbiny and Sedki, 2019). Gold nanoparticles (AuNPs) of fungal origin using microbial glycolipid mannosylerythritol lipid (MEL) produced from Ustilago maydis was biofabricated with potential biomedical activities against HepG2 cells and inhibited the growth of gram-positive and gram-negative pathogens (Bakur et al., 2019).

Although alginates are mostly extracted from brown seaweeds, some tailor-made acetylated alginates produced by Azotobacter and Pseudomonas genera have been applied as a dressing in surgery and wound management or matrix for the entrapment and delivery of proteins and cells (Remminghorst and Rehm, 2009). Hyaluronic acid (HA) is an extracellular capsular biopolymer synthesized by Lancefield group A and C Streptococci (Izawa et al., 2011). HA-based nanoformulations have been explored in formulating drug delivery systems and as hydrogel matrix in tissue engineering on account of its viscoelastic properties, its ability to inhibit platelet adhesion, and a complete lack of immunogenicity. The self-assembling nanoparticles served as a long-lasting ocular delivery product (Ibrahim et al., 2010) and also in the intravenous delivery of antitumor drugs, proteins, or nucleic acids (Ossipov, 2010).

Iron Oxide NPs, due to their high surface energy tend to aggregate rapidly in aqueous media. When combined with bacterial nanocellulose, such metal oxide NPs show improved dispersion as the polysaccharide provides an excellent biocompatible shell to tackle the issue of aggregation and delay the immune recognition too. Several bacteria and fungi such as Komagataeibacter, Agrobacterium, Pseudomonas, Rhizobium, or Alcaligenes secrete nanofibrillar cellulose as an exo-polysaccharide (Gorgieva and Trček, 2019). These biosynthesized cellulose bear higher crystallinity, purity, and water uptake capability besides biodegradability (Oprea and Panaitescu, 2020).

Several poly-(amino acids) like poly (γ-glutamic acid) (γ-PGA) are produced by bacteria, nanoparticles of which has been used as efficient drug carriers of erythromycin and α-chymotrypsin (Portilla-Arias et al., 2009). Poly (ε-lactides) (ε-PL) is a linear cationic polymer secreted by some of the Streptomyces strains (Saimura et al., 2008), have been applied as high-water retaining hydrogels in drug delivery and biosensing devices. In addition, poly ion complex nanoparticles with composition of biodegradable poly (gamma-glutamic acid) L-phenylalanine (γ-PGA-Phe) and poly(epsilon-lysine) (ε-PL) were tested under physiological conditions as multifunctional carriers for drug and vaccine delivery (Akagi et al., 2010).

Multi-L-arginyl-poly (L-aspartic acid) also called Cyanophycin (cyanobacterial origin), is a polymer of aspartic acid backbone, with arginine residues linked to the β-carboxyl group of each aspartic acid. It generally accumulates as cytoplasmic inclusions in most of the cyanobacterial cells and various chemical, enzymatic manipulations have resulted in derivatives with high biomedical potential (Lockau and Ziegler, 2006).

Thus, the basic advantage of bio-assisted fabrication of nanomaterials lie in their flexibility to modulate the quality of final product through organism-level biotechnological interventions or by simply changing the different conditions under which bacterial cells are cultivated. The wide diversity in microbial processing of metals, development of innovative nano-products, both inert and functionalized, not only provide solid proof of concept evidence of an emerging tool in basic nanomedicine, including tissue engineering, imaging and cancer therapy. The combination of some unique derivatization of microbial polymers along with properties attained at nanoscale have made such materials especially suitable to fill gaps in some of the most pressing needs of developing modern day nanomedicines.




CONCLUSION REMARKS AND FUTURE OUTLOOK

Microbially derived metal nanoparticles are highly organized structures comprised of metal atoms or metal oxides with diverse applications in nanotechnology. The article presented a focused review on biosynthesis of metal nanoformulations by different microbial groups and their biomedical applications as a drug delivery and targeting agents. The potential of nano-organics derived from microbial cells have also been explored as a stabilizing and solubilizing agent besides their ability to allow functionalization on their surface. Bacterial magnetic nanoparticles are popular among biomedical researchers in their obvious utility as passive delivery agents of drug/gene fragments under an external magnetic field. Apart from several nanoformulations derived from bacteria, yeast, fungi, algae, the unique amorphous siliceous frustules of diatoms found important applications in drug delivery as well as in biotemplating.

Although naturally occurring microorganisms have been widely employed for the synthesis of several metal nanoparticles, their efficiency remains quite low; the size and composition of nanoparticles need to be better regulated. The limitation might also be attributed to implications of metal toxicity in living systems. Recently, scientists have called for act of balancing between positive therapeutic effects of metal oxide nanoparticles and their toxic side effects (Nikolova and Chavali, 2020). Long term toxicity may be induced due to delayed elimination, absence of dissolution/biodegradation followed by generation of intercellular reactive oxygen species (ROS), DNA damage, and triggered apoptotic cell death (Saptarshi et al., 2015; Shevtsov et al., 2018).

The global nanomaterials market is estimated to grow at a compounded annual growth rate (CAGR) of ~20% during the period 2016–22. With regard to clinical applicability and acceptability by the regulatory authorities, it should be noted that so far only three metal-based particles have been approved by the US FDA as per a report published in 2016 (Bobo et al., 2016). While majority of FDA-approved nanomedicines rely on passive targeting either via the EPR effect or under magnetic hyperthermia, there is a clear trend in emerging studies toward development of more complex functionalized systems for active targeting. This would further increase drug accumulation and ultimately bring about efficacy in the therapeutic potential at the disease site, while reducing reach in other organs.

The concept of “green chemistry” (design and synthesis of industrially viable products using environmentally sustainable precursors) synthesis and “white biotechnology” (harnessing the potential of living cells to synthesize products at industrial scale) when combined together, can significantly contribute to development of more sustainable industrial processes. Biotechnological approaches could allow screening of those gene sequences responsible for nanoparticle synthesis and a possible heterologous expression might enhance nanomaterial production efficiency. For instance, recombinant E. coli strain co-expressing enzymes metallothionein and phytochelatin synthase was constructed and employed as a highly efficient model host microorganism to biosynthesize as many as 60 different nanomaterials in both in vitro and in vivo conditions (Choi et al., 2018). The strategy allowed biogenic synthesis of nanomaterials with various properties, providing a platform for manufacturing different nanomaterials in an ecologically friendly manner. However, microbial synthesis still cannot compete with chemical synthesis as the yield might not exceed by 1/3rd (Ovais et al., 2018). Despite the limitations, harnessing microorganisms for production of metal nanoparticles is very much favored considering the elimination of organic solvents, chemical stabilizing agents, and other environmental concerns during their synthesis.
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