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Abstract

:

Curcumin has multiple properties that are used to cure different diseases such as cancer, infections, inflammatory, arthritic disease, etc. Despite having many effects, the inherent physicochemical properties—such as poor water solubility, chemical instability, low bioavailability, photodegradation, fast metabolism, and short half-life—of curcumin’s derivatives have limited its medical importance. Recently, unprecedented advances in biomedical nanotechnology have led to the development of nanomaterial-based drug delivery systems in the treatment of diseases and diagnostic goals that simultaneously enhance therapeutic outcomes and avoid side effects. Mesoporous silica nanoparticles (MSNs) are promising drug delivery systems for more effective and safer treatment of several diseases, such as infections, cancers, and osteoporosis. Achieving a high drug loading in MSNs is critical to the success of this type of treatment. Their notable inherent properties—such as adjustable size and porosity, high pore volume, large surface area, functionality of versatile surfaces, as well as biocompatibility—have prompted extraordinary research on MSNs as multi-purpose delivery platforms. In this review, we focused on curcumin-loaded silica nanoparticles and their effects on the diagnosis and treatment of infections as well as their use in food packaging.
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1. Introduction


In the past few years, several investigations have focused on applying mesoporous silica-based platforms as efficient nanocarriers [1]. There are some favorite properties of using mesoporous silica nanoparticles (MSNs) as a nanocarrier, including having a large number of pores, wide surface area, and adjustable morphology of pore structures [2]. Inorganic silica features, (e.g., surface, size, and topology) can be changed to create separate interactions with different kinds of biological systems. Therefore, mesoporous silica, microporous crystalline titanosilicates, amorphous silica, and zeolites have been extensively utilized for biomedical purposes [3].



In general, MSNs have more long-term release in comparison with organic nanoparticles, because prodrugs can be trapped inside their nano-pores. However, if pro-drugs were trapped in organic nanoparticles, the organic substance would rapidly degenerate; because of the quick pro-drug release [4]. The nanotechnology based on MSNs is sufficiently mature to be expanded to thousands of prodrugs that have not been considered in clinical use yet [5].



The promising properties of mesoporous inorganic materials, particularly MSNs, are easily adapted to incorporate and interact efficiently with a range of low-solubility medications and biomolecules [6]. Therefore, it is clear that we can see a rise in interest in this field. One of the major challenges of MSNs characteristics is deep concerns about their pharmacokinetic and immunological properties which have been studied to be surpassed to realize their clinical potential [7].



Through the functionalization of silica nanoparticles with different coating agents, the loading can be more controlled. As untreated silica nanoparticles have been known to be highly negatively charged and have stable hydrodynamic sizes in a wide pH range, by controlling the surface charge of colloidal silica nanoparticles, a positively charged surface can be formed. Many coating agents—such as amine-containing molecules, multivalent metal cation, or amino acids—can be applied to positively treat the silica nanoparticles. Moreover, molecules with chelating sites have shown high affinity with the silica surface to produce gel-like networks. Amino acid coatings also can be resulted stable silica colloids [8]. MSNs have a greater ratio of surface to volume than bare particles, which makes them a good carrier for drug loading [9].



Clinical medicine has many medicinal products for therapeutic applications, and with a greater understanding of the molecular mechanisms of disease, this list is growing rapidly. Several herbal agents have low water solubility, and this is generally related to low oral bioavailability [10]. For developing new therapeutics, the most important thing to do is to design an appropriate pharmaceutical formulation for delivery.



One active substance that is found in the roots of the Curcuma longa plant is curcumin. It is composed of small natural molecular weight yellow-orange polyphenol, which has been used in wound healing, diabetes, and cardiovascular disease due to its outstanding antibacterial, anti-inflammatory, and antitumor activities [11,12,13,14,15].



A hopeful methodology to overcome systemic toxicity and low bioavailability is the application of nanocarriers, such as liposomes, polymeric nanoparticles, micelles, and dendrimers [16,17,18]. The application of such nanocarriers possesses numerous benefits compared to systemic application, it can modify the drug’s pharmacokinetics, and it may be improve drug delivery to target locations [19,20].



Besides proper surface properties, MSNs have good biocompatibility, easy surface modification, controllable size, etc., making them exceptional candidates for different medical applications [21,22,23]. Due to these exceptional features, the quantity of investigations on MSNs has increased. Large specific areas of surface and volume of pores make MSNs appropriate reservoirs for loading diagnostic/therapeutic agents. MSNs can protect their loaded agents from premature release and subsequent undesirable degradation in the stomach and intestines before they reach their target site [24,25].



This is the first review to consider MSNs as the carrier for curcumin for the diagnosis and treatment of infections, as well as considering their applications in the food industry. The necessity for such a review is a consequence of rapid progress in this field. This review may help investigators accelerate studies and development of this essential field of nanomedicine and, eventually, industrial and clinical applications.




2. Curcumin


Plants are important natural resources for the preparation of medicinal products for various therapeutic purposes [26,27,28,29]. Curcumin as a main phytochemical polyphenol has been revealed to target multiple signaling molecules. It also indicates activity at the cellular level, serving its numerous health profits [30,31,32]. Curcumin is known in many coteries in diverse forms for multiple potential health properties. It is obtainable in numerous procedures—including capsules, tablets, ointments, energy drinks, soaps, and cosmetics [30,33]. Curcuminoids have been determined by the US Food and Drug Administration (FDA) as “Generally Recognized As Safe” (GRAS), and proper safety outlines have been revealed by clinical trials, even at doses between 4000 and 8000 mg/day [34] and of doses up to 12,000 mg/day of 95% concentration of three curcuminoids: curcumin, bisdemethoxycurcumin, and demethoxycurcumin [35,36]. Table 1 shows the main characteristics of curcumin.




3. Silica Nanoparticles


Silica nanoparticles (SiNPs)—with vital benefits such as large surface area, simple functionalization, and biocompatibility—are one of the most frequently applied nanoparticles in drug delivery uses. A porous model, mesoporous silica nanoparticles (MSN), also shows additional features such as tunable pore size and volume, leading to high drug loading volume [43,44]. The main methods for preparing silica nanoparticles include flame synthesis, wet chemical synthesis method, precipitation method, acid treatment, reverse microemulsions, hydrothermal technique, and extensively used sol–gel procedure. The sol–gel method has the advantage to control the particle size, size distribution, and morphology of particles comparing the other mentioned methods. It leads to nanoparticles with narrow size distribution as compared to the wet chemical synthesis method. Both methods have demonstrated a long reaction time [44,45,46,47].



Table 2 summarizes the methods to prepare the silica nanoparticles. It specifies that the main basis compounds for SiO2 used in the production of the nanoscale SiO2 include organo silicates, silanes, chlorosilanes, tetraethylorthosilane, and waste ash from biomass.



There are different kinds of MSNs with different properties and applications [53]. Table 3 shows different types of MSNs. However, MSNs are talented drug delivery systems, as their loading capacity can be altered according to the physicochemical possessions of the drug to gain the desired results.




4. MSNs for Co-Delivery of Curcumin with Antibiotics


First, the ability of MSNs to inter the bacteria and biofilm has been illustrated, then the challenge is in fighting antibacterial resistance by designing nanosystems with improved antimicrobial effectiveness through combining different antimicrobial components in the same nanoplatforms. For this purpose, various studies have identified innovative strategies based on shared delivery of antibiotics or combining antibiotics and antimicrobial metal nanoparticles or ions [66,67].



Concerning the first approach, the easiest way is to load different antibiotic molecules into the MSNs’ pores at the same time. The co-loading of agents with different—and sometimes conflicting—physicochemical properties in 26-side a single MSN requires development of compartmentalization approaches. One of the interesting methods for co-delivery of therapeutic agents of different chemicals is the use of MSNs with asymmetric structure and anisotropic geometry and two compartments that can load drugs of different natures in separate storage spaces. Song et al. decorated silver nanoparticles in mesoporous silica of SBA-15 covered by melanin-like polydopamine (PDA) as carriers. During this time, the constructed mesopores were charged with curcumin (CCM) by their noncovalent connections with coatings of PDA. The acquired CCM@SBA-15/PDA/Ag compounds were characterized physiochemically and demonstrated low hemolytic action and positive biocompatibility [68]. Realizing the dual-stimuli-responsive (ROS and pH) from silver and/or curcumin nanoparticles from the composites of CCM@SBA-15/PDA/Ag was carried out to decrease the side effects of the drug leakage of non-controlled due to physiological circumstances. Moreover, in comparison to that of CCM@SBA-15/PDA and SBA-15/PDA/Ag, CCM@SBA-15/PDA/Ag combination displayed a long-lasting inhibitive effect on the growth of S. aureus (24 h) and E. coli (72 h), attributed to the increased impact of the bactericide of curcumin and silver nanoparticles [68].



Asymmetric MSNs with dual-compartments and anisotropic geometry are very desirable for charging and releasing dual drugs into separated storage areas. In a study, an asymmetric lollipop-like mesoporous silica nanoparticle Fe3O4@SiO2&EPMO (EPMO = ethane bridged periodic mesoporous organosilica) was extended effectively through an anisotropic epitaxial growth approach. The absorbance measurement at 600 nm evaluated the antibacterial effects of Fe3O4@SiO2-GS&EPMO-Cur. S. aureus and E. coli were selected as bacterial models. At the same concentration, Fe3O4@SiO2&EPMO-Cur and Fe3O4@SiO2-GS& EPMO-Cur have a better antimicrobial effect than curcumin, because of the enhanced solubility of curcumin loaded with the asymmetric lollipop-like nanoparticles. The rising concentration of curcumin, Fe3O4@SiO2&EPMO-Cur, and Fe3O4@SiO2-GS&EPMO-Cur caused the viability of E. coli and S. aureus to decrease considerably. In addition, Fe3O4@SiO2-GS&EPMO-Cur shows that it has much more capacity for inhibiting bacteria than Fe3O4@SiO2&EPMO-Cur in the same concentration. This is due to the synergic effect of curcumin and gentamicin concurrently loaded into the asymmetric lollipop-like nanoparticles [69].




5. Antibacterial Effect of Curcumin-Loaded MSNs


The antibacterial activity of curcumin on Gram-negative and Gram-positive species has been demonstrated. Cheng and coworkers designed novel core–shell magnetic MSNs. Curcumin and gentamicin were separately loaded into the hydrophobic and hydrophilic spaces to provide dual anticancer and antibacterial nanosystems [69].



A trio-hybrid nanocomposite of MSNs including copper, loaded with curcumin and decorated with Ag nanoparticles, represented the photokilling of E. coli [70]. The nanocomposite displayed a positive surface load, and Ag attendance raised the production of ROS. After irradiation, the trio-hybrids with curcumin at 1.5 µM diminished the viability of bacteria by 5 and 4 log in comparison with free curcumin and nanocomposite without curcumin, respectively. At 3 µM of curcumin, the bacterial cells were destroyed by the trio-hybrids. Nanocomposite-mediated aPDT bacterial cell damage is shown in SEM images [70]. A nanocomposite film of chitosan and curcumin-loaded MSNs was prepared and indicated an antibacterial effect against E. coli and S. aureus, which was evaluated by the disk diffusion test [71]. It has been seen that the inhibitory effect on S. aureus was more than E. coli; however, the antibacterial activity of chitosan with curcumin was more than the nanocomposite film [71].



To combine the benefits of polyvinylpyrrolidone (PVP) with MSNs, Li et al. have designed a hybrid hemostatic organic–inorganic material using electrospinning by integrating the curcumin-loaded MSNs (CCM-MSNs) into PVP nanofiber mats (Figure 1). Furthermore, increased antibacterial activities against methicillin-resistant S. aureus (MRSA) were represented by hybrid nanofiber mats in vitro [72].



Curcumin is loaded into already prepared mesoporous silica nanoparticles and the resultant complex is introduced into a PVP (polyvinylpyrrolidone) solution. Electrospinning of the admixture leads to the drug arrangement into suitable positions of the polymer results in the production of hybrid PVP-based curcumin-loaded mesoporous silica nanofibers mat.



Kuthati et al. prepared copper-loaded MSNs (Cu-MSNs) with immobilized silver nanoparticles (SNPs) for applying photodynamic inactivation (PDI) to drug-resistant E. coli. SNPs were decorated over the surfaces of Cu-MSNs by coordination of silver ions on diamine-functionalized Cu-MSNs and with formalin further reduced to silver nanoparticles. The ability of silver in sensitizing E. coli as a specific phototherapeutic agent in vitro was shown, so it can expand the phototherapeutic spectrum of curcumin. After external decoration with silver nanoparticles, and following loading of curcumin, the mesoporous structure of Cu-MSNs remains intact. Various physical characterization techniques have confirmed the synthesis and successful assembly of the functional nanomaterials. Under light irradiation, curcumin may produce large quantities of ROS, which may enhance the kinetics of silver ion release for antimicrobial activity. Cu-MSNs positive-laden modified surfaces support antimicrobial response by electrostatic attractions to negative-load bacterial cell membranes.



A synergic mechanism for transferring energy of the absorbed light from SNP to curcumin may activate the antibacterial effect of the prepared nanocomposites [70]. Vallet-Regí and co-workers—who were working on bone infections—encountered a challenge in designing and developing advanced nano-antibiotics (Figure 2) [66].



First, bacteria that are present in infections of bone-implant (both in the planktonic and biofilm forms) should be locally destroyed in situ to prevent the need for surgical procedures for removing and replacing prostheses that were infected by bacteria. In contrast, in the infected area, antimicrobials—which may contain only antibiotics or the combination of metal ions and antibiotics—must be treated with small, high-specificity doses to enhance their efficiency and decrease dangerous side effects in healthy cells, tissues, and organs.



This aim can be achieved via nanocarriers capable of charging, protecting, and transporting antimicrobial agents to the target (free bacterial and biofilm form). Upon arrival, the nanocarriers gradually release antimicrobial agents in response to specific external or internal stimuli. Among nanosystems, MSNs came as the third item that meets all those demands. In this way, innovative and advanced technologies are used in the design and development of advanced targeted stimuli-responsive MSNs-based nanocarriers for antimicrobials administration.




6. Wound Healing Effect


It has been demonstrated that curcumin can tweak physiological and molecular occasions included in the inflammatory and proliferative stages of the wound healing process [73]. Curcumin has appeared to have substantial wound healing properties. It can influence several stages of the natural wound healing process to hurry this process. Poor pharmacokinetics of curcumin repress its potential. Curcumin nanoformulation possibly increases wound healing by preventing the inflammatory response, inducing angiogenesis, containing fibroblast proliferation, and promoting re-epithelialization and collagen synthesis. Hence, the nanoformulations of curcumin exhibit an efficient wound healing potential. Hamam et al. loaded curcumin onto mesoporous silica particles and explored their wound-healing impact in vivo [74]. Wistar rats were randomly divided into two groups: the control group was treated with standard drug sulfadiazine topically and the second group was treated with a 1% curcumin formulation with application twice a day. The excision diameter was observed on days 3, 6, 9, 12, 15, 18, and 21 of treatment. Moreover, three rats per group were selected on days 7, 14, and 21. For histological examination, cross sections were taken from selected rats from the excise lesion area to evaluate inflammation, angiogenesis, the proliferation of fibroblasts, reepithelization, and the attendance of collagen [74]. Curcumin nanoformulation did not have a significant effect on wound contraction in the treated group compared to the control group (p > 0.05). In each group, inflammatory responses impressively decreased by day 21 of treatment, the procedure of angiogenesis was nearly complete by day 7, wound reepithelization with a high degree was accomplished by day 21, and fibroblast proliferation significantly grew by day 14, without significant contrasts between the groups. Through day 21, the collagen level substantially extended in rats that had been treated with the curcumin nanoformulation as compared with the control group.



Mirzahosseinipour et al. studied the antibacterial photodynamic impact of curcumin silica nanoparticles and free curcumin as photosensitizer agents on planktonic and biofilm forms of S. aureus and P. aeruginosa. The photodynamic therapy (aPDT) effect on the planktonic and biofilm forms of bacteria was investigated at 465 nm.



One of the major issues in public health is the multidrug resistance of pathogenic bacteria. Subsequently, finding new techniques for fighting multidrug-resistant bacteria has become increasingly urgent. One forward-looking method is antimicrobial aPDT, which includes utilizing photosensitizer and nontoxic dyes, which are stimulated by visible light and produce oxygen-free radicals. In one study, researchers analyzed the antibacterial photodynamic activity of curcumin silica nanoparticles and free curcumin as photosensitizers on planktonic and biofilm forms of S. aureus and P. aeruginosa. It was concluded that if they use curcumin in the form of curcumin-silica nanoparticles, there would be a decrease in the amount of producing bacterial biofilm and the number of bacteria in planktonic states. Curcumin-silica nanoparticles displayed a wound healing effect in the scratch assay in vitro [75]. Xi et al. prepared a multifunctional elastomeric poly (l-lactic acid)-poly (citrate siloxane)-curcumin@polydopamine hybrid nanofibrous scaffold (indicated as PPCP matrix) for treating infections of tumors and wounds. The PPCP matrix exhibited multifunctional properties—such as photothermal, anticancer, anti-inflammatory, antibacterial, antioxidative, and angiogenesis activities. The polydopamine/curcumin displayed an amazing near-infrared photothermal/tumor toxicity, which supported PPCP for synergistic treatment of skin cancer with antibacterial properties. In addition, the PPCP nanofiber matrix hastened skin wound healing by improving early angiogenesis in normal and bacteria-infected mice.



Multifunctional bioactive PPCP nanofibers matrix offers a competitive technique for wound healing induced by skin cancer and bacterial infections [76].



Rathinavel et al. produced a composite nanoscaffold that has potential in wound healing therapeutics and contains curcumin, SBA-15 (Santa Barbara Amorphous), and amine-functionalized SBA-15 polycaprolactone (PCL). The excessive biocompatibility and cell adhesion of amine-functionalized SBA-15 and the extensively investigated antimicrobial effects of curcumin included advantages for wound healing. Antibacterial studies carried out on Bacillus subtilis and E. coli strains displayed an enhanced inhibition area. Research on Wistar rats via engineered nanofibers included with amine-functionalized SBA-15 and curcumin confirmed 99% scar-less wound recovery in 21 days.



The results of Masson’s tri-chrome and hematoxylin–eosin staining displayed tissue re-epithelialization, formation of granulation tissue, and collagen deposition. The fabricated nanoscaffold could be an efficient system for wound healing [77]. In another study, Rathinavel et al. designed and manufactured the polyvinyl alcohol (PVA) Santa Barbara Amorphous(SBA)-15 with curcumin, which can be utilized as a biomimetic scaffold for tissue engineering of skin.



The results of cell adhesion, MTT assay, and live/dead assay indicate that the nanoscaffold had a higher rate of biocompatibility, cytocompatibility, proliferation, and cell migration without toxicity on cells. The synthesized nanofiber forms a powerful nanomaterial for the treatment of skin wounds.



In the end, the results of in vivo study showed that SBA-15-incorporated PVA nanofiber with curcumin appeared to possess effective wound healing effects [78].




7. Antiviral Effect


Several investigations have been performed to study the antiviral potential of the herbal compound due to the lack of prevention and treatment options for numerous viral infections [79,80]. The curcumin showed antiviral effects against different viruses such as influenza viruses, hepatitis viruses, and chikungunya virus (CHIKV); or emerging arboviruses such as Zika virus (ZIKV) [81]. Interestingly, curcumin decreases the spread of sexually transmitted diseases such as human papillomavirus (HPV), human immunodeficiency virus (HIV), and herpes simplex virus 2 (HSV-2) [82,83,84]. Mesoporous material made from an iron–phenanthroline nanocomplex was utilized to encapsulate curcumin (NCIP) with antiretroviral effect against HIV-1 human microglial cells [85]. Immunofluorescence staining displayed that NCIP decreased HIV-p24 expression by 41%, while free curcumin decreased by 24%, which showed suppression of HIV replication. NCIP showed an anti-inflammatory effect with a decrease in interleukin-8 (IL-8), nitric oxide, and TNF-α expression. Antioxidant activity was also observed, as NCIP decreased expression of heme oxygenase and increased expression of catalase [85].



Lo et al. designed a temperature-controlled and dual imaging drug carrier that prevents Zika virus infection when loaded on curcumin (Figure 3). High fever in Zika infection is used as the basis to design a carrier that controls the release of drugs at a suitable temperature and which is sensitive to rising body temperature to release the drug if symptoms occur. To raise the biocompatibility and solubility of the curcumin, it was loaded into MSNs doped with PEGMA—temperature-responsive polymers and phosphorescent metal ions—i.e., Gd3+ and Eu3+. The experimental work was divided into two parts. Firstly, MSNs were synthesized with a temperature-controlled release feature and dual-imaging function with final loading through curcumin. Once formed, the dual imaging function (MSN-EuGd) can be achieved by calcination for pattern removal. Curcumin was loaded after surface modification. Secondly, curcumin-loaded mesoporous silica nanoparticle composite was compared with free curcumin for antivirus capability. Finally, the drug carrier with temperature-controlled features and dual imaging function was synthesized for inhibition of the Zika virus [86].



The PEGMA surface-modified EuGd-based mesoporous silica nanoparticles act as a temperature-controlled gatekeeper. When the temperature rises above 39 °C, the PEGMA turns into a coil that leads to the opening of the gate. Then, curcumin loads into the MSN pores. On another hand, when the temperature drops below 39 °C, the PEGMA becomes globular in shape over drug-loaded nanoparticles and closes the gate [86].




8. Application in Food Packaging


Recently, packaging materials with advanced technology have become a topic of great scientific and practical interest [87,88]. Formal regulations and public tendencies encourage the exploration of biodegradable substitutes for fossil fuel packaging, the extent of which causes widespread damage to the environment. Furthermore, modern packaging materials are predicted to out-perform passive packaging by protecting the enclosed product and increasing its quality and storage. Substances that can inhibit oxygen, absorb moisture, provide antimicrobial protection, control carbon dioxide, absorb ethylene, and neutralize undesirable flavors are in high demand [89,90]. Klein et al. developed stable antioxidant-antibacterial films via in situ bonds of silica nanoparticle precursors (SNP) with covalently linked curcumin or benzoic acid on polyvinyl alcohol (PVA). The designed films had exceptional antioxidant and antibacterial effects and improved hydrophobicity in protection against undesirable moisture. The growth of the Listeria innocua as a foodborne human pathogen was completely inhibited via PVA-SNP-ba films. The bacterium was reduced by 2.5 log using curcumin-loaded PVA-silica nanoparticles. Furthermore, the curcumin-loaded PVA-silica nanoparticles-based film displayed a 16 mM/g antioxidant effect as compared to 14.6 mM/g of PVA-silica nanoparticles-ba. Such an approach as the one described could be used as a scaffold for the fabrication of PVA-based packaging materials as an active alternative to silica. Thus, the safe entrapment of bioactive candidates with such biodegradable films could be valuable in both medicine and food industries [89].



In another study, to improve the functional properties of pure chitosan film, curcumin-loaded mesoporous silica nanoparticles (SBA-15) were inserted into chitosan (CS) film. Curcumin was loaded into SBA-15 (SBA-15-Cur) via the Rotator technique. The CS/SBA-15-Cur nanocomposite film was prepared by solvent casting (Figure 4). The SBA-15-Cur nanofiller was added to improve the mechanical properties of the nanocomposite film. The CS/SBA-15-Cur film showed effective antibacterial actions against E. coli and S. aureus. These results suggest that the CS/SBA-15-Cur nanocomposite film can be a promising material for food packaging [71].




9. Application of Silica Nanoparticles in the Detection of Bacterial Infections


Nanomaterials are widely utilized in the development and improvement of biosensor properties [91,92,93]. MSN detection has great potential for selective, sensitive, and rapid diagnosis of bacterial infections. While various investigations have focused on treating bacterial infections with MSN-based drug delivery formulas, aspects of diagnosis with MSNs have emerged recently. To date, there is no single diagnostic method that can meet the needs of the entire diagnostic procedure. Nevertheless, the MSN matrix with flexible design components offers improved and novel approaches for achieving selective, fast, and sensitive detection, as it can be isolated, identified, and implemented in-situ during imaging methods. The benefits of MSN-based drug delivery systems can be combined with diagnostic methods to provide MSN-based nano-transthetics to combat bacterial infection [94]. Huang et al. developed an acid-responsive microfluidic biosensor via ZnO-capped MSNs for signal amplification and curcumin as a signal reporter for rapid and sensitive Salmonella detection in fluorescent and colorimetric dual-modal sensing.



MSNs were initially incubated with curcumin to reach MSNs@CUR (MC NPs). It was then coated with ZnO nanoparticles to form MSNs@CUR@ZnO nanoparticles to inhibit the premature release of curcumin, followed by modification with polyclonal antibodies (pAbs) against S. typhimurium to immunize MSNs@CUR@ZnO@pAbs nanoparticles will be achieved. The S. typhimurium cells, the immune magnetic nanoparticles (MNPs), and the MSNs@CUR@ZnO@pAbs NPs were conjugated in the microfluidic chip with a Koch fractal mixing channel to form MNPs-bacteria-MSNs@CUR@ZnO@pAbs complexes. Lastly, acetic acid (HAc) was introduced to release curcumin from the complexes, and both the fluorescence and color changes were evaluated to determine the bacterial concentration. This designed biosensor was capable of quantitatively identifying S. typhimurium, ranging in 1.5 h from 102 to 107 CFU/mL [95].




10. Conclusions


In this study, the applications of silica nanoparticles with curcumin in the treatment of bacterial infections, food packaging, and the diagnosis of bacterial infections were investigated. These phytochemical silica nanoparticles with tremendous benefits—such as exceptional biocompatibility and cost-effective preparation—can be used as promising nanostructures to treat and diagnose infections. Because sufficient evidence is needed to prove the therapeutic efficacy and safety of MSNs, there is still a long way to go to fully realize MSN systems containing drugs in the clinical market.
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Figure 1. Fabrication of curcumin-loaded PVP based silica mesoporous nanofibers mat. 
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Figure 2. Schematic depiction of the three main actors starring in the innovative scientific approaches developed by Vallet-Regí et al. in the design and engineering of nanoantibiotics for the treatment of infections: bacteria, antimicrobial agents, and MSNs. MSNR: Radial mesoporous silica nanoparticles; AuNR@MSN: gold nanorods@mesoporous silica nanoparticles; MSN-Tf-AgNPs: mesoporous silica nanoparticles decorated with transferrin and silver nanoparticles. Reprinted from ref. [66]. 
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Figure 3. Design of curcumin-loaded temperature controlled dual imaging drug carrier system. 
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Figure 4. Preparation of CS/SBA-15/Cur bio-nanocomposite film. 
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Table 1. Main characteristics of curcumin.
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Curcumin

	
Ref






	
Chemical structure
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C21H20O6

	
[37]




	

	−

	
curcumin can also be observed in different tautomeric forms.
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The functionalization of the aromatic rings can be performed by methoxy and hydroxy groups in an ortho position with respect to one another. The aromatic rings are linked to one another via a seven-carbon spacer that has two α, β-unsaturated carbonyl groups. Then, a beta-diketone and equilibrating keto-enol tautomeric forms of curcumin can be formed.




	
Physicochemical possessions

	

	−

	
Hydrophobic affinity




	−

	
Golden-yellow solid, with a molecular weight of 368 g mol−1 and a melting point of 183 °C







	
[37]




	
Sources

	
Turmeric (Curcuma longa)

	
[34,36,37]




	
Main pharmacological properties

	

	−

	
Anti-lipidemics, anti-diabetics, anti-tumor, anti-inflammatory, anti-fibrosis, anti-virus, anti-oxidation, and free radical scavengers







	
[38]




	
Toxic aspects

	

	−

	
Low toxicity, it is a non-toxic and safe material with a safe dose for human clinical trials larger than 120 mg/m2.







	
[39,40]




	
Bioavailability

	
Poor bioavailability

	
[41]




	
Pharmacokinetic issues

	
Effective first-pass metabolism and some degree of intestinal metabolism, mainly glucuronidation and sulfation of curcumin, might clarify its weak systemic accessibility once used through the oral way. A daily oral dose of 3.6 g of curcumin is well-matched with noticeable levels of the parent compound in colorectal tissue from patients with cancer.

	
[42]
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Table 2. Methods to prepare the silica nanoparticles.






Table 2. Methods to prepare the silica nanoparticles.





	Synthesis Method
	Description
	Observation
	Advantage
	Disadvantage
	Ref.





	Sol–gel process
	The method includes hydrolysis and condensation of metalalkoxides (Si(OR)4) or inorganic salts in the presence of mineral acid as a catalyst.
	Mainly spherical nanoparticles, up to 200 nm depending on the reaction conditions.
	Yields monodispersed particles with narrow size distribution
	In mixing with water and ethanol, orthosilicate shows partial hydrolysis
	[46,47,48,49]



	Wet chemical synthesis
	This method includes using tetraethyl orthosilicate, ethanol, water, and ammonium hydroxide with different surfactants.
	Mainly amorphous nanoparticles in form and very fine in size
	Very fine particle size
	Long reaction time
	[50]



	Precipitation method
	This method includes the precipitation of silica gel using sodium hydroxide, and sulfuric acid results.
	Mainly spherical particles with 50 nm size.
	High yield
	Long reaction time
	[51]



	Acid treatment
	This method includes the converting of the waste biomass combustion into silica nanoparticles.
	Mainly amorphous, mono dispersed particles with 10 nm size.
	Using of waste
	Low yield
	[52]
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Table 3. Different types of MSNs






Table 3. Different types of MSNs





	Type of Silica Particles
	Pore Structure
	Pore Volume

(cm3/g)
	Pore Size

(nm)
	Surface Area (m2/g)
	Fields of Application
	Ref.





	Mobil Composition of Matter (MCM)-41
	Hexagonal
	0.5–1.5
	1.5–10
	800–1000
	Drug delivery, catalytic applications, semiconductors, biofluids
	[54,55]



	MCM-48
	Cubic
	1.05
	1.5–10
	1000
	Drug delivery, catalysis
	[56,57]



	Santa-Barbara Amorphous (SBA)-15
	Hexagonal
	0.50–0.65
	5–8
	400–800
	Biosensors, drug delivery, catalysis
	[58]



	Folded sheets mesoporous materials (FSM)-16
	Honeycomb
	0.28–0.83
	1.5–4
	680–1000
	Super high-speed light switching devices, pharmaceutical
	[59,60]



	Technische Universiteit Delft (TUD)-1
	Foam-like
	0.5–1.7
	4–18
	400–1000
	Drug delivery, catalysis
	[61,62]



	Sylysia350
	Disordered
	1.6
	21
	300
	Pharmaceutical, catalyst supports, filters
	[63,64]



	Syloid244
	Disordered
	1.42
	19
	311
	Drug delivery, catalysis
	[65]
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