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Abstract

:

Nanoscience and nanotechnology shows immense interest in various areas of research and applications, including biotechnology, biomedical sciences, nanomedicine, and veterinary medicine. Studies and application of nanotechnology was explored very extensively in the human medical field and also studies undertaken in rodents extensively, still either studies or applications in veterinary medicine is not up to the level when compared to applications to human beings. The application in veterinary medicine and animal production is still relatively innovative. Recently, in the era of health care technologies, Veterinary Medicine also entered into a new phase and incredible transformations. Nanotechnology has tremendous and potential influence not only the way we live, but also on the way that we practice veterinary medicine and increase the safety of domestic animals, production, and income to the farmers through use of nanomaterials. The current status and advancements of nanotechnology is being used to enhance the animal growth promotion, and production. To achieve these, nanoparticles are used as alternative antimicrobial agents to overcome the usage alarming rate of antibiotics, detection of pathogenic bacteria, and also nanoparticles being used as drug delivery agents as new drug and vaccine candidates with improved characteristics and performance, diagnostic, therapeutic, feed additive, nutrient delivery, biocidal agents, reproductive aids, and finally to increase the quality of food using various kinds of functionalized nanoparticles, such as liposomes, polymeric nanoparticles, dendrimers, micellar nanoparticles, and metal nanoparticles. It seems that nanotechnology is ideal for veterinary applications in terms of cost and the availability of resources. The main focus of this review is describes some of the important current and future principal aspects of involvement of nanotechnology in Veterinary Medicine. However, we are not intended to cover the entire scenario of Veterinary Medicine, despite this review is to provide a glimpse at potential important targets of nanotechnology in the field of Veterinary Medicine. Considering the strong potential of the interaction between the nanotechnology and Veterinary Medicine, the aim of this review is to provide a concise description of the advances of nanotechnology in Veterinary Medicine, in terms of their potential application of various kinds of nanoparticles, secondly we discussed role of nanomaterials in animal health and production, and finally we discussed conclusion and future perspectives of nanotechnology in veterinary medicine.
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1. Introduction


In the present status of health care technologies, Veterinary Medicine will enter a phase of new and incredible transformations. Recently, nanotechnology offers great significant contributions for the development technology in human and Veterinary Medicine, particularly to create new knowledge and make it translation in to the field. Nanotechnology is one of the key technologies of the 21st century and it could offer numerous benefits to the human as well as animal for the developments various competitive devices in wide range of sectors, which would directly help human welfare. Nanotechnology is a multidisciplinary approach using principles of various subjects, including physics, chemistry, material science, biology, engineering, and medicine. Nanoparticle strictly refers to 1–100 nm in size [1]. Recently nanotechnology and nanomedicine offers significant contribution to clinical therapeutics using biocompatible nanoscale drug carriers, such as liposomes, micelle nanoparticles, dendrimer nanoparticles, polymeric nanoparticles, and metal nanoparticles for more efficient and safer delivery of various anticancer drugs. The nanoparticles mediated drug delivery provides longer circulation half-lives, improved pharmacokinetics, and reduced undesired side effects [2,3,4,5]. Nano-sized materials were employed to improve pharmacological therapies, novel modalities for the treatment and diagnosis. The new technology of nanomedicine increases the efficacy of delivery and potential in cancer treatment, particularly to decrease bio-distribution of a drug, thereby reducing off-target side effects, whilst increasing drug exposure to target cells only [6,7]. Nanoparticle based therapy could improve the balance between the efficacy and the toxicity of systemic therapeutic interventions [2]. Nanoparticles can carry a high dose of drug payloads; it would overcome the small molecules drugs, which are susceptible to transmembrane diffusion [8]. Nanomedicine offers several nanoparticulate platforms such as liposomes, liposome composites, lipid micelles, polymer micelles, polymer drug conjugates, dendrimers, protein carriers, biologically synthesized nanoparticles, and inorganic nanoparticles, as a drug delivery vehicle and some cases nanoparticles acting as cytotoxic and bio-imaging agents. Veterinary medicine is an important aspect taking care of health care in dairy industry to overcome the significant economic loss.



Domestic livestock are primary source for the living and getting revenue of more than 600 million farmers in developing countries and contribute to about 30–35 per cent of agricultural gross domestic product [9]. Devastating outbreaks of new diseases and re-emergence of old infections in animals lead to unbelievable loss of income for livestock keepers [10]. The delay of detection and controlling zoonoses is associated with spread of the vulnerable infection to entire herds and humans. Therefore, it is essential to explore the novel technology to prevent and treat the diseases that are caused by various microorganisms to the veterinary animals. The recent development in nanoscience and nanotechnology helps several areas of research and applications in Veterinary Medicine by developing new diagnostic tools and the development of new forms of treatments, which facilitate increasing the longevity and improve the quality of life of veterinary animals. Nanotechnology is specifically defined as the design, characterization, and application of structures, devices, and systems by controlling shape and size at the nanometer scale level (ranging from 1 to 100 nm) and nanomedicine considered to be offers a more strategic approach, these smaller size of particles can encapsulate and deliver drugs to dramatically enhance their effectiveness. Associating a therapeutic molecule with a nanoparticle can enhance its solubility by orders of magnitude, allowing for hydrophobic drugs to be carried more easily through the bloodstream. This could help to address a serious challenge in pharmacology, since an estimated 40 per cent of new drugs are poorly soluble in biological fluids [4]. In addition, nanoparticles can also enable the controlled release of the drug, or deliver two different drugs simultaneously to give a more powerful combination therapy. Most of the studies either beneficial or cytotoxic effects have been done on rodents as in vivo models due to the similarity in biochemical and physiological pathways with human metabolism, but limited studies are only available in veterinary animals [10]. However, the clinical studies were performed in both primary research focused on the treatment and diagnosis of veterinary diseases and translational research in which spontaneous diseases in animals can be used as models of human diseases. Based on the literature considering into account, this review focused on the basic principles behind the use of very commonly used nanoparticles for antimicrobial agents, drug delivery, diagnostics, vaccine formulation, feed additive, reproductive aides, animal growth, and animal production. Further, we discussed the clinical applications and limitations, providing the reader with a realistic synopsis of the practical applications of nanoparticles to veterinary medicine at present and in the near future.




2. Types of Various Nanomaterials Used in Veterinary Medicine


The variety of nanomaterials have been used for disease diagnosis, treatment, drug delivery, animal nutrition, animal breeding, reproduction, and value added products into animal products, including liposomes nanoparticles, micellar nanoparticles, polymeric nanoparticles, dendrimer nanoparticles, metallic nanoparticles, and carbon nanoparticles (Figure 1).



2.1. Liposomes Nanoparticles


Liposomes are small artificial closed spherical vesicles consisting of a lipid bilayer that encapsulates an aqueous phase in which drugs can be stored. The average size of liposome nanoparticle ranges from 100 to 2.5 mm. Liposomes are extensively used as carriers for numerous molecules in cosmetic and pharmaceutical industries due to its biocompatibility, biodegradability, low toxicity, and aptitude to trap both hydrophilic and lipophilic drugs, and it can deliver the drug to site specifically to tumor tissues [11,12]. Several practical applications of liposomes were developed by the pioneer work of Professor Greg Gregoriadis and collaborators [13,14], whereas Zolle et al. [15] developed albumin nanoparticles for numerous applications. Liposome mediated drug delivery offers improved pharmacokinetic properties, controlled and sustained release of drugs, less systemic toxicity, and precise drug delivery in cancer and which is best technology for multidrug resistant cancers [16]. The liposomes are composed of either synthetic or natural phospholipids. The physical and chemical properties of a liposome are controlled by the permeability, charge density, and steric hindrance of constituent phospholipids [17]. The special advantages of liposomes are that the physicochemical properties of liposomes can be precisely changed to control surface charge, functionality, and size by simply mixing commercially available lipid molecules. This offers a significant advantage over other carriers that require much more controlled synthesis steps and additional chemical modifications [18]. Although liposomes nanoparticles having variety of merits, still it has some challenges, such as instability in the bloodstream, poor solubility, burst release of drug, and severe side effects [19]. The efficacy of docetaxel is encapsulated into the liposome bi-layer was evaluated in human xenograft mice models for prostate, pancreatic, and non-small-cell lung cancer (NSCL cancer) showed partial tumor regression in 90% of the PC3 tumor xenograft model and improved efficacy in the pancreas model [20].



Recent advances in nanomedicine contributed a significant amount in the veterinary field and have found a wide variety of applications. Particularly, liposomes mediated drug delivery was much increased therapeutic substances in animals. Liposomes are nanosized phospholipid vesicles that can serve as delivery platforms for a wide range of substances [21]. Liposomes are easily formulated, highly modifiable, and easily administered delivery platforms. They are biodegradable and nontoxic and they have long in vivo circulation time [21,22]. Liposomes are divided into three types that are based on morphological characters, including multilamellar vesicles (500 to 5000 nm), large unilamellar vesicles (200 to 800 nm), and small unilamellar vesicles (100 nm). The liposomes mediated drug delivery was performed in dogs with canine splenic hemangiosarcoma (HSA) [21,22]. The results showed that liposome-encapsulated muramyl tripeptide enhanced antitumour potential and liposome-encapsulated muramyl tripeptide conjugated with phosphatidylethanolamine resulted in prolonged disease-free survival in the morbid canines [23,24]. Liposomes based vaccines were tested in various livestock, it exhibited strong immune responses against parasitic pathogens [25]. Liposomes have been used for targeted drug, imaging agent, vaccine, and gene delivery with promising results [25,26]. Nano-scale liposomes were formulated with different ratios of 1, 2-dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE), dihexadecyl phosphate (DCP), and cholesterol (Chol): DMPE, DMPE/DCP, DMPE/Chol, and DMPE/DCP/Chol were produced. The immunological responses were examined by using the newly formed nano-liposomes via porcine interferon gamma (IFN-γ) enzyme-linked immunospot (ELISPOT) assay in peripheral blood mononuclear cells (PBMC) of immunocompetent pigs. The porcine IFN-γ ELISPOT assay results revealed that DMPE/DCP most potently induced the IFN-γ secretion by PBMC, followed by DMPE/DCP/Chol and DMPE [27]. Liposomes based on phospholipids used as adjuvant and adjuvant carrier in various microbial diseases caused by different type of microorganisms, including P. malarie [28], Influenza Virus (INFLEXAL® V) [29], HAV (Epaxal®) HIV [30], and ICMV P. vivax [28]. Intraocular immunization with liposome-associated fimbrial antigens resulted in significant increases in IgA and IgG profiles, along with counts of antibody-producing lymphocytes in various livestock [31]. Malam et al. demonstrated detailed information about liposomes and nanoparticles as drug delivery agents [16].




2.2. Therapeutic Applications of Liposomes to Control Microbial Diseases in Veterinary Medicine


The target of human and veterinary medicine is first the treatment and prevention of diseases. In both cases, liposomes contributed major part in controlled release and targeted to specific sites without any side effects using liposomal formulations. Sallovitz et al. [32] described very extensively about bacterial diseases in human and veterinary medicine. Liposomal formulations have been addressed in several bacteria including Staphylococcus aureus, Salmonella species, Brucella species, and Mycobacterium species [33]. MacLeod and Prescott demonstrated that liposomally entrapped gentamycin was used to kill Staphylococcus aureus mastitis in bovine [34]. Liposomes containing dipalimitoyl phosphatadylcholine, and dimyristodylphosphatadyl glycerol encapsulating tobramycin showed considerable antibacterial effects against Gram positive and negative bacteria [35,36]. The nisin-based formulation showed better efficacy in the treatment of clinical mastitis in lactating dairy cows caused by several different mastitis pathogens on a commercial dairy farm [37]. Liposomes entrapped phage shows effective targeting against multidrug resistant bacterial infections [38]. The causative agent of chronic pulmonary bacterium called Mycobacterium avium intrinsic resistance conventional chemotherapeutic agents, however when treated with aminoglycosides shows more effective [39].



Fungi are known to cause diseases, including candidiasis, cryptococcosis, and histoplasmosis. Liposomal AmB (LAmB) is known to be effective and less toxic than conventional antimicrobial agents, which was demonstrated in several animal models [40,41]. Krawiec et al. demonstrated the high efficacy of LAmB in dogs infected with various degree of severity of blastomycosis [42]. The treatment of fungal pneumonia is tedious process and it is very difficult to treat animals. However, when the animals administered to LAmB showed more efficient and reduced level of disseminating [40]. The incorporation of photosensitizers (PSs) into liposomes, micelles, or nanoparticles seems to alternative and it is a promising approach to reduce the PS self-aggregation and to enhance the targeted delivery of the PS in various microbial diseases [43]. Khan et al. formulated liposomes containing amphotericin B in tuftsin showed enhanced efficacy against systemic cryptococcosis in leucopenic mice [44].



Viral diseases are the major source of morbidity, mortality, and economic loss in human and animals. Liposomes are reasonably increasing the drug efficacy without inducing toxicity to the host cells; it could target only replication of virus by delivering the drugs at specific sites. Liposomal entrapped ribavarin and 2’3’-dideoxycitidine have shown promising formulation for viral diseases [45,46]. Rhee et al. formulated hemagglutinin-derived synthetic peptide with a CpG-DNA-liposome complex, which induce the protection against lethal influenza virus [47]. The toxicity of a novel liposome formulated of meglumine antimoniate in dogs with visceral leishmaniasis, the results indicated that the newly formulated compounds exhibited significant cytotoxicity [48]. Sadozai and Saeidi dedicated exclusive review on recent developments in Liposome-based veterinary therapeutics [21].




2.3. Micellar Nanoparticles


Micellar nanoparticle was initially developed in the mid-1990s [49,50,51]. Micellar nanoparticles are frequently used in in transdermal therapeutics [52]. Micellar nanoparticles are a vigorous and versatile delivery system that can accommodate a range of therapeutic compounds having varying physicochemical properties [52]. Micellar nanoparticle mediated drug delivery offers a potentially fast, cost effective and higher loading capacity for using drugs. Micellar nanoparticle having with an average size between 8 and 125 nm and it can accommodate both water-soluble and poorly water-soluble active pharmaceutical ingredient (APIs). MNPs (Magnetic Nanoparticles) are composed of APIs; solvent; stabilizer; oil; and aqueous medium. Particularly the studies related to veterinary animals are very countable. For instance, Scott-Moncrieff et al. (1994) conducted to examine insulin uptake by micelles with bile-salty fatty acids in dogs [53]. Insulin combined with mixed micelles is entirely absorbed in dogs; however, the bioavailability is much lower than that observed in similar studies with rats. The comparative study was performed to determine biodynamic parameters of aqueous and water-disperse diminazene micellar in sheep erythrocytes and plasma in sheep. The study found that the surface-active substances improved intracellular penetration of the active substance through interaction with the cell membrane. In sheep blood erythrocytes, micellar diminazene accumulated more than its aqueous analog. This form was also more effective therapeutically than the aqueous analog. The study concluded that the use of micellar diminazene allows for the injection dose better in aqueous than water [54]. A randomized trial was conducted to determine the efficacy and safety of water soluble micellar paclitaxel (Paccal Vet) compared with free lomustine for treatment of nonresectable grade 2 or 3 mast cell tumors in dogs. The results exhibited that paclitaxel (micellar)’s activity and safety profile are superior to lomustine [55]. The oral supplementation of micellized natural vitamin E in race horses efficiently increased plasma α-tocopherol concentration than control, which suggests that the supplementation of micellized natural vitamin E maintained the general oxidative status of race horses under intense trainin [56]. Next study, the same authors conducted in adult and weaning piglets to determine the oxidative status by using lower oral doses of micellized α-tocopherol compared to α-tocopheryl acetate in feed modify fatty acid profiles. The study concluded that oral supplementation of sows (75 mg/day) and piglets (1.7 mg/day) with micellized natural vitamin E modified the fatty acid profile of piglet tissues and improved their oxidative status [57]. The bioavailability and pharmacokinetic parameters of tilmicosin, which is semisynthetic antimicrobial agent was supplemented to broiler chickens via oral administration using three different micellar nanoparticles, including solid lipid nanoparticles, nanostructured lipid carriers, and lipid-core nanocapsules. Among three different nanoparticles, tilmicosin that was prepared with lipid nanoparticles improved drug bioavailability and pharmacokinetic parameters in broiler chickens [58]. Troncarelli et al. described the importance of various nanoparticles as anti-microbial agent in veterinary medicine [59].




2.4. Polymeric Nanoparticles


Polymeric nanoparticles are derived from polymers, which are macromolecules that are composed of a large number of repeating units organized in a chain-like molecular architecture exhibiting a multiplicity of compositions, structures, and properties [60]. Due its compositions, structures, and properties that polymers are being used in nanoparticle systems to generate nanoparticles that are suited for each specific biomedical application. Polymeric nanoparticles are mainly used in drug delivery [60]. The following features are the main reason for the selection of polymer–drug conjugates as compared to the parent free drug, which has the ability for passive tumor targeting by the enhanced permeability and retention effect, decreased toxicity, increased solubility in biological fluids, ability to overpass some mechanisms of drug resistance, and finally ability to elicit immuno-stimulatory effects [3,61,62]. Both natural and synthetic polymeric nanoparticles have been used for the delivery of oligonucleotides, DNA, and protein and drugs. For instance, natural polymer, such as an albumin-paclitaxel nanoconjugate, was used for the treatment of metastatic breast cancer during phase III clinical trials [63]. Synthetic polymers for nanoparticles, such as N-(2-hydroxypropyl)-methacrylamide, copolymer (HPMA), poly(ethylene glycol) (PEG), poly (lactic acidglycolic acid) (PLGA), and poly(lactic acid) PLA were used as drug delivery agents both in vitro and in vivo studies [64]. Polymer-based nanoparticles being used in skin administration because of its controlled release. For example, Hydrogel (Carbopol® Ultrez 10 National Formulatory) containing dexamethasone as the active ingredient has shown potential use in controlled drug delivery for the treatment of psoriasis [65]. Nanoencapsulated siRNAs have been used for the management of pachyonychia congenital and for successful targeted delivery and inhibition of a test gene expressed in melanoma in human trials [66]. Synthetic polymeric nanoparticles, such as PLG, PLGA, PGE, Polystyrene, and Polyester Bio-Beds nanoparticles were used to target Toxoplasmosis and HIV, S. aureus, TB, Brucella abortus, antrhrax, Plasmodium vivax, HBV, Influenza Virus, HIV, P. malariae, TB, respectively [28,67,68,69,70,71,72,73,74,75]. Similarly natural polymeric nanoparticles were used in different diseases, including Inulin: ADVAX™ in Anthrax [76]; Listeria monocytogenes [77], Influenza virus [78], SARS-CoV [79], HBV [80], HIV, and JVE-WNV [81]. Alginate and pullulan composed nanoparticles used in various microbial diseases that are caused by Klebsiella pneumoniae [82], Pseudomonas aeruginosa [83], and Influenza virus [84], Difteria [85]. Similarly polymeric nanoparticles composed of chitosan were used in various microbiological diseases caused by E. coli O157:H7 [86], P. aeruginosa [87], Influenza virus [74], HBV [88], Filariasis [89], and Dengue [90]. Recently, Hill and Li demonstrated that the application of various nanoparticles in animal production [91]. Polymeric nanoparticles are being utilized for drug loading depends on characteristic features of polymeric nanoparticles, such as biocompatibility, targeting, degradation, and controlled release kinetics [92].




2.5. Dendrimer Nanoparticles


Dendrimers are highly branched, well defined, organic compounds with well-defined, regularly hyper branched and three-dimensional architecture and symmetrical structure. In addition, dendrimers are relatively low polydispersity, high and tunable functionality and molecule properties are significantly different than the linear counterparts [93]. The first family of dendrimers was the poly (amidoamine)s (PAMAM) [94]. The physical and chemical properties of dendrimers are mainly influenced by the structure. Dendrimers have been used extensively in biomedical applications and veterinary medicines due to cost effective, stability, monodisperse and controllable size, modifiable surface, functionality, multivalency, water solubility, high transfection efficiency, and the ability of dendrimers to penetrate the cell membrane [95,96]. Furthermore, the availability of numerous functional groups on the surface of particles enables the attachment of multiple copies of both the identical and the different antigens, and therefore enhances the immunogenicity of the vaccines [97]. Dendrimer based nanocomposites showed efficient antibacterial activity against various Gram positive and Gram negative bacteria. Synthetic oligonulceotides and antigens in biodegradable nanospheres were used for immunization. Dendrimers were demonstrated as promising tools for MRI imaging, gene transfer, and as antimicrobial agents [98,99]. Dendrimers offers various advantages in veterinary medicine for the transport of drugs as vehicle for various agents (e.g., genes and anticancer drugs) by complexation or encapsulation [100], to improve the pharmacokinetic behavior of currently available small-sized compounds from a broad extracellular to an intravascular distribution [101]. Further, dendrimers are frequently used in angiography, tissue perfusion determination, tumor detection, and differentiation [102]. Xiao et al. developed bioactive cell-like hybrids by the assembly of (glyco) dendrimersomes with bacterial membranes [103]. These hybrid vesicles contain transmembrane proteins, including a small membrane protein, MgrB, tagged with a red fluorescent protein, lipopolysaccharides, and glycoproteins from the bacterium Escherichia coli. These hybrid vesicles will be used for practical applications in human and veterinary animals. Samad et al. dedicated exclusive review on synthesis, characterization, and recent applications of dendrimers, particularly the clinical usage of dendrimers [104].




2.6. Metallic Nanoparticles


Metallic nanoparticles are nanosized metals with an average size between 1 and 100 nm. Under this definition, one can classify metallic nanomaterials in to four main categories. They are classified into four types, including metallic nanoparticles (0D), metallic nanowires and rods (1D), metallic sheets and platelets (2D), and metallic nanostructures (3D). Metallic nanoparticles show much interest in industry and academic due its physical and chemical properties; currently it has several applications in biotechnology, biomedical science, engineering, and nanomedicine [105]. The metallic nanoparticles can be synthesized and modified with appropriate functional groups that would allow them to bind with drugs, antibodies, ligands: substances of high interest in biomedical field [106]. Presently, antibiotic resistance in bacteria reached to been reaching a life-threatening level. At this juncture, exploring various options to address this problem, inorganic nanomaterials, like metal oxide nanoparticles, have emerged as promising candidates, since they possess greater durability, lower toxicity, and higher stability and selectivity when compared to organic ones [107]. Metal nanoparticles are mostly used in bio-sensing, bio-imaging and cancer thermotherapy by conjugating with various functional groups and yielding stable nanoparticles within the range beween 1 and 100 nm [108]. The use of selective nanoparticles in veterinary Medicine is discussed, as follows.




2.7. Silver Nanoparticles


Recently, silver nanoparticles (AgNPs) shows much interest in biomedical applications including diagnosis, treatment, drug delivery, medical device coating, wound dressings, textiles, and contraceptive devices as an antibacterial, antiviral, antifungal, anti-inflammatory, anti-cancer, and anti-angiogenesis [105,109]. The application of nanoparticles in veterinary medicine and animal production have been used as sensors, imaging, drug delivery, and tissue engineering, however the application of AgNPs in veterinary medicine is limited [110]. Biologically synthesized AgNPs with an average size of 60 nm with concentrations of 15 and 20 mg/kg of AgNPs-loaded vaccine injected into the mice and dogs. The in vivo toxicity also elucidated the safety of AgNPs and AgNPs-loaded vaccine in mice and dogs, respectively. Safety test for veterinary use was carried out on two healthy female dogs. After administration of AgNPs-loaded rabies vaccines, the animals were daily monitored for 14 days. The animals did not show signs of either disease or local and systemic reactions and no fever or death was observed due to the vaccine during monitoring. The study shows that AgNPs can be used as adjuvant in rabies veterinary vaccine. AgNPs interact with the virion surface as well with the virion core Peste des petits ruminants virus and it shows that there is no significant effect on the virucidal effect, instead it exerts a blocking effect on viral entry into the target cells [111]. The antiviral activity of tannic acid modified various sizes of AgNPs was studied. The study concluded that it required direct interaction and blocked virus attachment, penetration, and further spread [112].



Antibiotic resistant bacteria are a serious health risk in both human and veterinary medicine. Therefore, developing combined therapy contains low levels of antibiotics and AgNPs to enhance the antibacterial effect is a novel approach [113,114]. Several studies have shown that AgNPs exert a high level of antibacterial activity against antibiotic resistant strains in humans. The evaluation of antibacterial effects of a combined therapy of AgNPs and antibiotics against veterinary bacteria is limited. The majority of synergistic effects were observed for combinations of AgNPs given together with gentamicin, but the highest enhancement of antibacterial activity was found with combined therapy together with penicillin G against Actinobacillus pleuropneumoniae [115]. Recently, Yuan et al. demonstrated the effects of AgNPs on multiple drug-resistant strains of S. aureus and P. aeruginosa from mastitis-Infected goats [116]. Metallic AgNPs are able to reduce the viability of potential harmful coliform bacteria, whereas there is no harmful effect in Lactobacilli in ileal contents [117]. Fondevila et al. studied the ileal contents of weaned piglets given AgNPs (20 and 40 ppm), the results clearly indicated that the amount of coliform bacteria was significantly reduced [118]. When piglets given 25 ppm of AgNPs did not observe any significant reduction of coliform bacteria but it increases the amount of lactic acid bacteria [119]. One-year-old female intact American Staffordshire Terrier with 50% total body surface area burned was successfully treated by nanocrystalline silver dressing and vacuum-assisted closure [120]. To investigate the effect of AgNPs on bacteria causing mastitis in goats, we synthesized AgNPs using Bacilllus marisflavi cellular extract, the prepared AgNPs shows significantly spherical in shape with an average size of 20 nm (Figure 2) [121]. Bacteria called S. aureus and P. aeruginosa treated with AgNPs exhibited significant antibacterial activity (Figure 3) [122]. Nanosilver effect was evaluated in the reduction of aflatoxin on the growth and performance indices in broiler chickens suffering from experimental aflatoxicosis. When the supplementation of silver with a conventional diet had no effect on performance, but the addition of nanosilver to diet containing 3 ppm aflatoxin increased significantly the cumulative BWG, cumulative feed consumption, and decreased FCR in the last two weeks of the experimental period. The study concluded that supplement of nanosilver to diet containing aflatoxin could diminish the inhibitory effects of aflatoxin [123]. Similarly, the same authors further demonstrated that nanosilver, as mycoad, can be useful in reducing the adverse effects of aflatoxin on blood parameters in chickens that are affected with aflatoxicosis [124]. The combination of nanocrystalline silver and subatmospheric pressure therapy shows significant effect in cat after following tumour removal and radiation therapy [125].



The study was performed to determine the effect of AgNano as an antimicrobial growth-promoting supplement for broiler chickens via drinking water. The water solutions containing different concentrations of AgNano had no effect on postnatal growth performance and the energy metabolism of broiler chickens. Interestingly, the concentration of immunoglobulin (IgG) in the blood plasma of broilers supplemented with AgNano decreased at day 36. However, it does not influence the microbial populations in the digestive tract, the energy metabolism, and growth performance of chickens [126]. In Ovo administration of AgNPs and/or amino acids was performed to determine the effect on metabolism and immune responses in chicken embryos. The results concluded that NanoAg either alone or in combination with amino acids did not affect embryonic growth but improved immuno-competence, indicating that NanoAg and amino acid complexes can act as potential agents for the enhancement of innate and adaptive immunity in chicken [127]. The nano-functionalized antimicrobial oils were used in the formulation of shampoo, soap, and ointment for veterinary dermatology. The nano-functionalized oil showed remarkable antimicrobial activity against pathogens that are present on the skin of animals; therefore, it is valuable, safe, and has a specific role in controlling diseases [128]. Biologically synthesized AgNPs were used as adjuvants in rabies veterinary vaccine with the existing commercially available alum adjuvant and the toxicity was evaluated in mice and dogs. The results showed that the adjuvanticity effect of green synthesized AgNPs on veterinary rabies vaccine potency found to be no toxicity [129]. The effect of AgNPs pleural effusions in exposed factory workers while in experimental animal studies possible to induce inflammation, fibrosis, and carcinogenesis in the pleura. Therefore, the membrane permeability of sheep parietal pleura, of primary sheep pleural cell monolayers, and on a human mesothelial cell line was undertaken. The results from this study concluded that acute (30 min) exposure increases the pleural permeability ex vivo, while longer (24 h) in vivo exposure leads to a late decrease of the pleural cell monolayers permeability [130]. Recently, Gurunathan et al. demonstrated that antibacterial potency of AgNPs on endometritis causing Prevotella melaninogenica and Arcanobacterum pyogenes in Dairy Cattle by inhibition of cell viability and biofilm formation in a dose- and time-dependent manner [131]. Moreover, the metabolic activity was blocked by AgNPs by the increased generation of reactive oxygen species (ROS), malondialdehyde, protein carbonyl content, and nitric oxide.




2.8. Gold Nanoparticles


Gold nanoparticles (AuNPs) show immense interest in biomedical applications due its several advantageous properties, including a non-toxic and biocompatible metal [132]. Furthermore, AuNPs have the ability to undergo multiple surface functionalization combining different moieties, such as drugs and targeting agents, which renders them a highly versatile tool for targeting [133]. Interesting feature of AuNPs are imaging modalities for in vitro and in vivo cell tracking, which is valuable imaging agents for diagnoses and therapeutics. Recently, AuNPs have been used extensively in clinical applications, including biological sensing, biomedical imaging, drug delivery, and photo-thermal therapy due its unique physical, chemical, biocompatibility, and biological properties. Gold nanoparticles and gold-based test strip have been used for the rapid detection of infectious bursal disease virus antibodies in chickens [134], foot-and-mouth disease virus [135], pathogenic bacteria [136], bluetongue virus [137], specific bacterial contaminants in chicken, such as S. typhimurium and S. enteritidis [138], antibacterial effect against Bacillus Calmette-Guérin (BCG) and Escherichia coli [139], haptoglobin in mastitic milk of bovine [140], detection of Melissococcus plutonius, the causative agent of European foulbrood [141], determination of clenbuterol in bovine hair samples [142], diagnosis of viral infections in pigs [143], rapid detection of Mycoplasma suis in porcine plasma [144], bacterial toxins [145], as diagnostic tool for the serodiagnosis of cystic echinococcosis [146], Porcine circovirus type 2 [147], rapid determination of Escherichia coli O157:H7 in minced beef and water [148], serological detection of Toxoplasma gondii infection in dogs and cats [149], and the determination of five quinoxaline-1,4-dioxides in animal feeds [150]. To determine the cell viability effect of gold nanoparticles on pathogenic bacteria in chicken, such as Staphylococcus, Salmonella spp., Streptococcus, Campylobacter spp. AuNPs was prepared using biological template and then prepared AuNPs found to be 20 nm (Figure 4) The effect of AuNPs was moderate when compared to silver and Zinc oxide nanoparticles (Figure 5).



Gum arabic- (GA) and maltose- (MALT) stabilized AuNPs were administered intravenously to juvenile swine, and blood, tissue, and urine samples were collected and then analyzed for gold analysis. From this, the study concluded that AuNPs have an important role in determining the tissue distribution profile for individual AuNP constructs [151]. AuNPs used as X-ray contrast agent for tumor imaging in mice and dog [152]. Gum arabic-coated radioactive gold nanoparticles (GA-(198) AuNPs) that were used for the treatment of prostate cancer in canine. GA-(198) AuNPs injected intralesionally and then evaluated for toxicity and effectiveness. The results showed that GA-(198) AuNPs immediately enter into the region of prostate and hematologic or biochemical parameter shows there is no significant difference between treated and untreated. This study concluded that AuNPs could be used as therapeutic agent for veterinary animals [153]. According to several studies in human cell lines AuNPs seems to be non-toxic and use noble metal nanocolloids as alternative medicine, however it depends on concentration used for test. Recent study from porcine T lymphocytes and on IL-2 and IL-10 synthesis in porcine peripheral blood mononuclear cells, the nanocolloid was not cytotoxic to porcine leukocytes, nor did it affect resting T cells. However, high nanogold concentrations inhibited proliferation of mitogen-stimulated CD4+, CD4+CD8α+, and CD4-CD8α- T cells by down-regulation of the IL-2 synthesis and increased the percentage of CD4-CD8α- double negative T cells, probably by depressing their ability to express a CD8α marker after activation. It suggests that AuNPs have potential immunosuppressive activity, which can strongly influence CD4-CD8α- T cells, which is the most abundant subpopulation in young animals. Recent studies from Mohamed et al. showed that antibacterial activity of AuNPs against Corynebacterium pseudotuberculosis, which is the etiological agent of chronic caseous lymphadenitis and it causes major economic losses due to major infection in goats and sheep [154].




2.9. Iron Oxide Nanoparticles


Murine model that was exposed to iron oxide nanoparticles exhibited significant attenuated inflammatory reactions that are associated with DTH, including the footpad swelling, the infiltration of T cells and macrophages, and the expression of interferon-γ, interleukin-6, and tumor necrosis factor-α in the inflammatory site in a dose-dependent fashion, significantly, and also iron oxide nanoparticles also demonstrated a suppressive effect on ovalbumin-stimulated production of interferon-γ by splenocytes and the phagocytic activity of splenic CD11b+ cells [155]. Canine adipose-derived stem cells were incubated with superparamagnetic iron oxide nanoparticles (SPIO: 319.2 μg/mL Fe) for 24 h. The iron oxide nanoparticles enter into the cells via endocytosis. Further the results showed there is no significant harmful effect on the viability of adipose-derived canine mesenchymal stem cells; therefore, it can be used for as contrast agent [156]. Long et al. reported that ultra-small superparamagnetic iron oxide nanoparticles used as MRI tracking agent to measure the seizure disorders in a rat model of temporal lobe epilepsy [157]. Recently, superparamagnetic iron oxide nanoparticles were used for cell-tracking method in an ovine model of tendonitis for the presence and distribution of intralesional cells in sheep. Histological studies revealed that after 14 days treatment SPIO particles remained embedded in tissue, providing an MRI signal and it seems to be SPIO labeling was an effective method for cell tracking for a large animal model of tendon injury for up to seven days post-injection [158]. Edge et al. studied dimercaptosuccinic acid (DMSA) coated superparamagnetic iron oxide nanoparticles for the medical applications, including diagnosis and targeted treatment of cancer using large animal, such as pigs as a model [159]. They analyse the pharmacokinetic, bio-distribution, and biocompatibility results revealed that magnetic nanoparticles (MNP) accumulation was observed primarily in the liver and spleen using MRI scans. Therefore, MNP can be used as diagnostic and therapeutic agents.




2.10. Zinc Oxide Nanoparticles


The metal oxide nanoparticles, particularly Zinc oxide nanoparticles are most commonly used in catalysis, sensors, and environmental remediation and personal care products [160]. Recently, ZnO-NPs that were used in various applications of veterinary sciences due to their antibacterial, antineoplastic, wound healing, and angiogenic properties, and further ZnO-NPs have been used in tissue repair, as food preservative and as feed additive. ZnO-NPs found to inhibits the viability wide range of bacteria by strong interaction with bacterial cells and it could induce microbial cell injury by the generation of hydrogen peroxide from the surface of ZnO and finally it can enter into the bacteria by interacting with phosphorus and sulphur containing compounds, like DNA of bacteria [161,162,163,164]. Mastitis is a disease of high yielding animals that is commonly caused by Staphylococcus, Streptococcus, and E. coli, which leads to economic consequences by reducing the yield of milk. To treat various causative agents of mastitis the usage of antibiotics has been increased and eventually leads to antibiotic resistance [165,166]. ZnO-NPs have been found to be effective against biofilm inside the udder tissue causative agents, such as S. aureus and E. coli [167,168]. Arabi et al. found that the bactericidal effects on both Gram-positive and Gram-negative bacteria and also effective against spores that are resistant to high temperature and high pressure by the mechanism of increase the permeability and inhibition of membrane transport and eventually leads to cell death [169,170,171]. To determine the effect of Zinc oxide nanoparticles on various mastitis causing bacteria, including Staphylococcus epidermis, Streptococcus agalactiae, Klebsiella pneumoniae, and E. coli, the prepared ZnO-NPs with an average size of 20 nm (Figure 6). While the pathogenic bacteria treated with ZnO-NPs shows that pronounced decreased level of cell viability in all the tested bacterial strains (Figure 7).



The peculiar properties of ZnO NPs such as selective toxicity of preferential killing of cancer cells with minimal toxicity to normal primary immune cells and cancer cells, it can be used anti-cancer agent in both humans and veterinary animals [172], and also it is more sensitive to detect cancer biomarkers, therefore it can be easily used in ZnO-NPs based diagnostic devices. Due to all these, salient features of ZnO-NPs leads to significant usage in diagnostic and therapeutic purposes in common neoplastic conditions of animals, like lymphoma, cutaneous cancer, transmissible veneral tumor, and equine sarcoids [160]. Recently, neoplastic disorder was most frequently found in in domestic animals, for example, haematopoietic tumours, canine transmissible veneral tumor in canines, and equine sarcoid is the most common fibroblastic skin tumor affecting horses, mules, and donkeys. These neoplastic conditions could be treated by ZnO NPs [173,174,175,176,177,178,179]. Zinc oxide was used as feed additive in weaner piglets to overcome the effect of post-weaning diarrhoea (PWD) caused by enterotoxigenic E. coli, which causes an increase in morbidity and mortality and decrease growth rate during the weaning period in piglets [180]. Similarly, the addition of zinc (zinc oxide) at the concentration of 2500 to 3500 ppm in feed modulated the microbial status of the digestive tract and reduced the incidence of post-weaning diarrhoea in piglets and increased productive performances [181,182,183,184]. Zn is mainly used in human and livestock foods and feeds for normal physiological functions, as well as to meet the daily requirement [185]. Salama et al. studied the effects of dietary supplements of zinc-methionine on milk production, udder health and zinc metabolism in dairy goat, the results showed that addition of Zn enhanced resistance to udder stress in dairy goats to Zn supplementation [186]. When supplemented to poultry leads to increase the level of ADFI, ADG, DM, and intramuscular fat contents of the breast muscle, percentage of eviscerated yield, redness value in breast muscle, and pH values in thigh muscle and decreased shear force in thigh muscle, drip loss in breast and thigh muscle [187]. ZnO-NPs enhanced growth performance, improve feed utility and provide economic benefits in weaning piglets and growth, production, and dress performance in poultry [188,189,190]. The supplementation of increased doses of Zn up to 3000 mg/kg increases the growth and reduces diarrhoea in pigs [191]. Rajendran et al. found that the application of Nano Zn reduced the level of the somatic cell counts in cows with subclinical mastitis and improve milk production when compared with other conventional ZnO sources [192]. Zn deficient diets are a cause of high incidence of abortions and stillbirths and supplementation in the form of Zn nanoparticle to animals increase the reproduction [193,194].



The beneficial effects and toxic effects of any nanomaterials depend on size, shape, surface charge, dose response, aggregation, type of solvent, and type of host cells. ZnO-NPs not only causes beneficial effects but also causes the toxicity effect in several veterinary animals. ZnO-NPs causes severe toxicity in the pancreas; kidney, liver, rumen, abomasum, small intestine, and adrenal gland were observed in sheep [195]. Liver, spleen, heart, pancreas, and bone are the target organs of ZnO-NPs on oral exposure [196]. Najafzadeh et al. observed the mild liver toxicity and severe renal damage in lambs [194].




2.11. Carbon Nanoparticles (CNPs)


Carbon nanoparticles, such as nanodiamond, graphite, graphene oxide, fullerenes, carbon nanotubes and carbon nanohorns, and so on have been widely studied and utilized for biomedical applications, such as diagnostic and therapeutic, due its biocompatibility and low toxicity. However, their impact on an organism with prolonged exposure with higher concentration is not known. CNPs are extensively used as drug carriers [197]. However, single walled carbon nanotubes trigger oxidative stress and are cytotoxic in cultured cell lines [198] and toxicity and biodegradability are a significant concern in clinical application [199,200].



Nanodiamonds are an allotropic form of carbon whose core consists of the sp3 orbital crystal structure and the sp2 phase forms most of their surface. Interestingly, it has unique characteristics, such as hardness, fine-tuning of their size distributions, emission of strong fluorescence, color centers, such as nitrogen vacancy (NV)-centers, photostability, chemical stability, small size, large surface area, high adsorption capacity, and good biocompatibility [201,202,203,204,205]. Fungi used to cause several diseases in domestic animals by producing mycotoxins. Gibson et al. developed methods of immobilization of mycotoxins, such as aflatoxin B1 (AfB1) and ochratoxin A (OTA) by modified nanodiamond substrates through various mechanistic approaches, including carboxylation, hydrogenation, and hydroxylation [206].



Graphite is crystalline form of carbon. Extensive studies have been conducted human cell lines and the rodent system. However, the use of graphite in veterinary animals is limited. Very long back, Parvongnukul and Lumb (1978) used porous polytetrafluoroethylene-graphite coating for the long-term stabilization of total hip prostheses in goats [207]. The results from this study showed that effective stabilization in goats. Graphite-furnace atomic absorption spectroscopy used to determine the concentration of heavy metals and also blood selenium concentrations of goats and cattle [208,209], lead and cadmium concentrations in goat, cow, sheep, and buffalo milks [210].



Graphene is composed of sp2-hybridized carbon atoms, compared with carbon nanotubes, graphene-based materials can provide a larger surface area and better dispersibility in most solvents and it has attractive electronic, thermal, optical, and mechanical properties [211,212]. Graphene is a promising candidate for various biomedical applications due its versatility nature. Nanographene used as cellular imaging and drug delivery [213]. Reduced graphene oxide coated polydimethylsiloxane film as an optoacoustic transmitter for high pressure and high frequency ultrasound generation, which is used both human and veterinary medicine to treat and diagnose the diseases [214]. For instance, Ye et al. investigated the effect of GO of potential antiviral activity against pseudorabies virus (PRV, a DNA virus) and porcine epidemic diarrhea virus (PEDV, an RNA virus) [215]. Results from this showed that GO significantly suppressed the infection of PRV and PEDV for a 2-log reduction in virus titers at non-cytotoxic concentrations. The experiment was conducted to investigate the antimicrobial proprieties of three different graphene materials (pristine graphene (pG), graphene oxide (GO), and reduced graphene oxide (rGO) against the food-borne bacterial pathogens Listeria monocytogenes and Salmonella enterica. Among these three different nanomaterials, GO exhibited stronger effect at lower concentration than other nanomaterials [216].



First fullerenes were discovered in 1985 and its attractive properties of physical, chemical, and biological yielded intense applications in both human and veterinary medicine. Fullerene molecules are composed entirely of carbon, in form of a hollow sphere, ellipsoid, or tube. Spherical fullerenes are also referred to as buckyballs. An important property of C60 molecule is its high symmetry [217]. Fullerenes (C60) and their derivatives have potential antiviral activity against HIV [218,219], semliki forest virus (SFV, Togaviridae), or vesicular stomatitis virus (VSV, Rhabdoviridae) [220]. Unformulated oligodeoxynucleotides (ODN) containing CpG motifs (CpG-ODN) are able to stimulate the innate immune system against a variety of bacterial, viral, and protozoan infections in a variety of vertebrate species. Ovo delivery of unformulated CpG-ODN was able to significantly protect neonatal broiler chickens against Escherichia coli or Salmonella Typhimurium infections [221]. Carbon nanotubes (CNTs) are made up of allotropes of carbon with a cylindrical nanostructure. Due to unique chemical and electromechanical properties of multiwalled carbon nanotubes (MWCNTs) are ideal candidates for the development of drug delivery platforms and effective antibacterial agents. The nanotubes can easily penetrate into bacterial cell membranes and they act as potential and selective antibacterial agents [222]. Hybrid nanomaterials composed of molybdenum disulfide nanosheets (MoS2) coated on functionalized multiwalled carbon nanotubes (f-MWCNTs) used the determination of chloramphenicol (CAP) in in food samples, like milk, honey, and powdered milk [223]. Antiviral drugs are difficult to enter into gastrointestinal tract, skin, and cell, therefore functionalized single-walled carbon nanotubes (SWCNTs) were selected as a drug carrier to carry antiviral drug for the treatment of viral diseases. The results show that SWCNTs has potential antiviral activity against reovirus [224]. To determine the effect of various carbon nanoparticles on bacteria causing mastitis in cows, we prepared graphene oxide, reduced graphene oxide, and silver nanoparticles graphene oxide nanocomposites (Figure 8), and the effect was examined in various pathogenic bacteria causing mastitis, and is displayed in figure (Figure 9) [225,226].



Streptococcus agalactiae, Klebsiella spp., Staphylococcus aureu, and Enterobacter spp. cells were incubated with GO (100 µg/mL) rGO (50 µg/mL), and rGO-Ag (10 µg/mL). Bacterial survival was determined at 24 h by a CFU count assay. The experiment was performed with various controls including a positive control (GO, rGO, rGO-Ag, and NB without inoculum) and a negative control (NB and inoculum without GO, rGO, and rGO-Ag). The results are expressed as the means SD of three separate experiments, each of which contained three replicates. Treated groups showed statistically significant differences from the control group according to the Student’s t-test (p < 0.05).





3. Role of Nanomaterials in Animal Health and Production


Nanotechnology has opened up new era in various area of research interest biotechnology, biomedical sciences; veterinary and animal sciences by providing new, small scale tools and materials that are beneficial for living organisms. The varieties of nanomaterials that are used for disease diagnosis, treatment, drug delivery, animal nutrition, animal breeding, reproduction and value addition to animal products, and finally food safety by using liposomes, polymeric nanoparticles, dendrimers, metallic nanoparticles, carbon nanoparticles, quantum dots, carbon nanotubes, magnetic nanoparticles, and fullerenes [227]. Recently, the nanotechnology contributes to the development of non-toxic antimicrobial agents to overcome antibiotic resistance through the use of devastating dose of antibiotics used for against various pathogens causing chronic infections to livestock, including Brucella, Mycobacterium bovis, Streptococcus aureus, and Rhodococcus equi [227]. Furthermore, the use of nanomaterials as antiviral agents, rapid and sensitive detection of viruses in veterinary medicine seems to be an important player for animal health and reproduction. Nanobiosensors are very sensitive for environmental monitoring and clinical diagnostics and also it has been used for reproductive management, such as detection of oestrus, hormone levels, and metabolites profiles [228,229]. Nanomaterials could be used for the cryopreservation of gonadal tissues, sperm, oocytes, and embryos, which are very essential in animal reproduction [230]. Finally, nanomaterials are being used in food technology including meat and meat products free from contaminations [231]. The nanomaterials would facilitate develop products and processes for animal health and production in line with economic, social, and environmental valuable materials to challenge the animal reproduction.



Recently, quantum dots have been explored to improve understanding of mammalian spermatozoon and oocyte movement and their interactions in a different physiological setting [91]. Biocompatible and self-illuminating inorganic nanoparticles show much interest in the field of theriogenology. For instance, quantum dots have been used as the real-time tracking ability of bioluminescent resonance energy transfer-conjugated quantum dot (BRET-QD) nanoparticles in vitro, in situ, and ex vivo using pig male gametes (Susscrofa domesticus) [232,233]. Further engineered nanoparticles with fluorescent probes used to visualize the molecular and cellular events during fertilization, in a similar way to fluorescent proteins, but at greater tissue depths [233,234].




4. Application of Nanosensors in Veterinary Medicine


Recently, the development and application of nanosensors getting immense interest due to several biomedical applications, such as measurement, include a huge number of simple and complex molecules, physical quantities such as pressure, force, displacement and flow, and electrical and magnetic phenomena arising from the heart, brain, muscles, and nerves [234]. Nanosensors are miniature devices that can diagnose biological material or tissue samples. Nanosensors have been used as invasive measurement to monitor important physiological variables, such as blood gases, ions, metabolites, blood pressure, and blood flow [235]. At present, sensors being developed based on variety of nanoparticles, NPs, such as nanoshells, nanowires, carbon nanotubes (CNT), and quantum dots (QDs), silver nanoparticles (AgNPs), and gold nanoparticles (AuNPs). Nanoparticle sensors are being used to measure O2, a number of ions, free radicals, and electric and magnetic fields [236]. Nanoparticles based sensors have been used in several biomedical applications in veterinary medicine, including animal health and other areas of animal production, particularly the delivery of controlled amounts of drugs into the beverage of breeding animals, prevention of bovine tuberculosis, the controlled release of injectable poorly water-soluble drugs, and as destroyer of pathogens [237].



Nanosensors and MEMS technologies provide excellent opportunities as gas sensors for the agri-food sector and also to monitor temperature, pressure, and other processing parameters [238]. Applications of nanosensors opened a new avenue ranging from whole body monitoring to diagnosing various diseases due to their unprecedented sensitivity. Majorly, nanosensors are working based on two detection principles, such as catalytic and affinity sensing. Catalytic sensors utilize enzymes, cells, tissues/organelles and microorganisms as the recognition agent. Affinity sensors are those that utilize whole antibodies, antibody fragments, nucleic acid/aptamers, receptors, lectins, phages, novel engineered scaffold derived bonding proteins, molecular imprinted polymers, plastic antibodies, and synthetic protein binding agents as the recognition agent [239]. Nanosensors have major role in veterinary sciences, they use very small amount of a chemical contaminant, virus, or bacteria, which is helpful for agriculture and food systems that in return improves the feedstock [240,241].



Nanosensors are miniature devices, which can identify samples that use biological material or tissue based on biorecognition element, which is immobilized on the surface of physicochemical transducer. Various types of nanosensors to utilze in the area of animal sciences food inspection, detection of cations, anions, and organic compounds in food, various aptamers for detection of pesticides, antibiotics, heavy metals, microbial cells and toxins, and also in feed and nutrient components, intelligent packaging, and quick detection systems [242]. Sensors are being used for various applications in animal health care to diagnose some disease spreading of viruses and microbial pathogens and also it can prevent death of animals. For instance, sensors and wearable technologies can be implanted on animals to measure body temperature, antibiotic detection, detect their sweat constituents, observation of behavior and movement, and stress in animals [243]. Sensors frequently used to monitor clinically important β-hydroxybutyrate BHBA to provide early diagnosis of Subclinical Ketosis (SCK) is essential for management of dairy cattle health. Peled et al. [244] detected Mycobacterium bovis in infected cattle via breath, which allows for real-time cattle monitoring. However, the use of sensors in veterinary medicine is limited because the biological sensing element is affected by different factors, including environmental factors and type of molecules.




5. Nanotechnology


Nanotechnology is an important emerging industry with a projected annual market of around one trillion US dollars by 2015. It creates novel materials with a variety of useful functions, including many that could be exceptionally beneficial in medicine. However, concerns are growing that it may have toxic effects, particularly damage to the lungs. The application of nanotechnology in medicine need special attentions is required related to the toxicology of nanoparticles and nanostructures. Therefore, exclusive nanotoxicology studies are warranted, particularly the subcategory of toxicology [245,246]. Classical categories are required for toxicological risk assessment of the use of nanoparticles, including hazard identification, hazard characterization, exposure assessment, and risk calculation Luther (2004). Since there are practically no toxicology studies available on the emerging applications of nanotechnology in medical technology, therefore studies are urgently required to address toxicological risks of the application of nanotechnology in medical technology. Furthermore, there is a lack of knowledge on the fate of ingested nanoparticles in human body and it is essential to investigate routes of exposure and also it is important to know about basic knowledge of their absorption, distribution, metabolism, and excretion. Finally, the implementation of a risk management strategy is required for all medical products using nanoparticles for all medical technology applications.




6. Conclusions and Future Perspective


Recent advances in nanotechnology is providing better opportunity for the development of novel nano-drug and delivery systems using non-toxic nanoparticles, such as liposomes, polymeric nanoparticles, dendrimers, and metal nanoparticles. Each type of nanoparticles has peculiar properties and these are used to enhance the therapeutic indices of the incorporated drugs in variety of ways, including bioavailability, retention time, protect the entrapped agent from the internal body environment, and sustained release. Among several different types of nanoparticles, liposomes are highly modifiable and they can be studied easily through their surface characteristics. The micellar nanoparticles are known to include greater loading capacity and superior stability, and also the use of MNPs is considered to be safer for parenteral administration. Dendrimers are monodisperse macromolecules combining with unique characters, these highly functionalized materials enable drug incorporation into the core of the molecule and drug complexation and conjugation on the surface, and also it has the capacity to carry a large amount of genetic material for efficient transport of DNA into the nucleus, it has immense benefits in animal production. Polymeric nanoparticles are highly stabile when in contact with biological fluids and their nature allows for controlled drug release, therefore polymeric nanoparticles have been used in several applications, including biological markers, imaging, healthcare products, pharmaceuticals, drug-delivery systems, as well as in detection, diagnosis, and treatment of various types of diseases in domestic and veterinary animals.



Recent years, metallic nanoparticles have become a center of attraction in nanomedicine due to their sizes, shapes, and ability to act as imaging and therapeutic drug scaffolds, as well as due to their intrinsic physicochemical unique properties. Further metallic nanoparticles explored intensively to variety of biomedical applications as “nanotheranostics”. Metallic nanoparticles act as synthetic platforms for a multimodal imaging approach to diagnosis and treatment of degenerative diseases, including cancer in human being and also extensively implemented in Veterinary Medicine as diagnostics, nanocarrier, therapeutic, and imaging agents. Targeted delivery of drugs by different metallic nanoparticles for veterinary infections provides great promise for both short-term and long-term treatment strategy. Critically, to realize the bright future of Veterinary Medicine as a whole, further detailed pre-clinical investigations are urgently needed in order to use all of the tools derived from variety of nanomaterials towards becoming a useful tool for various diagnosis and treatment in veterinary animals, like human being. Furthermore, it requires continuous and rigorous investigation into the short-term and long-term effects in vivo of such materials and a complete mechanistic understanding on a molecular scale to predict further hazards to living systems, as well as the environment. In Veterinary Medicine, it is very important to use very extensively nanoparticle mediated drug delivery to decipher a great potential to direct the drug more efficiently to the particular target site and also to overcome some of the biological barriers. The application of nanotechnology in animal production is still in its early stages, however many areas, including nutrition, biocidal, remedial, and reproductive studies are warranted.



Regenerative medicine is foremost important application of nanotechnology that can transform the designing of grafts and scaffolds for tissue regenerative properties in tissue engineering. When we looked at the status of regenerative medicine in Veterinary Medicine is countable. In response to this, international regulation of Veterinary Regenerative Medicine is underway. However, the development of ideal nanomaterials that are capable of sending signals to the diseased or damaged cells and tissues to trigger the regeneration process still remains a challenge. Similarly, the safety of animals in terms of the use of nanomaterials in regenerative medicine is a matter of considerable concern, because this field is still in its nascent stage. Uses of veterinary animals are increasingly recognized as critical translational models of human diseases. Prior to go to complete applications in Veterinary Medicine, studies on the beneficial/toxic effect of these nanomaterials should be carried out in great detail. Finally, to understand the underlying mechanisms of cell-biomaterial interactions at the nanoscale level, and to be able to translate the findings from bench to bedside, close collaboration between the scientists and veterinary clinicians is of utmost importance. Finally, advances in Veterinary Regenerative Medicine could offer relevant sources for studying human disease and also it could offers a venue for dissemination of information about veterinary therapeutics that can accelerate translational medicine. Furthermore, the studies are essential in the animal production industry and particularly to identify the gaps between knowledge and applications.







Author Contributions


X.-F.Z. came up with the idea and participated in writing the manuscript. D.-P.B. and X.-Y.L. performed all literature surveys. Y.-F.H. analyzed the interpretation of literature. All authors read and approved the final manuscript.




Funding


This research was funded by the Science and Technology Research Program of the Department of Education of Hubei Province, People’s Republic of China (D20151701).




Acknowledgments


We are the authors of this review, we would never have been able to complete it without the great many people who have contributed to the field of application of various nanoparticles in the field of veterinary medicine. We owe our gratitude to all those researchers who have made this review possible. We wish to thank all the investigators who have contributed to the field of therapeutic application of nanoparticles. We have cited as many references as permitted, and apologize to the authors of those publications that we have not cited due to limitation of references.




Conflicts of Interest


The authors report no conflicts of interest in this work.




References


	



Farokhzad, O.C.; Langer, R. Impact of nanotechnology on drug delivery. ACS Nano 2009, 3, 16–20. [Google Scholar] [CrossRef] [PubMed]

	



Peer, D.; Karp, J.M.; Hong, S.; Farokhzad, O.C.; Margalit, R.; Langer, R. Nanocarriers as an emerging platform for cancer therapy. Nat. Nanotechnol. 2007, 2, 751–760. [Google Scholar] [CrossRef] [PubMed]

	



Davis, M.E.; Chen, Z.G.; Shin, D.M. Nanoparticle therapeutics: An emerging treatment modality for cancer. Nat. Rev. Drugs Discov. 2008, 7, 771–782. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Liu, W.; Lin, L.; Chen, D.; Stenzel, M.H. Degradable disulfide core-cross-linked micelles as a drug delivery system prepared from vinyl functionalized nucleosides via the RAFT process. Biomacromolecules 2008, 9, 3321–3331. [Google Scholar] [CrossRef] [PubMed]

	



Hu, S.; Zhang, Y. Endostar-loaded PEG-PLGA nanoparticles: In vitro and in vivo evaluation. Int. J. Nanomed. 2010, 5, 1039–1048. [Google Scholar] [CrossRef] [PubMed]

	



Duncan, R.; Gaspar, R. Nanomedicine(s) under the microscope. Mol. Pharm. 2011, 8, 2101–2141. [Google Scholar] [CrossRef] [PubMed]

	



Da Silva, C.G.; Rueda, F.; Löwik, C.W.; Ossendorp, F.; Cruz, L.J. Combinatorial prospects of nano-targeted chemoimmunotherapy. Biomaterials 2016, 83, 308–320. [Google Scholar] [CrossRef] [PubMed]

	



Park, K. Facing the truth about nanotechnology in drug delivery. ACS Nano 2013, 7, 7442–7447. [Google Scholar] [CrossRef] [PubMed]

	



Thornton, P.K. Livestock production: Recent trends, future prospects. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2010, 365, 2853–2867. [Google Scholar] [CrossRef] [PubMed]

	



Taylor, L.; Rodwell, B. Outbreak of foetal infection with bovine pestivirus in a central Queensland beef herd. Aust. Vet. J. 2001, 79, 682–685. [Google Scholar] [CrossRef] [PubMed]

	



Hofheinz, R.D.; Gnad-Vogt, S.U.; Beyer, U.; Hochhaus, A. Liposomal encapsulated anti-cancer drugs. Anticancer Drugs 2005, 16, 691–707. [Google Scholar] [CrossRef] [PubMed]

	



Johnston, M.J.; Semple, S.C.; Klimuk, S.K.; Ansell, S.; Maurer, N.; Cullis, P.R. Characterization of the drug retention and pharmacokinetic properties of liposomal nanoparticles containing dihydrosphingomyelin. Biochim. Biophys. Acta 2007, 1768, 1121–1127. [Google Scholar] [CrossRef] [PubMed]

	



Gregoriadis, G.; Ryman, B.E. Lysosomal localization of -fructofuranosidase- containing liposomes injected into rats. Biochem. J. 1972, 129, 123–133. [Google Scholar] [CrossRef] [PubMed]

	



Allison, A.G.; Gregoriadis, G. Liposomes as immunological adjuvants. Nature 1974, 252, 252. [Google Scholar] [CrossRef] [PubMed]

	



Zolle, I.; Rhodes, B.A.; Wagner, H.N. Preparation of metabolizable radioactive human serum albumin microspheres for studies of the circulation. Int. J. Appl. Radiat. Isot. 1970, 21, 155–167. [Google Scholar] [CrossRef]

	



Malam, Y.; Loizidou, M.; Seifalian, A.M. Liposomes and nanoparticles: Nanosized vehicles for drug delivery in cancer. Trends. Pharmacol. Sci. 2009, 30, 592–599. [Google Scholar] [CrossRef] [PubMed]

	



Bawarski, W.E.; Chidlowsky, E.; Bharali, D.J.; Mousa, S.A. Emerging nanopharmaceuticals. Nanomedicine 2008, 4, 273–282. [Google Scholar] [CrossRef] [PubMed]

	



Alexis, F.; Pridgen, E.M.; Langer, R.; Farokhzad, O.C. Nanoparticle technologies for cancer therapy. Handb. Exp. Pharmacol. 2010, 197, 55–86. [Google Scholar] [CrossRef]

	



Mamo, T.; Moseman, E.A.; Kolishetti, N.; Salvador-Morales, C.; Shi, J.; Kuritzkes, D.R.; Langer, R.; von Andrian, U.; Farokhzad, O.C. Emerging nanotechnology approaches for HIV/AIDS treatment and prevention. Nanomedicine 2010, 5, 269–285. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Zamboni, W.C.; Strychor, S.; Joseph, E.; Parise, R.A.; Egorin, M.J.; Eiseman, J.L. Tumor, tissue, and plasma pharmacokinetic studies and antitumor response studies of docetaxel in combination with 9-nitrocamptothecin in mice bearing SKOV-3 human ovarian xenografts. Cancer Chemother. Pharmacol. 2008, 62, 417–426. [Google Scholar] [CrossRef] [PubMed]

	



Sadozai, H.; Saeidi, D. Recent developments in liposome-based veterinary therapeutics. ISRN Vet. Sci. 2013, 2013, 167521. [Google Scholar] [CrossRef] [PubMed]

	



Torchilin, V.P. Lipid-core micelles for targeted drug delivery. Curr. Drug Deliv. 2005, 2, 319–327. [Google Scholar] [CrossRef] [PubMed]

	



Vail, D.M.; MacEwen, E.G.; Kurzman, I.D.; Dubielzig, R.R.; Helfand, S.C.; Kisseberth, W.C.; London, C.A.; Obradovich, J.E.; Madewell, B.R.; Rodriguez, C.O., Jr.; et al. Liposome-encapsulated muramyl tripeptide phosphatidylethanolamine adjuvant immunotherapy for splenic hemangiosarcoma in the dog: A randomized multi-institutional clinical trial. Clin. Cancer Res. 1995, 1, 1165–1170. [Google Scholar] [PubMed]

	



Kleiter, M.; Tichy, A.; Willmann, M.; Pagitz, M.; Wolfesberger, B. Concomitant liposomal doxorubicin and daily palliative radiotherapy in advanced feline soft tissue sarcomas. Vet. Radiol. Ultrasound 2010, 51, 349–355. [Google Scholar] [CrossRef] [PubMed]

	



Hiszczyńska-Sawicka, E.; Li, H.; Boyu, X.J.; Akhtar, M.; Holec-Gasior, L.; Kur, J.; Bickerstaffe, R.; Stankiewicz, M. Induction of immune responses in sheep by vaccination with liposome-entrapped DNA complexes encoding Toxoplasma gondii MIC3 gene. Pol. J. Vet. Sci. 2012, 15, 3–9. [Google Scholar] [CrossRef] [PubMed]

	



Bakker-Woudenberg, I.A.; Schiffelers, R.M.; Storm, G.; Becker, M.J.; Guo, L. Long-circulating sterically stabilized liposomes in the treatment of infections. Methods Enzymol. 2005, 391, 228–260. [Google Scholar] [CrossRef] [PubMed]

	



Oh, Y.; Wi, R.; Choi, Y.B.; Kim, D.H.; Chae, C. Comparative physicochemical characterization and bioavailability of nano-liposomes formed by mixing lipids at different ratios. J. Nanosci. Nanotechnol. 2012, 12, 6131–6138. [Google Scholar] [CrossRef] [PubMed]

	



Powles, L.; Xiang, S.D.; Selomulya, C.; Plebanski, M. The Use of Synthetic Carriers in Malaria Vaccine Design. Vaccines 2015, 3, 894–929. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Boraschi, D.; Italiani, P. From Antigen Delivery System to Adjuvanticy: The Board Application of Nanoparticles in Vaccinology. Vaccines 2015, 3, 930–939. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Qiao, C.; Liu, J.; Yang, J.; Li, Y.; Weng, J.; Shao, Y.; Zhang, X. Enhanced non-inflammasome mediated immune responses by mannosylated zwitterionic-based cationic liposomes for HIV DNA vaccines. Biomaterials 2016, 85, 1–17. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Watarai, S.; Iwasaki, T.; Kodama, H. Suppression of Salmonella enterica serovar Enteritidis excretion by intraocular vaccination with fimbriae proteins incorporated in liposomes. Dev. Comp. Immunol. 2004, 28, 29–38. [Google Scholar] [CrossRef]

	



Sallovitz, J.M.; Zonco Menghini, M.I.; Lanusse, C.E. Impact of liposomes as delivery systems in veterinary medicine. Vet Res. 1998, 29, 409–430. [Google Scholar] [PubMed]

	



Swenson, C.E.; Perkins, W.R.; Roberts, P.; Ahmad, I.; Stevens, R.; Stevens, D.A.; Janoff, A.S. In vitro and in vivo antifungal activity of amphotericin B lipid complex: Are phospholipases important? Antimicrob. Agents Chemother. 1998, 42, 767–771. [Google Scholar] [CrossRef] [PubMed]

	



MacLeod, D.L.; Prescott, J.F. The use of liposomally-entrapped gentamicin in the treatment of bovine Staphylococcus aureus mastitis. Can. J. Vet. Res. 1988, 52, 445–450. [Google Scholar] [PubMed]

	



Beaulac, C.; Sachetelli, S.; Lagace, J. In-vitro bactericidal efficacy of sub-MIC concentrations of liposome-encapsulated antibiotic against gram-negative and gram-positive bacteria. J. Antimicrob. Chemother. 1998, 41, 35–41. [Google Scholar] [CrossRef] [PubMed]

	



Sachetelli, S.; Khalil, H.; Chen, T.; Beaulac, C.; Sénéchal, S.; Lagacé, J. Demonstration of a fusion mechanism between a fluid bactericidal liposomal formulation and bacterial cells. Biochim. Biophys. Acta 2000, 1463, 254–266. [Google Scholar] [CrossRef]

	



Cao, L.T.; Wu, J.Q.; Xie, F.; Hu, S.H.; Mo, Y. Efficacy of nisin in treatment of clinical mastitis in lactating dairy cows. J. Dairy Sci. 2007, 90, 3980–3985. [Google Scholar] [CrossRef] [PubMed]

	



Singla, S.; Harjai, K.; Katare, O.P.; Chhibber, S. Encapsulation of bacteriophage in liposome accentuates its entry in to macrophage and shields it from neutralizing antibodies. PLoS ONE 2016, 11, e0153777. [Google Scholar] [CrossRef] [PubMed]

	



Le Conte, P.; Le Gallou, F.; Potel, G.; Struillou, L.; Baron, D.; Drugeon, H.B. Pharmacokinetics, toxicity, and efficacy of liposomal capreomycin in disseminated Mycobacterium avium beige mouse model. Antimicrob. Agents Chemother. 1994, 38, 2695–2701. [Google Scholar] [CrossRef]

	



Leenders, A.C.; De Marie, S. The use of lipid formulations of amphotericin B for systemic fungal infections. Leukemia 1996, 10, 1570–1575. [Google Scholar] [PubMed]

	



Lambros, M.P.; Bourne, D.W.; Abbas, S.A.; Johnson, D.L. Disposition of aerosolized liposomal amphotericin B. J. Pharm. Sci. 1997, 86, 1066–1069. [Google Scholar] [CrossRef] [PubMed]

	



Krawiec, D.R.; McKiernan, B.C.; Twardock, A.R.; Swenson, C.E.; Itkin, R.J.; Johnson, L.R.; Kurowsky, L.K.; Marks, C.A. Use of an amphotericin B lipid complex for treatment of blastomycosis in dogs. J. Am. Vet. Med. Assoc. 1996, 209, 2073–2075. [Google Scholar] [PubMed]

	



Baltazar, L.M.; Werneck, S.M.; Carneiro, H.C.; Gouveia, L.F.; de Paula, T.P.; Byrro, R.M.; Cunha Júnior, A.S.; Soares, B.M.; Ferreira, M.V.; Souza, D.G.; et al. Photodynamic therapy efficiently controls dermatophytosis caused by Trichophyton rubrum in a murine model. Br. J. Dermatol. 2015, 172, 801–804. [Google Scholar] [CrossRef] [PubMed]

	



Khan, M.A.; Nasti, T.H.; Owais, M. Incorporation of amphotericin B in tuftsin-bearing liposomes showed enhanced efficacy against systemic cryptococcosis in leucopenic mice. J. Antimicrob. Chemother. 2005, 56, 726–731. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Kende, M.; Alving, C.R.; Rill, W.L.; Swartz, G.M., Jr.; Canonico, P.G. Enhanced efficacy of liposome-encapsulated ribavirin against Rift Valley fever virus infection in mice. Antimicrob. Agents Chemother. 1985, 27, 903–937. [Google Scholar] [CrossRef] [PubMed]

	



Makabi-Panzu, B.; Lessard, C.; Perron, S.; Désormeaux, A.; Tremblay, M.; Poulin, L.; Beauchamp, D.; Bergeron, M.G. Comparison of cellular accumulation, tissue distribution, and anti-HIV activity of free and liposomal 2′,3′-dideoxycytidine. AIDS. Res. Hum. Retrovir. 1994, 10, 1463–1470. [Google Scholar] [CrossRef] [PubMed]

	



Rhee, J.W.; Kim, D.; Park, B.K.; Kwon, S.; Cho, S.; Lee, I.; Park, M.S.; Seo, J.N.; Kim, Y.S.; Choi, H.S.; et al. Immunization with a hemagglutinin-derived synthetic peptide formulated with a CpG-DNA-liposome complex induced protection against lethal influenza virus infection in mice. PLoS ONE 2012, 7, e48750. [Google Scholar] [CrossRef] [PubMed]

	



Ribeiro, A.M.; Souza, A.C.; Amaral, A.C.; Vasconcelos, N.M.; Jeronimo, M.S.; Carneiro, F.P.; Faccioli, L.H.; Felipe, M.S.; Silva, C.L.; Bocca, A.L. Nanobiotechnological approaches to delivery of DNA vaccine against fungal infection. J. Biomed. Nanotechnol. 2013, 9, 221–230. [Google Scholar] [CrossRef] [PubMed]

	



Wright, C. Micellar Nanoparticles. U.S. Patent Number 5,629,021, 13 May 1997. [Google Scholar]

	



Simon, J.A. Estradiol in micellar nanoparticles: The efficacy and safety of a novel transdermal drug-delivery technology in the management of moderate to severe vasomotor symptoms. Menopause 2006, 13, 222–231. [Google Scholar] [CrossRef] [PubMed]

	



Singhvi, R. Micellar nanoparticles: A new drug delivery platform. Drug Deliv. Technol. 2006, 6, 72–75. [Google Scholar]

	



Lee, A.L.; Wang, Y.; Pervaiz, S.; Fan, W.; Yang, Y.Y. Synergistic anticancer effects achieved by co-delivery of TRAIL and paclitaxel using cationic polymeric micelles. Macromol. Biosci. 2011, 11, 296–307. [Google Scholar] [CrossRef] [PubMed]

	



Scott-Moncrieff, J.C.; Shao, Z.; Mitra, A.K. Enhancement of intestinal insulin absorption by bile salt-fatty acid mixed micelles in dogs. J. Pharm. Sci. 1994, 83, 1465–1469. [Google Scholar] [CrossRef] [PubMed]

	



Staroverov, S.A.; Sidorkin, V.A.; Fomin, A.S.; Shchyogolev, S.Y.; Dykman, L.A. Biodynamic parameters of micellar diminazene in sheep erythrocytes and blood plasma. J. Vet. Sci. 2011, 12, 303–307. [Google Scholar] [CrossRef] [PubMed]

	



Vail, D.M.; Von Euler, H.; Rusk, A.W.; Barber, L.; Clifford, C.; Elmslie, R.; Fulton, L.; Hirschberger, J.; Klein, M.; London, C.; et al. A randomized trial investigating the efficacy and safety of water soluble micellar paclitaxel (Paccal Vet) for treatment of nonresectable grade 2 or 3 mast cell tumors in dogs. J. Vet. Intern. Med. 2012, 26, 598–607. [Google Scholar] [CrossRef] [PubMed]

	



Rey, A.I.; Segura, J.; Arandilla, E.; López-Bote, C.J. Short- and long-term effect of oral administration of micellized natural vitamin E (d-α-tocopherol) on oxidative status in race horses under intense training. J. Anim. Sci. 2013, 91, 1277–1284. [Google Scholar] [CrossRef] [PubMed]

	



Rey, A.; Amazan, D.; Cordero, G.; Olivares, A.; López-Bote, C.J. Lower Oral Doses of Micellized α-Tocopherol Compared to α-Tocopheryl Acetate in Feed Modify Fatty Acid Profiles and Improve Oxidative Status in Pigs. Int. J. Vitam. Nutr. Res. 2014, 84, 229–243. [Google Scholar] [CrossRef] [PubMed]

	



Al-Qushawi, A.; Rassouli, A.; Atyabi, F.; Peighambari, S.M.; Esfandyari-Manesh, M.; Shams, G.R.; Yazdani, A. Preparation and Characterization of Three Tilmicosin-loaded Lipid Nanoparticles: Physicochemical Properties and in-vitro Antibacterial Activities. Iran. J. Pharm. Res. 2016, 15, 663–676. [Google Scholar] [PubMed]

	



Troncarelli, M.Z.; Brandão, H.M.; Gern, J.C.; Guimarães, A.S.; Langoni, H. Nanotechnology and Antimicrobials in Veterinary Medicine; Formatex: Badajoz, Spain, 2013; pp. 543–556. [Google Scholar]

	



Moreno-Vega, A.I.; Gómez-Quintero, T.; Nuñez-Anita, R.E.; Acosta-Torres, L.S.; Castaño, V. Polymeric and ceramic nanoparticles in biomedical applications. J. Nanotechnol. 2012, 2012, 1–10. [Google Scholar] [CrossRef]

	



Ríhová, B.; Strohalm, J.; Prausová, J.; Kubácková, K.; Jelínková, M.; Rozprimová, L.; Sírová, M.; Plocová, D.; Etrych, T.; Subr, V.; et al. Cytostatic and immunomobilizing activities of polymer-bound drugs: Experimental and first clinical data. J. Control. Release 2003, 91, 1–16. [Google Scholar] [CrossRef] [PubMed]

	



Sirova, M.; Strohalm, J.; Subr, V.; Plocova, D.; Rossmann, P.; Mrkvan, T.; Ulbrich, K.; Rihova, B. Treatment with HPMA copolymer-based doxorubicin conjugate containing human immunoglobulin induces long-lasting systemic anti-tumour immunity in mice. Cancer. Immunol. Immunother. 2007, 56, 35–47. [Google Scholar] [CrossRef] [PubMed]

	



Gradishar, W.J.; Tjulandin, S.; Davidson, N.; Shaw, H.; Desai, N.; Bhar, P.; Hawkins, M.; O’Shaughnessy, J. Phase III trial of nanoparticle albumin-bound paclitaxel compared with polyethylated castor oil-based paclitaxel in women with breast cancer. J. Clin. Oncol. 2005, 23, 7794–7803. [Google Scholar] [CrossRef] [PubMed]

	



Cho, K.; Wang, X.; Nie, S.; Chen, Z.G.; Shin, D.M. Therapeutic nanoparticles for drug delivery in cancer. Clin. Cancer Res. 2008, 14, 1310–1316. [Google Scholar] [CrossRef] [PubMed]

	



Degim, I.T. New tools and approaches for predicting skin permeability. Drug Discov. Today 2006, 11, 517–523. [Google Scholar] [CrossRef] [PubMed]

	



Nasir, A.; Friedman, A. Nanotechnology and the Nanodermatology Society. J. Drugs Dermatol. 2010, 9, 879–882. [Google Scholar] [PubMed]

	



Parlane, N.A.; Compton, B.J.; Hayman, C.M.; Painter, G.F.; Basaraba, R.J.; Heiser, A.; Buddle, B.M. Phosphatidylinositol di-mannoside and derivates modulate the immune response to and efficacy of a tuberculosis protein vaccine against Mycobacterium bovis infection. Vaccine 2012, 30, 580–588. [Google Scholar] [CrossRef] [PubMed]

	



Colonna, C.; Dorati, R.; Conti, B.; Caliceti, P.; Genta, I. Sub-unit vaccine against S. aureus-mediated infections: Set-up of nano-sized polymeric adjuvant. Int. J. Pharm. 2013, 452, 390–401. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Q.; Wang, C.; Liu, Y.; Wang, J.; Gao, Y.; Zhang, X.; Jiang, T.; Wang, S. PEGylated mesoporous silica as a redox-responsive drug delivery system for loading thiol-containing drugs. Int. J. Pharm. 2014, 477, 613–622. [Google Scholar] [CrossRef] [PubMed]

	



Mohan, A.; Narayanan, S.; Sethuraman, S.; Krishnan, U.M. Novel resveratrol and 5-fluorouracil coencapsulated in PEGylated nanoliposomes improve chemotherapeutic efficacy of combination against head and neck squamous cell carcinoma. Biomed. Res. Int. 2014, 2014, 424239. [Google Scholar] [CrossRef] [PubMed]

	



Xu, J.; Zhou, Y.; Cheng, G.; Liu, S.; Dong, M.; Huang, C. ‘Imperfect’ conjugated polymer nanoparticles from MEH-PPV for bioimaging and Fe(III) sensing. Luminescence 2015, 30, 451–456. [Google Scholar] [CrossRef] [PubMed]

	



Singh, M.; Bhatnagar, P.; Mishra, S.; Kumar, P.; Shukla, Y.; Gupta, K.C. PLGA-encapsulated tea polyphenols enhance the chemotherapeutic efficacy of cisplatin against human cancer cells and mice bearing Ehrlich ascites carcinoma. Int. J. Nanomed. 2015, 10, 6789–6809. [Google Scholar] [CrossRef] [PubMed]

	



Lawlor, C.; O’Connor, G.; O’Leary, S.; Gallagher, P.J.; Cryan, S.A.; Keane, J.; O’Sullivan, M.P. Treatment of mycobacterium tuberculosis-infected macrophages with poly (lactic-co-glycolic acid) microparticles drives NFκB and autophagy dependent bacillary killing. PLoS ONE 2016, 11, e0149167. [Google Scholar] [CrossRef] [PubMed]

	



Oberoi, H.S.; Yorgensen, Y.M.; Morasse, A.; Evans, J.T.; Burkhart, D.J. PEG modified liposomes containing CRX-601 adjuvant in combination with methylglycol chitosan enhance the murine sublingual immune response to influenza vaccination. J. Control. Release 2016, 223, 64–74. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Liu, Z.; Zhu, Y.; Liu, X.; Yeung, K.W.; Wu, S. Construction of poly (vinyl alcohol)/poly (lactide-glycolide acid)/vancomycin nanoparticles on titanium for enhancing the surface self-antibacterial activity and cytocompatibility. Colloids Surf B Biointerfaces 2017, 151, 165–177. [Google Scholar] [CrossRef] [PubMed]

	



Feinen, B.; Petrovsky, N.; Verma, A.; Merkel, T.J. Advax-adjuvanted recombinant protective antigen provides protection against inhalational anthrax that is further enhanced by addition of murabutide adjuvant. Clin. Vaccine Immunol. 2014, 21, 580–586. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez-Del, R.E.; Marradi, M.; Calderon-Gonzalez, R.; Frande-Cabanes, E.; Penadés, S.; Petrovsky, N.; Alvarez-Dominguez, C. A gold glyco-nanoparticle carrying a Listeriolysin O peptide and formulated with Advax™ delta inulin adjuvant induces robust T-cell protection against listeria infection. Vaccine 2015, 33, 1465–1473. [Google Scholar] [CrossRef] [PubMed]

	



Honda-Okubo, Y.; Saade, F.; Petrovsky, N. Advax™, a polysaccharide adjuvant derived from delta inulin, provides improved influenza vaccine protection through broad-based enhancement of adaptive immune responses. Vaccine 2012, 30, 5373–5381. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Honda-Okubo, Y.; Barnard, D.; Ong, C.H.; Peng, B.H.; Tseng, C.T.; Petrovsky, N. Severe acute respiratory syndrome-associated coronavirus vaccines formulated with delta inulin adjuvants provide enhanced protection while ameliorating lung eosinophilic immunopathology. J. Virol. 2015, 89, 2995–3007. [Google Scholar] [CrossRef] [PubMed]

	



Saade, F.; Honda-Okubo, Y.; Trec, S.; Petrovsky, N. A novel hepatitis B vaccine containing Advax™, a polysaccharide adjuvant derived from delta inulin, induces robust humoral and cellular immunity with minimal reactogenicity in preclinical testing. Vaccine 2013, 31, 1999–2007. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Petrovsky, N.; Cooper, P.D. Advax™, a novel microcrystalline polysaccharide particle engineered from delta inulin, provides robust adjuvant potency together with tolerability and safety. Vaccine 2015, 33, 5920–5926. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Jain, R.R.; Mehta, M.R.; Bannalikar, A.R.; Menon, M.D. Alginate microparticles loaded with lipopolysaccharide subunit antigen for mucosal vaccination against Klebsiella pneumoniae. Biologicals 2015, 43, 195–201. [Google Scholar] [CrossRef] [PubMed]

	



Farjah, A.; Owlia, P.; Siadat, S.D.; Mousavi, S.F.; Ardestani, M.S.; Mohammadpour, H.K. Immunological evaluation of an alginate-based conjugate as a vaccine candidate against Pseudomonas aeruginosa. APMIS 2015, 123, 175–183. [Google Scholar] [CrossRef] [PubMed]

	



Nagatomo, D.; Taniai, M.; Ariyasu, H.; Taniguchi, M.; Aga, M.; Ariyasu, T.; Ohta, T.; Fukuda, S. Cholesteryl pullulan encapsulated TNF-α nanoparticles are an effective mucosal vaccine adjuvant against influenza virus. Biomed. Res. Int. 2015, 2015, 471468. [Google Scholar] [CrossRef] [PubMed]

	



Cevher, E.; Salomon, S.K.; Somavarapu, S.; Brocchini, S.; Alpar, H.O. Development of chitosan-pullulan composite nanoparticles for nasal delivery of vaccines: In vivo studies. J. Microencapsul. 2015, 32, 769–783. [Google Scholar] [CrossRef] [PubMed]

	



Doavi, T.; Mousavi, S.L.; Kamali, M.; Amani, J.; Fasihi Ramandi, M. Chitosan-Based Intranasal Vaccine against Escherichia coli O157:H7. Iran. Biomed. J. 2016, 20, 97–108. [Google Scholar] [CrossRef] [PubMed]

	



Cui, Z.; Han, D.; Sun, X.; Zhang, M.; Feng, X.; Sun, C.; Gu, J.; Tong, C.; Lei, L.; Han, W. DMannose-modified chitosan microspheres enhance OprF-OprI-mediated protection of mice against Pseudomonas aeruginosa infection via induction of mucosal immunity. Appl. Microbiol. Biotechnol. 2015, 99, 667–680. [Google Scholar] [CrossRef] [PubMed]

	



Lebre, F.; Borchard, G.; Faneca, H.; Pedroso de Lima, M.C.; Borges, O. Intranasal administration of novel chitosan nanoparticle/DNA complexes induces antibody response to hepatitis B surface antigen in mice. Mol. Pharm. 2016, 13, 472–482. [Google Scholar] [CrossRef] [PubMed]

	



Malathi, B.; Mona, S.; Thiyagarajan, D.; Kaliraj, P. Immunopotentiating nano-chitosan as potent vaccine carter for efficacious prophylaxis of filarial antigens. Int. J. Biol. Macromol. 2015, 73, 131–713. [Google Scholar] [CrossRef] [PubMed]

	



Hunsawong, T.; Sunintaboon, P.; Warit, S.; Thaisomboonsuk, B.; Jarman, R.G.; Yoon, I.K.; Ubol, S.; Fernandez, S. Immunogenic properties of a BCG adjuvanted chitosan nanoparticle-based dengue vaccine in human dendritic cells. PLoS. Neg. Trop. Dis. 2015, 9, e0003958. [Google Scholar] [CrossRef] [PubMed]

	



Hill, E.K.; Li, J. Current and future prospects for nanotechnology in animal production. J. Anim. Sci. Biotechnol. 2017, 8, 26. [Google Scholar] [CrossRef] [PubMed]

	



Yang, L.A.P. Physiochemical aspects of drug delivery and release from polymer-based colloids. Curr. Opin. Colloid Interface Sci. 2000, 51, 132–143. [Google Scholar] [CrossRef]

	



Paleos, C.M.; Tsiourvas, D.; Sideratou, Z.; Tziveleka, L.A. Drug delivery using multifunctional dendrimers and hyperbranched polymers. Expert Opin. Drug Deliv. 2010, 7, 1387–1398. [Google Scholar] [CrossRef] [PubMed]

	



Klajnert, B.; Bryszewska, M. Dendrimers: Properties and applications. Acta Biochim. Pol. 2001, 48, 199–208. [Google Scholar] [PubMed]

	



Sekowski, S.; Miłowska, K.; Gabryelak, T. Dendrimers in biomedical sciences and nanotechnology. Postepy Hig. Med. Dosw 2008, 62, 725–733. [Google Scholar]

	



Koda, S.; Inoue, Y.; Iwata, H. Gene transfection into adherent cells using electroporation on a dendrimer-modified gold electrode. Langmuir 2008, 24, 13525–13531. [Google Scholar] [CrossRef] [PubMed]

	



Stecko, S.; Jurczak, M.; Urbańczyk-Lipkowska, Z.; Solecka, J.; Chmielewski, M. Synthesis of pyrrolizidine alkaloids via 1,3-dipolar cycloaddition involving cyclic nitrones and unsaturated lactones. Carbohydr. Res. 2008, 343, 2215–2220. [Google Scholar] [CrossRef] [PubMed]

	



Margerum, L.D.; Campion, B.K.; Koo, M.; Shargill, N.; Lai, J.J.; Marumoto, A.; Sontum, P.C. Gadolinium(III) DO3A macrocycles and polyethylene glycol coupled to dendrimers effect of molecular weight on physical and biological properties of macromolecular magnetic resonance imaging contrast agents. J. Alloys Compd. 1997, 249, 185–190. [Google Scholar] [CrossRef]

	



Kim, Y.; Zimmerman, S.C. Applications of dendrimers in bio-organic chemistry. Curr. Opin. Chem. Biol. 1998, 2, 733–742. [Google Scholar] [CrossRef]

	



Baker, D.E. Budesonide modified-release capsules. Rev. Gastroenterol. Disord. 2001, 1, 147–155. [Google Scholar] [PubMed]

	



Al-Jamal, W.T.; Al-Jamal, K.T.; Tian, B.; Cakebread, A.; Halket, J.M.; Kostarelos, K. Tumor targeting of functionalized quantum dot-liposome hybrids by intravenous administration. Mol. Pharm. 2009, 6, 520–530. [Google Scholar] [CrossRef] [PubMed]

	



Dilbaghi, N.; Kaur, H.; Ahuja, M.; Kumar, S. Evaluation of tropicamide-loaded tamarind seed xyloglucan nanoaggregates for ophthalmic delivery. Carbohydr. Polym. 2013, 94, 286–291. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, Q.; Yadavalli, S.S.; Zhang, S.; Sherman, S.E.; Fiorin, E.; da Silva, L.; Wilson, D.A.; Hammer, D.A.; André, S.; Gabius, H.J.; et al. Bioactive cell-like hybrids coassembled from (glyco) dendrimersomes with bacterial membranes. Proc. Natl. Acad. Sci. USA 2016, 113, 1134–1141. [Google Scholar] [CrossRef] [PubMed]

	



Samad, A.; Alam, M.I.; Saxena, K. Dendrimers: A class of polymers in the nanotechnology for the delivery of active pharmaceuticals. Curr. Pharm. Des. 2009, 15, 2958–2969. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.F.; Liu, Z.G.; Shen, W.; Gurunathan, S. Silver Nanoparticles: Synthesis, Characterization, Properties, Applications, and Therapeutic Approaches. Int. J. Mol. Sci. 2016, 17, 1534. [Google Scholar] [CrossRef] [PubMed]

	



Mody, V.V.; Siwale, R.; Singh, A.; Mody, H.R. Introduction to metallic nanoparticles. J. Pharm. Bioallied Sci. 2010, 2, 282–289. [Google Scholar] [CrossRef] [PubMed]

	



Stankic, S.; Suman, S.; Haque, F.; Vidic, J. Pure and multi metal oxide nanoparticles: Synthesis, antibacterial and cytotoxic properties. J. Nanobiotechnol. 2016, 14, 73. [Google Scholar] [CrossRef] [PubMed]

	



Jain, P.K.; El-Sayed, M.A. Universal scaling of plasmon coupling in metal nanostructures: Extension from particle pairs to nanoshells. Nano Lett. 2007, 7, 2854–2858. [Google Scholar] [CrossRef] [PubMed]

	



Ge, L.; Li, Q.; Wang, M.; Ouyang, J.; Li, X.; Xing, M.M. Nanosilver particles in medical applications: Synthesis, performance, and toxicity. Int. J. Nanomed. 2014, 9, 2399–2407. [Google Scholar] [CrossRef]

	



Narducci, D. An introduction to nanotechnologies: What’s in it for us? Vet. Res. Commun. 2007, 1, 131–137. [Google Scholar] [CrossRef] [PubMed]

	



Khandelwal, N.; Kaur, G.; Chaubey, K.K.; Singh, P.; Sharma, S.; Tiwari, A.; Singh, S.V.; Kumar, N. Silver nanoparticles impair Peste des petits ruminants virus replication. Virus Res. 2014, 190, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Orlowski, P.; Tomaszewska, E.; Gniadek, M.; Baska, P.; Nowakowska, J.; Sokolowska, J.; Nowak, Z.; Donten, M.; Celichowski, G.; Grobelny, J.; et al. Tannic acid modified silver nanoparticles show antiviral activity in herpes simplex virus type 2 infection. PLoS ONE 2014, 9, e104113. [Google Scholar] [CrossRef] [PubMed]

	



Gurunathan, S.; Han, J.W.; Kwon, D.N.; Kim, J.H. Enhanced antibacterial and anti-biofilm activities of silver nanoparticles against Gram-negative and Gram-positive bacteria. Nanoscale Res. Lett. 2014, 9, 373. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Gurunathan, S.; Han, J.W.; Park, J.H.; Kim, E.; Choi, Y.J.; Kwon, D.N.; Kim, J.H. Reduced graphene oxide-silver nanoparticle nanocomposite: A potential anticancer nanotherapy. Int. J. Nanomed. 2015, 10, 6257–6276. [Google Scholar] [CrossRef] [PubMed]

	



Smekalova, M.; Aragon, V.; Panacek, A.; Prucek, R.; Zboril, R.; Kvitek, L. Enhanced antibacterial effect of antibiotics in combination with silver nanoparticles against animal pathogens. Vet. J. 2016, 209, 174–179. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, Y.G.; Peng, Q.L.; Gurunathan, S. Effects of Silver Nanoparticles on multiple drug-resistant strains of Staphylococcus aureus and Pseudomonas aeruginosa from mastitis-infected goats: An alternative approach for antimicrobial therapy. Int. J. Mol. Sci. 2017, 18, 569. [Google Scholar] [CrossRef] [PubMed]

	



Blomberg, L.; Henriksson, A.; Conway, P.L. Inhibition of adhesion of Escherichia coli K88 to piglet ileal mucus by Lactobacillus spp. Appl. Environ. Microbiol. 1993, 59, 34–39. [Google Scholar] [PubMed]

	



Fondevilaa, M.; Herrera, R.; Casallasa, M.C.; Abeciaa, L.; Duchab, J.J. Silver nanoparticles as a potential antimicrobial additive for weaned pigs. Anim. Feed Sci. Tech. 2009, 150, 259–269. [Google Scholar] [CrossRef]

	



Sawosz, E.; Binek, M.; Grodzik, M.; Zielińska, M.; Sysa, P.; Szmidt, M.; Niemiec, T.; Chwalibog, A. Influence of hydrocolloidal silver nanoparticles on gastrointestinal microflora and morphology of enterocytes of quails. Arch. Anim. Nutr. 2007, 61, 444–451. [Google Scholar] [CrossRef] [PubMed]

	



Mullally, C.; Carey, K.; Seshadri, R. Use of a nanocrystalline silver dressing and vacuum-assisted closure in a severely burned dog. J. Vet. Emerg. Crit. Care 2010, 20, 456–463. [Google Scholar] [CrossRef]

	



Gurunathan, S.; Kalishwaralal, K.; Vaidyanathan, R.; Venkataraman, D.; Pandian, S.R.; Muniyandi, J.; Hariharan, N.; Eom, S.H. Biosynthesis, purification and characterization of silver nanoparticles using Escherichia coli. Colloids Surf. B Biointerfaces 2009, 74, 328–335. [Google Scholar] [CrossRef] [PubMed]

	



Kalishwaralal, K.; BarathManiKanth, S.; Pandian, S.R.; Deepak, V.; Gurunathan, S. Silver nanoparticles impede the biofilm formation by Pseudomonas aeruginosa and Staphylococcus epidermidis. Colloids Surf. B Biointerfaces 2010, 79, 340–344. [Google Scholar] [CrossRef] [PubMed]

	



Gholami-Ahangaran, M.; Zia-Jahromi, N. Nanosilver effects on growth parameters in experimental aflatoxicosis in broiler chickens. Toxicol. Ind. Health 2013, 29, 121–125. [Google Scholar] [CrossRef] [PubMed]

	



Gholami-Ahangaran, M.; Zia-Jahromi, N. Effect of nanosilver on blood parameters in chickens having aflatoxicosis. Toxicol. Ind. Health 2014, 30, 192–196. [Google Scholar] [CrossRef] [PubMed]

	



Woods, S.; De Castro Marques, A.I.; Renwick, M.G.; Argyle, S.A.; Yool, D.A. Nanocrystalline silver dressing and subatmospheric pressure therapy following neoadjuvant radiation therapy and surgical excision of a feline injection site sarcoma. J. Feline Med. Surg. 2012, 14, 214–218. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Pineda, L.; Chwalibog, A.; Sawosz, E.; Lauridsen, C.; Engberg, R.; Elnif, J.; Hotowy, A.; Sawosz, F.; Gao, Y.; Ali, A.; et al. Effect of silver nanoparticles on growth performance, metabolism and microbial profile of broiler chickens. Arch. Anim. Nutr. 2012, 66, 416–429. [Google Scholar] [CrossRef] [PubMed]

	



Bhanja, S.K.; Hotowy, A.; Mehra, M.; Sawosz, E.; Pineda, L.; Vadalasetty, K.P.; Kurantowicz, N.; Chwalibog, A. In ovo administration of silver nanoparticles and/or amino acids influence metabolism and immune gene expression in chicken embryos. Int. J. Mol. Sci. 2015, 16, 9484–9503. [Google Scholar] [CrossRef]

	



Bansod, S.; Bawskar, M.; Rai, M. In vitro effect of biogenic silver nanoparticles on sterilisation of tobacco leaf explants and for higher yield of protoplasts. IET Nanobiotechnol. 2015, 9, 239–245. [Google Scholar] [CrossRef] [PubMed]

	



Asgary, V.; Shoari, A.; Baghbani-Arani, F.; Sadat Shandiz, S.A.; Khosravy, M.S.; Janani, A.; Bigdeli, R.; Bashar, R.; Cohan, R.A. Green synthesis and evaluation of silver nanoparticles as adjuvant in rabies veterinary vaccine. Int. J. Nanomed. 2016, 11, 3597–3605. [Google Scholar] [CrossRef]

	



Arsenopoulou, Z.V.; Taitzoglou, I.A.; Molyvdas, P.A.; Gourgoulianis, K.I.; Hatzoglou, C.; Zarogiannis, S.G. Silver nanoparticles alter the permeability of sheep pleura and of sheep and human pleural mesothelial cell monolayers. Environ. Toxicol. Pharmacol. 2017, 50, 212–215. [Google Scholar] [CrossRef] [PubMed]

	



Gurunathan, S.; Choi, Y.J.; Kim, J.H. Antibacterial Efficacy of Silver Nanoparticles on Endometritis Caused by Prevotella melaninogenica and Arcanobacterum pyogenes in Dairy Cattle. Int. J. Mol. Sci. 2018, 19, 1210. [Google Scholar] [CrossRef] [PubMed]

	



Connor, E.E.; Mwamuka, J.; Gole, A.; Murphy, C.J.; Wyatt, M.D. Gold nanoparticles are taken up by human cells but do not cause acute cytotoxicity. Small 2005, 1, 325–327. [Google Scholar] [CrossRef] [PubMed]

	



Kim, C.K.; Ghosh, P.; Rotello, V.M. Multimodal drug delivery using gold nanoparticles. Nanoscale 2009, 1, 61–67. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Nurulfiza, I.; Hair-Bejo, M.; Omar, A.R.; Aini, I. Immunochromatographic gold-based test strip for rapid detection of infectious bursal disease virus antibodies. J. Vet. Diagn. Investig. 2011, 23, 320–324. [Google Scholar] [CrossRef] [PubMed]

	



Ding, Y.Z.; Liu, Y.S.; Zhou, J.H.; Chen, H.T.; Zhang, J.; Ma, L.N.; Wei, G. A highly sensitive detection for foot-and-mouth disease virus by gold nanopariticle improved immuno-PCR. Virol. J. 2011, 8, 148. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Cao, C.; Gontard, L.C.; Thuy Tram le, L.; Wolff, A.; Bang, D.D. Dual enlargement of gold nanoparticles: From mechanism to scanometric detection of pathogenic bacteria. Small 2011, 7, 1701–1708. [Google Scholar] [CrossRef] [PubMed]

	



Yin, H.Q.; Jia, M.X.; Shi, L.J.; Yang, S.; Zhang, L.Y.; Zhang, Q.M.; Wang, S.Q.; Li, G.; Zhang, J.G. Nanoparticle-based bio-barcode assay for the detection of bluetongue virus. J. Virol. Methods 2011, 178, 225–228. [Google Scholar] [CrossRef] [PubMed]

	



Moongkarndi, P.; Rodpai, E.; Kanarat, S. Evaluation of an immunochromatographic assay for rapid detection of Salmonella enterica serovars typhimurium and enteritidis. J. Vet. Diagn. Investig. 2011, 23, 797–801. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Y.; Kong, Y.; Kundu, S.; Cirillo, J.D.; Liang, H. Antibacterial activities of gold and silver nanoparticles against Escherichia coli and bacillus Calmette-Guérin. J. Nanobiotechnol. 2012, 10, 19. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Tan, X.; Ding, S.Q.; Hu, Y.X.; Li, J.J.; Zhou, J.Y. Development of an immunosensor assay for detection of haptoglobin in mastitic milk. Vet. Clin. Pathol. 2012, 41, 575–581. [Google Scholar] [CrossRef] [PubMed]

	



Saleh, M.; Soliman, H.; Sørum, H.; Fauske, A.K.; El-Matbouli, M. A novel gold nanoparticles-based assay for rapid detection of Melissococcus plutonius, the causative agent of European foulbrood. Vet. Rec. 2012, 171, 400. [Google Scholar] [CrossRef] [PubMed]

	



Regiart, M.; Fernández-Baldo, M.A.; Spotorno, V.G.; Bertolino, F.A.; Raba, J. Ultra sensitive microfluidic immunosensor for determination of clenbuterol in bovine hair samples using electrodeposited gold nanoparticles and magnetic micro particles as bio-affinity platform. Biosens. Bioelectron. 2013, 41, 211–217. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Dang, E.; Gao, J.; Guo, S.; Li, Z. Development of a gold nanoparticle-based oligonucleotide microarray for simultaneous detection of seven swine viruses. J. Virol. Methods 2013, 191, 9–15. [Google Scholar] [CrossRef] [PubMed]

	



Meng, K.; Sun, W.; Zhao, P.; Zhang, L.; Cai, D.; Cheng, Z.; Guo, H.; Liu, J.; Yang, D.; Wang, S.; et al. Development of colloidal gold-based immunochromatographic assay for rapid detection of Mycoplasma suis in porcine plasma. Biosens. Bioelectron. 2014, 55, 396–399. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, K.; Dietrich, R.; Didier, A.; Doyscher, D.; Märtlbauer, E. Recent developments in antibody-based assays for the detection of bacterial toxins. Toxins 2014, 6, 1325–1348. [Google Scholar] [CrossRef] [PubMed]

	



Jahani, Z.; Meshgi, B.; Rajabi-Bzl, M.; Jalousian, F.; Hasheminasab, S. Improved serodiagnosis of hydatid cyst disease using gold nanoparticle labeled antigen B in naturally infected sheep. Iran. J. Parasitol. 2014, 9, 218–925. [Google Scholar] [PubMed]

	



Huang, Y.; Zhang, X.; Du, Q.; Wang, F.; Zhao, X.; Zhang, W.; Tong, D. Preclinical detection of porcine circovirus type 2 infection using an ultrasensitive nanoparticle DNA probe-based PCR assay. PLoS ONE 2014, 9, e97869. [Google Scholar] [CrossRef] [PubMed]

	



Hassan, A.R.; De la Escosura-Muñiz, A.; Merkoçi, A. Highly sensitive and rapid determination of Escherichia coli O157:H7 in minced beef and water using electrocatalytic gold nanoparticle tags. Biosens. Bioelectron. 2015, 67, 511–515. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, W.; Liu, Y.; Chen, Y.; Yang, Q.; Chun, P.; Yao, K.; Han, X.; Wang, S.; Yu, S.; Liu, Y.; et al. A novel dynamic flow immunochromatographic test (DFICT) using gold nanoparticles for the serological detection of Toxoplasma gondii infection in dogs and cats. Biosens. Bioelectron. 2015, 72, 133–139. [Google Scholar] [CrossRef] [PubMed]

	



Le, T.; Zhu, L.; Shu, L.; Zhang, L. Simultaneous determination of five quinoxaline-1, 4-dioxides in animal feeds using an immunochromatographic strip. Food. Addit. Contam. Part A 2016, 33, 244–251. [Google Scholar] [CrossRef] [PubMed]

	



Fent, G.M.; Casteel, S.W.; Kim, D.Y.; Kannan, R.; Katti, K.; Chanda, N.; Katti, K. Biodistribution of maltose and gum arabic hybrid gold nanoparticles after intravenous injection in juvenile swine. Nanomedicine 2009, 5, 128–135. [Google Scholar] [CrossRef] [PubMed]

	



Chanda, N.; Upendran, A.; Boote, E.J.; Zambre, A.; Axiak, S.; Selting, K.; Katti, K.V.; Leevy, W.M.; Afrasiabi, Z.; Vimal, J.; et al. Gold nanoparticle based X-ray contrast agent for tumor imaging in mice and dog: A potential nano-platform for computer tomography theranostics. J. Biomed. Nanotechnol. 2014, 10, 383–392. [Google Scholar] [CrossRef] [PubMed]

	



Axiak-Bechtel, S.M.; Upendran, A.; Lattimer, J.C.; Kelsey, J.; Cutler, C.S.; Selting, K.A.; Bryan, J.N.; Henry, C.J.; Boote, E.; Tate, D.J.; et al. Gum arabic-coated radioactive gold nanoparticles cause no short-term local or systemic toxicity in the clinically relevant canine model of prostate cancer. Int. J. Nanomed. 2014, 9, 5001–5011. [Google Scholar] [CrossRef] [PubMed]

	



Mohamed, T.; Matou-Nasri, S.; Farooq, A.; Whitehead, D.; Azzawi, M. Polyvinylpyrrolidone-coated gold nanoparticles inhibit endothelial cell viability, proliferation, and ERK1/2 phosphorylation and reduce the magnitude of endothelial-independent dilator responses in isolated aortic vessels. Int. J. Nanomed. 2017, 12, 8813–8830. [Google Scholar] [CrossRef] [PubMed]

	



Shen, C.C.; Liang, H.J.; Wang, C.C.; Liao, M.H.; Jan, T.R. Iron oxide nanoparticles suppressed T helper 1 cell-mediated immunity in a murine model of delayed-type hypersensitivity. Int. J. Nanomed. 2012, 7, 2729–2737. [Google Scholar] [CrossRef]

	



Kolecka, M.A.; Arnhold, S.; Schmidt, M.; Reich, C.; Kramer, M.; Failing, K.; Von Pückler, K. Behaviour of adipose-derived canine mesenchymal stem cells after superparamagnetic iron oxide nanoparticles labelling for magnetic resonance imaging. BMC Vet. Res. 2017, 13, 62. [Google Scholar] [CrossRef] [PubMed]

	



Long, Q.; Li, J.; Luo, Q.; Hei, Y.; Wang, K.; Tian, Y.; Yang, J.; Lei, H.; Qiu, B.; Liu, W. MRI tracking of bone marrow mesenchymal stem cells labeled with ultra-small superparamagnetic iron oxide nanoparticles in a rat model of temporal lobe epilepsy. Neurosci. Lett. 2015, 606, 30–35. [Google Scholar] [CrossRef] [PubMed]

	



Scharf, A.; Holmes, S.; Thoresen, M.; Mumaw, J.; Stumpf, A.; Peroni, J. Superparamagnetic iron oxide nanoparticles as a means to track mesenchymal stem cells in a large animal model of tendon injury. Contrast Media Mol. Imaging 2015, 10, 388–397. [Google Scholar] [CrossRef] [PubMed]

	



Edge, D.; Shortt, C.M.; Gobbo, O.L.; Teughels, S.; Prina-Mello, A.; Volkov, Y.; MacEneaney, P.; Radomski, M.W.; Markos, F. Pharmacokinetics and bio-distribution of novel super paramagnetic iron oxide nanoparticles (SPIONs) in the anaesthetized pig. Clin. Exp. Pharmacol. Physiol. 2016, 43, 319–326. [Google Scholar] [CrossRef] [PubMed]

	



Raguvaran, R.; Anju, M.; Balvinder, K.M. Zinc Oxide Nanoparticles: Opportunities and Challenges in Veterinary Sciences. Immunome Res. 2015, 11, 2. [Google Scholar] [CrossRef]

	



Stoimenov, P.K.; Klinger, R.L.; Marchin, G.L.; Klabunde, K.J. Metal oxide nanoparticles as bactericidal agents. Langmuir 2002, 18, 6679–6686. [Google Scholar] [CrossRef]

	



Jin, T.; Sun, D.; Su, J.Y.; Zhang, H.; Sue, H.J. Antimicrobial efficacy of zinc oxide quantum dots against Listeria monocytogenes, Salmonella Enteritidis, and Escherichia coli O157:H7. J. Food Sci. 2009, 74, M46–M52. [Google Scholar] [CrossRef] [PubMed]

	



Yamamoto, O. Influence of particle size on the antibacterial activity of zinc oxide. Int. J. Inorg. Mater. 2001, 3, 643–646. [Google Scholar] [CrossRef]

	



Zhang, L.; Jiang, Y.; Ding, Y.; Povey, M.; York, D. Investigation into the antibacterial behaviour of suspensions of ZnO nanoparticles (ZnO nanofluids). J. Nanopart. Res. 2007, 9, 479–489. [Google Scholar] [CrossRef]

	



Erskine, R.J.; Wagner, S.; DeGraves, F.J. Mastitis therapy and pharmacology. Vet. Clin. N. Am. Food Anim. Pract. 2003, 19, 109–138. [Google Scholar] [CrossRef]

	



Seegers, H.; Fourichon, C.; Beaudeau, F. Production effects related to mastitis and mastitis economics in dairy cattle herds. Vet. Res. 2003, 34, 475–491. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Jalal, A.; Rashid, N.; Ahmed, N.; Iftikhar, S.; Akhtar, M. Escherichia coli signal peptidase recognizes and cleaves the signal sequence of xylanase from a newly isolated Bacillus subtilis strain R5. Biochemistry 2011, 76, 347–349. [Google Scholar] [CrossRef] [PubMed]

	



Bajpai, I.; Saha, N.; Basu, B. Moderate intensity static magnetic field has bactericidal effect on E. coli and S. epidermidis on sintered hydroxyapatite. J. Biomed. Mater. Res. B Appl. Biomater. 2012, 100, 1206–1217. [Google Scholar] [CrossRef] [PubMed]

	



Arabi, Y.M.; Dara, S.I.; Memish, Z.; Al Abdulkareem, A.; Tamim, H.M.; Al-Shirawi, N.; Parrillo, J.E.; Dodek, P.; Lapinsky, S.; Feinstein, D.; et al. Antimicrobial therapeutic determinants of outcomes from septic shock among patients with cirrhosis. Hepatology 2012, 56, 2305–2315. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Rosi, N.L.; Mirkin, C.A. Nanostructures in biodiagnostics. Chem. Rev. 2005, 105, 1547–1562. [Google Scholar] [CrossRef] [PubMed]

	



Auffan, M.; Rose, J.; Bottero, J.Y.; Lowry, G.V.; Jolivet, J.P.; Wiesner, M.R. Towards a definition of inorganic nanoparticles from an environmental, health and safety perspective. Nat. Nanotechnol. 2009, 4, 634–641. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Wingett, D.; Engelhard, M.H.; Feris, K.; Reddy, K.M.; Turner, P.; Layne, J.; Hanley, C.; Bell, J.; Tenne, D.; et al. Fluorescent dye encapsulated ZnO particles with cell-specific toxicity for potential use in biomedical applications. J. Mater. Sci. Mater. Med. 2009, 20, 11–22. [Google Scholar] [CrossRef] [PubMed]

	



Rutteman, G.R.; Foekens, J.A.; Portengen, H.; Vos, J.H.; Blankenstein, M.A.; Teske, E.; Cornelisse, C.J.; Misdorp, W. Expression of epidermal growth factor receptor (EGFR) in non-affected and tumorous mammary tissue of female dogs. Breast Cancer Res. Treat. 1994, 30, 139–146. [Google Scholar] [CrossRef] [PubMed]

	



Dobson, J.M.; Samuel, S.; Milstein, H.; Rogers, K.; Wood, J.L. Canine neoplasia in the UK: Estimates of incidence rates from a population of insured dogs. J. Small Anim. Pract. 2002, 43, 240–246. [Google Scholar] [CrossRef] [PubMed]

	



Stubbs, E.L.; Furth, J. Experimental Studies on Venereal Sarcoma of the Dog. Am. J. Pathol. 1934, 10, 275–286. [Google Scholar] [PubMed]

	



Marti, E.; Lazary, S.; Antczak, D.F.; Gerber, H. Report of the first international workshop on equine sarcoid. Equine Vet. J. 1993, 25, 397–407. [Google Scholar] [CrossRef] [PubMed]

	



Scott, D.W.; Miller, W.H., Jr. Treatment with individualized homeopathic remedies unsuccessful. Can. Vet. J. 2003, 44, 273. [Google Scholar] [PubMed]

	



Borzacchiello, G.; Corteggio, A. Equine Sarcoid: State of the Art. Ippologia 2009, 20, 7–14. [Google Scholar]

	



Carr, E.A.; Théon, A.P.; Madewell, B.R.; Griffey, S.M.; Hitchcock, M.E. Bovine papillomavirus DNA in neoplastic and nonneoplastic tissues obtained from horses with and without sarcoids in the western United States. Am. J. Vet. Res. 2001, 62, 741–744. [Google Scholar] [CrossRef] [PubMed]

	



Hampson, D.J.; Pluske, J.R.; Pethick, D.W. Dietary manipulation of enteric disease. In Proceedings of the VIIIth International Symposium on Digestive Physiology in Pig; CAB International: Wallingford, UK, 2001. [Google Scholar]

	



Jensen-Waern, M.; Melin, L.; Lindberg, R.; Johannisson, A.; Petersson, L.; Wallgren, P. Dietary zinc oxide in weaned pigs–effects on performance, tissue concentrations, morphology, neutrophil functions and faecal microflora. Res. Vet. Sci. 1998, 64, 225–231. [Google Scholar] [CrossRef]

	



Broom, L.J.; Miller, H.M.; Kerr, K.G.; Knapp, J.S. Effects of zinc oxide and Enterococcus faecium SF68 dietary supplementation on the performance, intestinal microbiota and immune status of weaned piglets. Res. Vet. Sci. 2006, 80, 45–54. [Google Scholar] [CrossRef] [PubMed]

	



Hill, G.M.; Cromwell, G.L.; Crenshaw, T.D.; Dove, C.R.; Ewan, R.C.; Knabe, D.A.; Lewis, A.J.; Libal, G.W.; Mahan, D.C.; Shurson, G.C.; et al. Growth promotion effects and plasma changes from feeding high dietary concentrations of zinc and copper to weanling pigs (regional study). J. Anim. Sci. 2000, 78, 1010–1016. [Google Scholar] [CrossRef] [PubMed]

	



Case, C.L.; Carlson, M.S. Effect of feeding organic and inorganic sources of additional zinc on growth performance and zinc balance in nursery pigs. J. Anim. Sci. 2002, 80, 1917–1924. [Google Scholar] [CrossRef] [PubMed]

	



Mussill, J. Zinkmangel alsursache des nichtrinderns. Wien. Tierärztl. Monatsschr. 1941, 28, 136. [Google Scholar]

	



Salama, A.A.; Caja, G.; Albanell, E.; Such, X.; Casals, R.; Plaixats, J. Effects of dietary supplements of zinc-methionine on milk production, udder health and zinc metabolism in dairy goats. J. Dairy Res. 2003, 70, 9–17. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.H.; Lu, L.; Li, S.F.; Zhang, L.Y.; Xi, L.; Zhang, K.Y.; Luo, X.G. Effects of supplemental zinc source and level on growth performance, carcass traits, and meat quality of broilers. Poult. Sci. 2011, 90, 1782–1790. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Yang, Z.P.; Sun, L.P. Effects of nanometre ZnO on growth performance of early weaned piglets. J. Shanxi Agric. Sci. 2006, 3, 24. [Google Scholar]

	



Mishra, A.; Swain, R.K.; Mishra, S.K.; Panda, N.; Sethy, K. Growth performance and serum biochemical parameters as affected by nano zinc supplementation in layer chicks. Indian J. Anim. Nutr. 2014, 31, 384–388. [Google Scholar]

	



Lina, T.; Jianyang, J.; Fenghua, Z.; Huiying, R.; Wenli, L. Effect of nano-zinc oxide on the production and dressing performance of broiler. Chin. Agric. Sci. Bull. 2009, 2, S831. [Google Scholar]

	



Hongfu, Y.B.Z. Effects of Nano-ZnO on growth performance and diarrhea rate in weaning piglets. China Feed 2008, 1, S828. [Google Scholar]

	



Rajendran, D.; Kumar, G.; Ramakrishnan, S.; Thomas, K.S. Enhancing the milk production and immunity in Holstein Friesian crossbred cow by supplementing novel nano zinc oxide. Res. J. Biotechnol. 2013, 8, 11–17. [Google Scholar]

	



Campbell, J.K.; Mills, C.F. The toxicity of zinc to pregnant sheep. Environ. Res. 1979, 20, 1–13. [Google Scholar] [CrossRef]

	



Najafzadeh, H.; Ghoreishi, S.M.; Mohammadian, B.; Rahimi, E.; Afzalzadeh, M.R.; Kazemivarnamkhasti, M.; Ganjealidarani, H. Serum biochemical and histopathological changes in liver and kidney in lambs after zinc oxide nanoparticles administration. Vet. World 2013, 6, 534–537. [Google Scholar] [CrossRef]

	



Allen, J.G.; Masters, H.G.; Peet, R.L.; Mullins, K.R.; Lewis, R.D.; Skirrow, S.Z.; Fry, J. Zinc toxicity in ruminants. J. Comp. Pathol. 1983, 93, 363–377. [Google Scholar] [CrossRef]

	



Wang, B.; Feng, W.; Wang, M.; Wang, T.C.; Gu, Y.Q.; Zhu, M.T.; Ouyang, H.; Shi, J.W.; Zhang, F.; Zhao, Y.L.; et al. Acute toxicological impact of nano- and submicro-scaled zinc oxide powder on healthy adult mice. J. Nano Res. 2008, 10, 263–276. [Google Scholar] [CrossRef]

	



Pantarotto, D.; Partidos, C.D.; Hoebeke, J.; Brown, F.; Kramer, E.; Briand, J.P.; Muller, S.; Prato, M.; Bianco, A. Immunization with peptide-functionalized carbon nanotubes enhances virus-specific neutralizing antibody responses. Chem. Biol. 2003, 10, 961–966. [Google Scholar] [CrossRef] [PubMed]

	



Fadeel, B.; Garcia-Bennett, A.E. Better safe than sorry: Understanding the toxicological properties of inorganic nanoparticles manufactured for biomedical applications. Adv. Drug Deliv. Rev. 2010, 62, 362–374. [Google Scholar] [CrossRef] [PubMed]

	



Lamprecht, C.; Liashkovich, I.; Neves, V.; Danzberger, J.; Heister, E.; Rangl, M.; Coley, H.M.; McFadden, J.; Flahaut, E.; Gruber, H.J.; et al. AFM imaging of functionalized carbon nanotubes on biological membranes. Nanotechnology 2009, 20, 434001. [Google Scholar] [CrossRef] [PubMed]

	



Surendiran, A.; Sandhiya, S.; Pradhan, S.C.; Adithan, C. Novel applications of nanotechnology in medicine. Indian J. Med. Res. 2009, 130, 689–701. [Google Scholar] [PubMed]

	



Fu, C.C.; Lee, H.Y.; Chen, K.; Lim, T.S.; Wu, H.Y.; Lin, P.K.; Wei, P.K.; Tsao, P.H.; Chang, H.C.; Fann, W. Characterization and application of single fluorescent nanodiamonds as cellular biomarkers. Proc. Natl. Acad. Sci. USA 2007, 104, 727–732. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Zhu, Y.; Li, J.; Li, W.; Zhang, Y.; Yang, X.; Chen, N.; Sun, Y.; Zhao, Y.; Fan, C.; Huang, Q. The biocompatibility of nanodiamonds and their application in drug delivery systems. Theranostics 2012, 2, 302–312. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, J.; Duan, X.; Yin, Q.; Zhang, Z.; Yu, H.; Li, Y. Nanodiamonds-mediated doxorubicin nuclear delivery to inhibit lung metastasis of breast cancer. Biomaterials 2013, 34, 9648–9656. [Google Scholar] [CrossRef] [PubMed]

	



Bogdanowicz, R.; Sawczak, M.; Niedzialkowski, P.; Zieba, P.; Finke, B.; Ryl, J.; Karczewski, J.; Ossowski, T. Novel Functionalization of Boron-Doped Diamond by Microwave Pulsed-Plasma Polymerized Allylamine Film. J. Phys. Chem. C 2014, 118, 8014–8025. [Google Scholar] [CrossRef]

	



Wąsowicz, M.; Ficek, M.; Wróbel, M.S.; Chakraborty, R.; Fixler, D.; Wierzba, P.; Jędrzejewska-Szczerska, M. Haemocompatibility of Modified Nanodiamonds. Materials 2017, 10, 352. [Google Scholar] [CrossRef] [PubMed]

	



Gibson, N.M.; Luo, T.J.; Brenner, D.W.; Shenderova, O. Immobilization of mycotoxins on modified nanodiamond substrates. Biointerphases 2011, 6, 210–217. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Parvongnukul, K.; Lumb, W.V. Evaluation of polytetrafluoroethylene -graphite-coated total hip prostheses in goats. Am. J. Vet. Res. 1978, 39, 221–228. [Google Scholar] [PubMed]

	



McComb, T.; Bischoff, K.; Thompson, B.; Smith, M.C.; Mohammed, H.O.; Ebel, J.; Hillebrandt, J. An investigation of blood selenium concentrations of goats in New York State. J. Vet. Diagn. Investig. 2010, 22, 696–701. [Google Scholar] [CrossRef] [PubMed]

	



Bischoff, K.; Gaskill, C.; Erb, H.N.; Ebel, J.G.; Hillebrandt, J. Comparison of two methods for blood lead analysis in cattle: Graphite-furnace atomic absorption spectrometry and LeadCare(R) II system. J. Vet. Diagn. Investig. 2010, 22, 729–733. [Google Scholar] [CrossRef] [PubMed]

	



Rahimi, E. Lead and cadmium concentrations in goat, cow, sheep, and buffalo milks from different regions of Iran. Food Chem. 2013, 136, 389–391. [Google Scholar] [CrossRef] [PubMed]

	



Novoselov, K.S. Development and Applications of Mesoscopic Hall Microprobes. Ph.D. Thesis, Radboud University Nijmegen, Nijmegen, The Netherlands, 2004. [Google Scholar]

	



Sanchez, V.C.; Jachak, A.; Hurt, R.H.; Kane, A.B. Biological interactions of graphene-family nanomaterials: An interdisciplinary review. Chem. Res. Toxicol. 2012, 25, 15–34. [Google Scholar] [CrossRef] [PubMed]

	



Sun, X.; Liu, Z.; Welsher, K.; Robinson, J.T.; Goodwin, A.; Zaric, S.; Dai, H. Nano-graphene oxide for cellular imaging and drug delivery. Nano Res. 2008, 1, 203–212. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Lee, C.; Kim, J.; Zhang, Y.; Jeon, M.; Liu, C.; Song, L.; Lovell, J.F.; Kim, C. Dual-color photoacoustic lymph node imaging using nanoformulated naphthalocyanines. Biomaterials 2015, 73, 142–148. [Google Scholar] [CrossRef] [PubMed]

	



Ye, S.; Shao, K.; Li, Z.; Guo, N.; Zuo, Y.; Li, Q.; Lu, Z.; Chen, L.; He, Q.; Han, H. Antiviral activity of graphene oxide: How sharp edged structure and charge matter. ACS Appl. Mater. Interfaces 2015, 7, 21571–21579. [Google Scholar] [CrossRef] [PubMed]

	



Kurantowicz, N.; Strojny, B.; Sawosz, E.; Jaworski, S.; Kutwin, M.; Grodzik, M. ACS Appl Mater Interfaces. Biodistribution of a high dose of diamond, graphite, and graphene oxide nanoparticles after multiple intraperitoneal injections in rats. Nanoscale Res. Lett. 2015, 10, 398. [Google Scholar] [CrossRef] [PubMed]

	



Taylor, R.; Hare, J.P.; Abdul-Sada, A.K. Isolation, separation and characterization of the fullerenes C60 and C70: The third form of carbon. J. Chem. Soc. Chem. Commun. 1990, 20, 1423–1425. [Google Scholar] [CrossRef]

	



Friedman, S.H.; De Camp, D.L.; Sijbesma, R.P. Inhibition of the HIV-1 protease by fullerene derivatives: Model building studies and experimental verification. J. Am. Chem. Soc. 1993, 115, 6506–6509. [Google Scholar] [CrossRef]

	



Sijbesma, R.; Srdanov, G.; Wudl, F. Synthesis of a fullerene derivative for the inhibition of HIV enzymes. J. Am. Chem. Soc. 1993, 115, 6510–6512. [Google Scholar] [CrossRef]

	



Kaesermann, F.; Kempf, C. Photodynamic inactivation of enveloped viruses by buckminsterfullerene. Antivir. Res. 1997, 34, 65–70. [Google Scholar] [CrossRef]

	



Gunawardana, T.; Foldvari, M.; Zachar, T.; Popowich, S.; Chow-Lockerbie, B.; Ivanova, M.V.; Tikoo, S.; Kurukulasuriya, S.; Willson, P.; Gomis, S. Protection of neonatal broiler chickens following in ovo delivery of oligodeoxynucleotides containing CpG motifs (CpG-ODN) formulated with carbon nanotubes or liposomes. Avian Dis. 2015, 59, 31–37. [Google Scholar] [CrossRef] [PubMed]

	



Fernandez-Lopez, S.; Kim, H.S.; Choi, E.C.; Delgado, M.; Granja, J.R.; Khasanov, A.; Kraehenbuehl, K.; Long, G.; Weinberger, D.A.; Wilcoxen, K.M.; et al. Antibacterial agents based on the cyclic d,l-alpha-peptide architecture. Nature 2001, 412, 452–455. [Google Scholar] [CrossRef] [PubMed]

	



Govindasamy, M.; Chen, S.M.; Mani, V.; Devasenathipathy, R.; Umamaheswari, R.; Joseph Santhanaraj, K.; Sathiyan, A. Molybdenum disulfide nanosheets coated multiwalled carbon nanotubes composite for highly sensitive determination of chloramphenicol in food samples milk, honey and powdered milk. J. Colloid Interface Sci. 2017, 485, 129–136. [Google Scholar] [CrossRef] [PubMed]

	



Gurunathan, S.; Han, J.W.; Kim, J.H. Green chemistry approach for the synthesis of biocompatible graphene. Int. J. Nanomed. 2013, 8, 2719–2732. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.F.; Gurunathan, S. Biofabrication of a novel biomolecule-assisted reduced graphene oxide: An excellent biocompatible nanomaterial. Int. J. Nanomed. 2016, 11, 6635–6649. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, B.; Liu, G.L.; Ling, F.; Wang, G.X. Carbon nanotube-based nanocarrier loaded with ribavirin against grass carp reovirus. Antivir. Res. 2015, 118, 29–38. [Google Scholar] [CrossRef] [PubMed]

	



Muktar, Y.; Bikila, T.; Keffale, M. Application of Nanotechnology for Animal Health and Production Improvement: A Review. World Appl. Sci. J. 2015, 33, 1588–1596. [Google Scholar] [CrossRef]

	



Monerris, M.J.; Arévalo, F.J.; Fernández, H.; Zon, M.A.; Molina, P.G. Integrated electrochemical immunosensor with gold nanoparticles for the determination of progesterone. Sens. Actuators B. Chem. 2012, 166, 586–592. [Google Scholar] [CrossRef]

	



Sagadevan, S.; Periasamy, M. Recent trends in nanobiosensors and their applications-a review. Rev. Adv. Mater. Sci. 2014, 36, 62–69. [Google Scholar]

	



Saragusty, J.; Arav, A. Current progress in oocyte and embryo cryopreservation by slow freezing and vitrification. Reproduction 2011, 141, 1–19. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Lee, J.; Jo, M.; Kim, T.H.; Ahn, J.Y.; Lee, D.K.; Kim, S.; Hong, S. Aptamer sandwich-based carbon nanotube sensors for single-carbon-atomic-resolution detection of non-polar small molecular species. Lab Chip 2011, 11, 52–56. [Google Scholar] [CrossRef] [PubMed]

	



Feugang, J.M.; Youngblood, R.C.; Greene, J.M.; Fahad, A.S.; Monroe, W.A.; Willard, S.T.; Ryan, P.L. Application of quantum dot nanoparticles for potential non-invasive bio-imaging of mammalian spermatozoa. J. Nanobiotechnol. 2012, 10, 45. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Feugang, J.M.; Youngblood, R.C.; Greene, J.M.; Willard, S.T.; Ryan, P.L. Self-illuminating quantum dots for non-invasive bioluminescence imaging of mammalian gametes. J. Nanobiotechnol. 2015, 13, 38. [Google Scholar] [CrossRef] [PubMed]

	



Hasuwa, H.; Muro, Y.; Ikawa, M.; Kato, N.; Tsujimoto, Y.; Okabe, M. Transgenic mouse sperm that have green acrosome and red mitochondria allow visualization of sperm and their acrosome reaction in vivo. Exp. Anim. 2010, 59, 105–107. [Google Scholar] [CrossRef] [PubMed]

	



Rolfe, P. Micro- and nanosensors for medical and biological measurement. Sens. Mater. 2012, 24, 275–302. [Google Scholar] [CrossRef]

	



Cui, Z.; Mumper, R.J. Chitosan-based nanoparticles for topical genetic immunization. J. Control. Release 2001, 75, 409–419. [Google Scholar] [CrossRef]

	



Sekhon, B.S. Drug-drug co-crystals. Daru 2012, 20, 45. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Neethirajan, S.; Jayas, D.S.; Sadistap, S. Carbon Dioxide (CO2) Sensors for the Agri-food Industry. Food Bioprocess Technol. 2009, 3, 115–121. [Google Scholar] [CrossRef]

	



Akkoyun, A.; Kohen, V.; Bilitewski, U. Detection of sulphamethazine with an optical biosensor and anti-idiotypic antibodies. Sens. Actuators B Chem. 2000, 70, 12–18. [Google Scholar] [CrossRef]

	



Kuswandi, B.; Futra, D.; Heng, L.Y. Chapter 15—Nanosensors for the Detection of Food Contaminants. Nanotechnol. Appl. Food 2017, 307–333. [Google Scholar] [CrossRef]

	



Vyas, S.S.; Jadhav, S.V.; Majee, S.B.; Shastri, J.S.; Patravale, V.B. Development of immunochromatographic strip test using fluorescent, micellar silica nanosensors for rapid detection of B. abortus antibodies in milk samples. Biosens. Bioelectron. 2015, 70, 254–260. [Google Scholar] [CrossRef] [PubMed]

	



Lu, J.; Bowles, M. How Will Nanotechnology Affect Agricultural Supply Chains? Int. Food Agribus. Manag. Rev. 2013, 16, 21–42. [Google Scholar]

	



Neethirajan, S.; Tuteja, S.K.; Huang, S.T.; Kelton, D. Recent advancement in biosensors technology for animal and livestock health management. Biosens. Bioelectron. 2017, 98, 398–407. [Google Scholar] [CrossRef] [PubMed]

	



Peled, N.; Ionescu, R.; Nol, P.; Barash, O.; McCollum, M.; VerCauteren, K.; Koslow, M.; Stahl, R.; Rhyan, J.; Haick, H. Detection of volatile organic compounds in cattle naturally infected with Mycobacterium bovis. Sens. Actuators B Chem. 2012, 171–172, 588–594. [Google Scholar] [CrossRef]

	



Donaldson, K.; Donaldson, K.; Stone, V.; Tran, C.L.; Kreyling, W.; Borm, P.J. Nanotoxicology. Occup. Environ. Med. 2004, 61, 727–728. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Oberdörster, G.; Oberdörster, E.; Oberdörster, J. Nanotoxicology: An emerging discipline evolving from studies of ultrafine particles. Environ. Health Perspect. 2005, 113, 823–839. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 19 03299 g001 550] 





Figure 1. Type of nanoparticles used in application of veterinary medicine and animal production. 
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Figure 2. Transmission electron microscopy (TEM) of silver nanoparticles (AgNPs) (A) TEM images of AgNPs synthesized by culture supernatant of Bacillus marisflavi (B). Size distribution of AgNPs from TEM images. 
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Figure 3. Effect of silver nanoparticles on S. aureus and P. aeruginosa, E. coli, and S. uberis from mastitis-infected goats. (A) Cell viability of S. aureus and P. aeruginosa treated with AgNPs. (B) Cell viability of E. coli, and S. uberis treated with AgNPs. Bacterials cells were incubated with various concentrations of AgNPs. Bacterial survival was determined at 24 h by a CFU (colony forming unit) count assay. The experiment was performed with various controls, including a positive control (AgNPs and NB, without inoculum) and a negative control (NB and inoculum, without AgNPs). The results are expressed as the means ± SD of three separate experiments, each of which contained three replicates. Treated groups showed statistically significant differences from the control group by Student’s t test (p < 0.05). 
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Figure 4. (A) TEM images of AuNPs (B). Size distribution of AuNPs from TEM images. TEM images of several fields were used to measure AuNPs particle size; micrographs (left panels); and, size distributions based on TEM images (right panels) of AuNPs ranging from 2 nm to 12 nm. 
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Figure 5. Effect of AuNPs on Staphylococcus spp., Salmonella spp., Streptococcus spp., and Campylobacter spp. in chicken. Staphylococcus spp., Salmonella spp., Streptococcus spp., and Campylobacter spp. cells were incubated with various concentrations of AuNPs. (A) Cell viability of Staphylococcus spp. and Salmonella spp. treated with AuNPs. (B) Cell viability of Streptococcus spp. and Campylobacter spp. treated with AuNPs. Bacterial survival was determined at 24 h by a CFU count assay. The experiment was performed with various controls, including a positive control (AuNPs and NB, without inoculum) and a negative control (NB and inoculum, without AuNPs). The results are expressed as the means ± SD of three separate experiments, each of which contained three replicates. Treated groups showed statistically significant differences from the control group by Student’s t test (p < 0.05). 
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Figure 6. TEM of ZnO-NPs (A) TEM images of ZnO-NPs (B). Size distribution of ZnO-NPs from TEM images. 
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Figure 7. Antibacterial activity of ZnO-NPs on Staphylococcus epidermis, Klebsiella pneumoniae, Streptococcus agalactiae and E. coli. Staphylococcus epidermis, Streptococcus agalactiae, Klebsiella pneumoniae, and E. coli cells were incubated with various concentrations of ZnO-NPs. (A) Cell viability of Staphylococcus epidermis and Klebsiella pneumoniae treated with ZnO-NPs. (B) Cell viability of Streptococcus agalactiae and E. coli treated with ZnO-NPs. Bacterial survival was determined at 24 h by a CFU count assay. The experiment was performed with various controls including a positive control (ZnO-NPs and NB, without inoculum) and a negative control (NB and inoculum, without ZnO-NPs). The results are expressed as the means ± SD of three separate experiments, each of which contained three replicates. Treated groups showed statistically significant differences from the control group by Student’s t test (p < 0.05). 
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Figure 8. TEM images of (A) GO, (B) rGO, and (C) rGO–Ag nanocomposite. TEM images of fields were used to measure GO, rGO, and rGO–Ag particle. 
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Figure 9. Effect of graphene oxide (GO), reduced graphene oxide (rGO), and GO-Ag on cell survival of Staphylococcus agalactiae, Klebsiella spp., Staphylococcus aureu and Enterobacter spp. 
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